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Site-Specific Displacement of Si Adatoms on Si(111J- x 7)
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Tunneling and field-emitted electrons from the tip of a scanning tunneling microscope were used to
reversibly displace Si adatoms on Si(111)x 7) at 30 to 175 K. Displacement rates were determined
as a function of current, sample bias voltage, and lateral distance from the tip. The displacement is
found to be site specific, witlstrong preference for center Si adatoms in the faulted half of the unit
cell. Si adatoms return to the normal site by the same method or by annealing above 155 K with an
activation energy 00.49 + 0.03 eV and preexponential df0'22=%° s~!, [S0031-9007(97)04666-8]

PACS numbers: 61.16.Ch, 68.35.Dv, 71.55.Cn

The scanning tunneling microscope (STM) can beSi(111) surface was prepared by outgassing at 1000 K
used to image and manipulate individual atoms andor several hours followed by repeated cycles of Ne
molecules on metal surfaces [1-4]. A number of atomicsputtering and annealing at 1200 to 1500 K to remove
scale manipulation experiments have also been carriegl traces of carbon from the surface. STM images were
out on silicon surfaces at room temperature [5—-11]typically scanned at 1 to 2 V sample bias and 0.1 to 1 nA
Both inelastic tunneling and higher energy field-emittedtunneling current.
electrons have been used to desorb hydrogen atoms fromAtoms were displaced by applying a positive voltage
regions as small as a single dimer row of the Si(1Q0) pulse to the sample relative to the STM tip while the
1) surface [5,6]. The desorption of hydrogen from regionstunneling or field emission current was recorded. Atoms
of the Si(111) [7] and Si(111(7 X 7) [8] surfaces with could not be displaced with negative voltage pulses. To
field-emitted electrons has also been achieved. Similarlyjetermine the single atom transfer and return rates with
chlorine has been desorbed from Si(111)X 7) [9]—  tunneling current, the tip was precisely positioned over
probably also by the field-emitted electrons. Adatomshe adatom of interest by finding a local maximum in the
of the bare Si(111}7 X 7) surface have been removed tip’s vertical position with the feedback loop turned on to
by a thermally activated field-evaporation mechanism duenaintain constant tunneling current. This was done with
to the high electric field under the STM tip [10,11]. an “atom tracking” software program and was reproducible
The tip-induced migration of vacancies on the GaP(110jo within 0.2 A. Then the feedback loop was turned
surface has been attributed to a field-induced reductiooff and the voltage pulse was applied. Just before the
of the migration energy barrier [12]. Vacancy migration voltage pulse, the tip was often moved to a predetermined
was also observed on GaAs(110) and attributed to thposition to give the desired tunneling current during the
recombination of carriers injected via the STM tip with pulse. Total rates for atom transfer for all other adatoms
carriers from the bulk [13]. other than the one directly under the tip were determined

Knowledge of the interaction of electrons with silicon by applying a voltage pulse and rescanning the surface
surfaces can enhance our understanding of the fundameto determine the number and distribution of transferred
tal energetics of these surfaces. This knowledge is alsadatoms.
of great importance to the semiconductor industry where The displacement of single adatoms of the Si(111)-
surface chemistry and electron beams are used in devi¢g X 7) surface at 52 K is shown in Fig. 1. An STM
fabrication. In this paper, we report the reversible lateraimage of this surface is shown in Fig. 1(a) and a schematic
displacement of specific Si adatoms on the bare Si(111)pf the surface is shown in Fig. 1(e). In the dimer—
(7 X 7) surface under the influence of both tunneling andadatom-stacking-fault (DAS) model for the Si(1X1)x
field-emitted electrons. In the case of tunneling elec<7) surface unit cell [14], there are six Si atoms on “center”
trons, a single adatom could be reversibly displaced (asites and six Si atoms on “corner” sites in the top adatom
an “atomic switch”) and its change in position monitoredlayer which is visible in STM images. Each adatom lies on
with the tunneling current. Above 175 K, displaced Sia threefold site T4 site) of the second, “rest atom,” layer
adatoms return to their normal positions too quickly to bewhich contains a stacking fault in one half of the unit cell.
imaged with the STM. Unlike previous room temperatureThe STM tip was first positioned as described above over a
experiments [10,11], the removal of adatoms from the sureenter site adatom in the faulted half of the Si(1{2)x 7)
face does not occur at these low temperatures. unit cell (tip-sample distance 6 A). The faulted half was

Instrumentation has been described elsewhere [4]. Théetermined from negative sample bias images which are
two silicon samples used wegetype, boron doped with known to show the faulted-half adatoms more brightly than
resistivities of0.5 () cm and5 ) cm, respectively. The unfaulted-half adatoms. The voltage was stepped from 1.5
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FIG. 1.
52 K.
applied directly above the center site adatom in the middle o

(@) STM image of the Si(111)- X 7) surface at

(a). (c) Rescan shows the adatom in one of the two equivaler

metastabld’, sites. (d) After a 3 V pulse directly over another

center site adatom in the same unit cell, both atoms are foun

(b) Tunneling current during a 3 V sample bias pulse

To obtain rates of atom transfer and rates of return
to the normal site, tunneling current was recorded for
a period of time while the atom hopped between these
two positions. The distribution of times spent in each
site was an exponential function and so the characteristic
lifetime and rate were determined. Examples for 2.25
and 3 V are shown in Fig. 2(a). The high current state
corresponds with the normal position while the low current
state corresponds with the metastable position. As can be
seen, the transfer rate is higher than the return rate at 3 V
while the opposite is true at 2.25 V (this is also true for the
same current). For the metastable “double hop” states of
Fig. 1(d), return rates were approximately 30 times higher
than for “single hop” states.

When the experiment depicted in Figs. 1(a)—1(c) was
repeated, it was found thd0% * 3% of the time one
of the other two center adatoms in the faulted half of the
unit cell would be transferred rather than the one directly
under the STM tip. One of these atoms could either
move toward the atom under the tip or each other and
were easily recognizable in the tunneling current data. It
was further found thal5% =+ 5% of the time, a center
adatom in the faulted half of another unit cell would be
transferred, indicating that excitations are not completely
localized. As shown in Fig. 2(b), a dose of 3 V tunneling
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in metastable positions. (e) DAS model for the surface [14] < 6 1OIOO 20100
showing the site occupied by the two adatoms before and afte —~ o[ = o1t puise
transfer in the faulted half of the unit cell. 0 .1 ﬂ H I H H
to 3 V and the tunneling current recorded [Fig. 1(b)]. The 10, : : i
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sudden drop in current is due to the transfer of the adaton
To prevent the return of the adatom to the normal site unde
the influence of the tunneling electrons, the computer wa ¥
directed to end the voltage pulse as soon as the drop
current was detected. The STM image in Fig. 1(c) show:
the atom has moved to a site halfway toward one of the
other two neighboring center adatoms in the same unit cel
A second pulse was applied in the same manner over tF
remaining center adatom resulting in its transfer as show
in Fig. 1(d). It was found that the displaced atoms would
return to their normal locations with tunneling or field- §
emitted electrons or after warming the sample above 155 |
and were therefore metastable. When two center adatoms
were in metastable positions in the same half of the sam

Time (ms)

BIG. 2. (a) Current recorded at 2.25 and 3 V sample bias over

unit cell as shown in Fig. 1(d), the atoms were metastabl

a center adatom in the faulted half of a unit cell at 121 K.
) STM image of the surface at 91 K after a very large

at 50 K but unstable at 90 K or above. Transferring centeglectron dose at 3 V (10 nA, 100 's). (c) STM image of the
adatoms in the unfaulted half of the unit cell was alsosaturated surface at 52 K after a previous scan at 10 V showing
possible but transfer rates were approximately 100 timean outline of the unit cell, a large number of transferred

lower. These unfaulted-half transferred atoms were at lea
as stable as those in the faulted half and were imaged

high as 166 K. Displacement of corner adatoms was n

observed.
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atoms in the faulted halves, a double hop (labdddand
0 hops in the unfaulted half of the unit cell (labeléd).
) STM image of a saturated surface at 91 K after a very large
lectron dose at 2.25 V (40 nA, 300 s) near the middle of the
imaged area.
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electrons approximately 6000 times larger than that neede (g
to induce a single hop leads to a large number of hops withj
some as much as 200 A away. :
An STM image of the surface after scanning at 10 V is §
shown in Fig. 2(c). For biases above the work function of
the tungsten tip (4.5 V), field-emitted electrons bombard
the surface over an area at least several nanometers acrof
[15]. Because of the large tip-sample separation (aboui}
25 A at 10 V), it is not possible to detect changes in the :
current due to events on the surface. By scanning over the§
surface at high sample bias, it was not possible to induce
the transfer of one center adatom in more than about 85%C 1
of the unit cells due to a balance between the transfel 10*
rate and return rate (saturation). We can conclude tha
the return rate for 10 V pulses is approximately 7 times
lower than the transfer rate. Similar values were found
for pulses in the range 4 to 10 V. A saturated surface E
would contain a small number of transferred atoms in the
unfaulted half of the unit cell due to their low transfer
rate and only about 3% double hops due to their high
return rate. Since the return rate is higher than the transfe
rate at 2.25 V for faulted-half single hops, it was possible 102 L
to observe the return of atoms many unit cells away by 58 5.9 6.0 6.1 6.2 6.3 6.4
applying a high dose of tunneling electrons confined to the 1000/T (K™')
he charasterisic rates of retum from the metastablg®; 3 (2, (8) STM images taken 10 min apart 2t 166 K -
o : : r a previous 10 V scan. (c) Arrhenius plot of the characteris-
site in the faulted half of the unit cell was studied as aiic return rate between 156 and 171 K.
function of temperature in the range 155 to 175 K. An
example of data taken at 166 K is shown in Figs. 3(a) andh Fig. 4(b). For 3 V biasN = 0.72 = 0.05, while for
3(b). Typically, the surface was scanned at high voltag®.25 V bias, the number dfansfers per electrordrops
bias to induce a large number of hops. The same area way about 2 orders of magnitude as the current is increased
imaged at fixed time intervals to determine the decay ratdrom 0.1 to 100 nA. The return rates were found to yield
An Arrhenius plot of the return rates is shown in Fig. 3(c)N = 0.89 = 0.05 andN = 0.94 = 0.05 for 3 V bias and
and gives an activation energy 649 * 0.03 eV and 2.25 V hias, respectively. The deviations from constant
preexponential of0'22+09 g7 1, transfers per electron at constant applied bias voltage are
The net total nonlocal transfer rate (not includingespecially pronounced for the transfer rate at 2.25 V bias
the single atom under the STM tip) as a function(but are also seen at 3 V). For this case the rate is a very
of sample bias voltage at constant current (0.1 nA) issensitive function of voltage (which is not the case for the
shown in Fig. 4(a). A sharp drop in rates can be seemeturn rate at this voltage or for the transfer rates at higher
below 4 V. These rates as a function of current forvoltages) and the loss in efficiency can be explained in
10 and 3V pulses are shown in Fig. 4(b). For 10 Vterms of a decrease in tunneling voltage due to an increase
pulses, the transfer rate was found to be linear ovein the voltage drop between the surface adatoms and the
four decades in current. A fit to the data yields a rateSi bulk as the tunneling current is increased. The data
proportional to/V with N = 1.03 = 0.03, giving (7.4 =  are consistent with a reduction in tunneling voltage of
0.5) X 1077 transfers per electron. The exponent hasapproximately 0.4 V as the current increases from 0.1 to
begun to drop slightly at 3 V witiv = 0.89 = 0.05. No 100 nA.
statistically significant difference in transfers per electron For the Si(111)%7 X 7) surface, surface states derived
was found over the temperature range of 30 to 155 Kfrom the dangling bonds of the Si adatoms lie at and pin
The insensitivity of the transfers per electron at constanthe Fermi level to the middle of the band gap at the surface
bias voltage in the range 3 to 10 V to both current and16]. Unlike the case for unpinned or weakly pinned
temperature strongly suggests that the events observedrfaces, the position and voltage of the STM tip does
were caused by the electrons. Although room temperatuneot have an effect on the depletion layer in the absence of
adatom desorption experiments indicated a thermallgurrent [17]. With current flow, however, the potential of
activated field-evaporation process [10,11], the adatorthe surface must adjust itself relative to the bulk to support
displacement observed here is not thermally activated. the demanded current. In order to estimate this voltage
Displacement rates as a function of current for the singlelrop we have measured tlieV characteristic for atomic
atom under the tip at 3 and 2.25 V biases are showscale tip-sample point contacts in the temperature range
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FIG. 4. (a) Nonlocal transfer rate as a function of pulse
voltage (pulse currer# 0.1 nA, T = 101 K). (b) Nonlocal

and single atom transfer rates as a function of pulse curren
Curves shown are for 10 V nonlocal (solid circles), 3V

one assumes the localized vibrational mode couples to
the entire band, the vibrational lifetime can be estimated
as/i/63 meV ~ 10 fs. Since this vibrational lifetime is
much shorter than the time between electron tunneling
events,e/I ~ 600 fs at 100 nA, the excitation process
involves only one electron and adatom displacement is
linear in current.

Tunneling electrons from the STM provide a well-
defined initial excitation source of atomic dimensions
which allows the investigation of local and nonlocal
effects. We find dramatically different behavior for the
different adatoms that make up the Si(111)X 7) unit
cell under the influence of either electron bombardment or
tunneling. Although the phenomenon shown here is short
lived at higher temperatures, these metastable states may
play a significant role in systems or processes involving
this surface and the use of an electron beam—even at
room temperature. These experiments suggest the need
to consider spatially resolved electronic properties which
pnderlie the stability and dynamics of adatom motion and
surface chemistry.

nonlocal (solid stars), 3 V single atom (open squares), and Support of this research by the National Science Foun-
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of the above experiments in a manner similar to previoushank Eugene J. Mele for a useful discussion.

experiments performed at room temperature [18].

This

assumes there is no significant change in the depletion

layer when the atomic scale point contact is formed. We

find that between 0.1 and 100 nA, the voltage change i

approximately 0.3 V, in good agreement with the estimate ,
based on the loss in efficiency in the atomic displacement

rates shown in Fig. 4.

In the work of Schliter and Cohen [19], the conduction-
band surface resonances were computed for the bare
well as for the H and CI terminated Si(111) surfaces.
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