PHYSICAL REVIEW B 84, 075459 (2011)

Bistable behavior of silicon atoms in the (110) surface of gallium arsenide
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Reversibly switching between the hydrogenic substitutional donor configuration and a previously unknown
negatively charged interstitial configuration of silicon (Si) impurities in the surface layer of gallium arsenide
(GaAs) was observed. The unexpected negatively charged state of Sig, stresses that the surface dominates the
properties of dopant atoms close to it. We find that the negatively charged state is favorable in the case of the
bare surface, whereas the donor configuration is only favorable with the tip of the scanning tunneling microscope
(STM) nearby. The Si atom randomly switches between both bistable configurations. The bistable behavior was
characterized with STM as a function of the applied voltage, the tunneling current, the temperature, and the
local environment. The voltage dependence suggests a similar potential landscape as derived for DX~ centers
in bulk GaAs. Increased switching rates at higher currents point on an inelastic process, although with a rather
low efficiency. The switching rate is constant below 20 K, whereas it increases above 20 K. This indicates a
nonthermal process below 20 K, probably elesatic excitations in combination with quantum tunneling, whereas

the switching is thermally activated at higher temperatures.

DOI: 10.1103/PhysRevB.84.075459

I. INTRODUCTION

Impurities in semiconductors are investigated for a variety
of reasons, such as doping of the material to tailor electronic
devices. In contrast to the well established research on bulk
dopants, defects in semiconductor surfaces started to play a
role only recently in the development of nanowire sensors.!
Other studies characterizing surface defects aimed for funda-
mental science. A review on defects studied with STM and
related techniques was given by Ebert.”> A broad variety of
dopants has been studied below the GaAs(110) surface: beryl-
lium, carbon, and zinc as shallow acceptors,>® manganese as
a deep acceptor,”® and Si as a shallow donor®™!'! and a shallow
acceptor.'>!* In most cases the impurity atoms are described
by their bulk-like properties. Typically the surface is taken
into account by assuming only minor modifications, despite
significant surface induced changes can occur. For example,
we recently reported a broken symmetry of acceptor wave
functions'* and an enhanced binding energy for Si donors and
Mn acceptors'>!® close to the GaAs(110) surface. The latter
was also predicted by tight binding calcualtions.!”

In this paper we present evidence for a nonthermal process,
most likely inelastic excitations, possibly in combination with
quantum tunneling, involved in a bistable behavior of Si
atoms in the top layer of GaAs(110). The Si atom switches
between two bistable bond configurations in the semiconductor
crystal. This is a unique model system, because we measure
on the GaAs(110) surface but see the Si atoms moving
in the highly ordered binding situation of a semiconductor
lattice. The switch between the two configurations is abrupt,
although the time between two switching events is long,
on the order of seconds to minutes. We investigate several
dependencies, and provide arguments that more than electro-
statics is involved, most likely a lattice relaxation of the Si
atom.

Figure 1 summarizes this behavior. The STM image in
Fig. 1(b) shows a surface Si atom, imaged at a low positive
sample voltage of 0.5 V and 0.5 nA. The fast scan direction is
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from right to left, and the slow scan direction is from top to
bottom. The Si atom has two distinct appearances: It is either
dark or bright with an ionization disk. We interpret the white
state as a substitutional donor configuration [Fig. 1(a)], and
the dark state as an interstitial-like configuration [Fig. 1(c)],
which will be substantiated later. Two bistable configurations
suggest a potential landscape with two minima, separated by
an energy barrier Ep,, [Fig. 1(d)]. Figure 1(e) shows the
switching rate 7! versus temperature T between 5 and 20 K.
77! is constant below 20 K, suggesting a nonthermal behavior,
whereas it increases with 7 above 20 K, suggesting a
thermally excited process. In the next sections we elaborate
the experimental results, and discuss the possible models. The
previously unknown negatively charged state of the Si atom
and its bistable behavior in the surface of GaAs stress the
particular properties of dopant atoms that are embedded close
to a surface.

II. EXPERIMENTAL RESULTS

Our STM measurements were performed on the {110}
cleavage surface of Si-doped GaAs. The Omicron LT-STM
and the preparation of the tungsten tips have been described
elsewhere.'>!® We cleaved the samples in ultrahigh vacuum
from commercially available Si-doped GaAs wafers with
an average doping level of ~10'® cm™3. The observations
presented here were similarly measured on samples with a
lower Si doping concentration of ~10'7 cm~3. We present
the results measured on the highly doped material because it
allows better statistics.

We identified the Si donors in our measurements according
to their well known contrast.'! The depth of the donors below
the surface was determined based on the topographic height
contrast, which is assumed to decrease monotonically with the
depth of the donor below the surface.”!'® Taking into account
that the contrast of Si donors in odd layers (1,3.,5,...) is
centered at a Ga site of the surface lattice, whereas it is centered
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FIG. 1. (Color online) Switching of a Si atom in the GaAs(110)
surface between the substitutional donor Sit with (a) an empty
dangling bond and (c) the negatively charged interstitial Si~ with
a filled dangling bond. (b) STM topograph at the critical voltage
shows both configurations. The slow scanning direction is parallel to
the horizontal axis. (d) Schematic potential landscape of the bistable
system. (e) Switching rate versus temperature at 25 pA.

around an As site for Si donors substituted in an even layer
(2,4,6, ...), Si donors in the first few layers were identified
with layer-by-layer precision. Note that we count the surface
layer as 1. An example is shown in Fig. 2, where the inset
shows the high and low frequency parts of a topographic cross
section. This measurement is obtained at —2.5 V, where the As
sublattice is imaged. The maximum of the envelope coincides
with a minimum in the atomic corrugation, thus the maximum
coincides with a Ga atom, and therefore this donor is located
in an odd layer.

All Si atoms in the surface layer show a bistable contrast:
They resemble Sig, donors at voltages far from 0 V, but turn
into negatively charged defects at low positive voltage. STM
and scanning tunneling spectroscopy (STS) at voltages far
from 0 V identified the donor configuration as a substitutional
Si atom in the surface layer of GaAs(110). Minor differences
of the surface layer Si impurity to donors that are buried more
deeply below the GaAs(110) surface have been reported.’ They
were ascribed to the specific binding conditions in the first
layer of the surface.?’

The topography measurements obtained at 5 K shown
in Figs. 3(a) to 3(c) for different sample voltages give
an overview of the Si induced features in GaAs. At high
positive bias voltages we observe bright protrusions with
and without a circular sharp edge, and dark depressions. The
bright features are identified as positively ionized donors,>'%!!
where the donor is ionized inside the circular edge, and
neutral outside.'>?! The dark features are assigned to Si atoms
substituted on an As site, which act as acceptors. As expected
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FIG. 2. Topographic height contrast of individual Si atoms. The
inset shows a cross section through a donor, measured at —2.5 V.
The low frequency part shows the Friedel oscillation, and the high
frequency part shows the atomic corrugation. The maximum of the
envelope coincides with a minimum in the atomic corrugation, corre-
sponding to a donor in an even layer. We count the surface layer as 1.

212,13 20% of the Si atoms were

for a highly doped sample,
incorporated as Sias acceptors.

Figure 4 shows examples of both types of subsurface
impurities; a Siag acceptor is labeled A~, a Sig, donor is

labeled D*. Sig, impurities that are embedded in the surface

(a) 1.5V 20pA down

(b) 1.0V 20pA down

(c) 0.8V 20pA down

=

—
o
-

o
o o
I |

Topographic height (pm)
g

-100 T

Lateral displacement (nm)

FIG. 3. (Color online) (a)-(c) STM topographs of Si-doped
GaAs(110) measured at 5 K and 20 pA. The applied voltage is given
in the image. Up and down refers to the slow scanning direction. Si;
and Si, show the normal donor contrast, Si; and Si4 switch to a black
contrast at low voltage, and Sis is an acceptor, Sias. (d) Shows cross
sections before (black line) and after (red dotted line) switching a Si
atom from Si~ to Si*.
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FIG. 4. (Color online) (a)—(d) Topography images at different
voltages showing an ionized subsurface donor D" and a subsurface
acceptor A™. The surface Si atom can have three charge states: (a)
positively ionized Si*, (b) neutral Si’, and (c) negatively charged Si~.
(e) Cross sections through the defects.

layer switch in a bistable manner between a white and black
configuration. The subsequent images Figs. 4(a) to 4(d) show
the three possible charge states of this impurity. Figure 4(a)
shows the positively ionized surface donor Sit at a sample
voltage of 2 V, and Fig. 4(b) shows the neutral surface donor Si’
at a sample voltage of 1.1 V. At a critical voltage V4 = 0.9 V
[Fig. 4(c)], the Sig, in the surface switches between the donor
and a deep-trap-like configuration at random positions. At
a sample voltage of 0.7 V < V4, shown in Fig. 4(d), the
Sig, in the surface is found in the negatively charged Si~
configuration. The charge states of the different configurations
Sit, Si% and Si~, are demonstrated by the line profiles along
the [001] direction (horizontal axis) in Fig. 4(e). The red
dashed line depicts the cross section through the ionized Si™,
the blue dash-dotted line through the neutral Si°, and the black
solid line through the negatively charged Si~ configuration of
the Sig, in the surface. The green dotted line profile through
the negatively charged Sias acceptor A~ reflects the shape of
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the Coulomb potential. Comparing the contrasts of the Si~
defect with the defects that carry a single negative charge, A™,
or a single positive charge, Sit, we see that the Si~ contrast
resembles the A~ contrast, although the amplitude of the
topographic contrast is different. The amplitudes differ from
each other, because the line sections plotted in Fig. 4(e) reflect
impurities in different depths, that are furthermore measured
at different voltages. In Fig. 3(d) we compare line sections
before and after the switching event. The black line depicts
the negatively charged Si~, the red dashed line depicts the
ionized donor Sit. Both lines show the profile of a Coulomb
potential with the same amplitude (within 20%). From the
inverted contrast we conclude that Si~ carries one negative
elementary charge.

In the previous paragraph, we distinguished three charge
states, even though we identified only two configurations.
The reason is that the donor configuration has two possible
charge states. We thus identify two mechanisms that can charge
the charge state: ionization and switching. The ionization
is a fast (<1 ms), purely electrostatic process.'>?! The
second manipulation—switching—involves a change in the
configuration, and is a much slower process where seconds to
minutes are involved. The surface Si atoms switch between a
donor configuration (where ionization is observed from Si® to
Sit) and a negatively charged configuration Si~. Moreover,
in Ref. 22 we showed that a second electron can be bound
to donors close to the surface, including Si atoms in the
surface layer that are in the donor configuration. In this case,
the Si atom is also negatively charged, but its configuration
is qualitatively different than the dark state discussed in the
current work. The second electron in the negatively charged
donor configuration (second ring, see Ref. 22) fits to the
hydrogenic description of the Sig, donor, and extends over
a few nanometer. Contrarily, the negative charge in the dark
configuration discussed in this work, is localized on the
Si atom, probably on its dangling bond. Such a strongly
localized charge redistribution is expected to affect the bond
configuration, and thus likely to induce a lattice relaxation.

Bistable switching suggests a model with two minima
separated by a barrier in configuration space. Such a potential
landscape is schematically plotted in Fig. 1(e). The parabolas
shift with respect to each other when the conditions such as
the external voltage are varied. We explored three manners
to cross the barrier: By an inelastic process driven by the
tunneling current, by thermally activated hopping, and by
quantum tunneling. Therefore we investigated the dependence
of switching on the tunneling current /7 and the temperature 7.

First we address the dependence of the switching on the
current setpoint. The /7 dependent measurements depicted in
Fig. 5 are conducted with the same tip on the same ensemble
of donors as the voltage dependent investigation shown in
Fig. 3, and yield the same V.. Varying Iy clearly affects
the time scale of the switching. We define 7~! as the number
of switching events per second. At a low current of 20 pA,
shown in Fig. 5(a), the donor switches only once during
the measurement. At a ten times higher current of 0.2 nA
[Fig. 6(b)], the donor switches a few times. This corresponds to
0.071 Hz < 7,,,, < | Hz. Ata current of 2 nA, the switching
rate increases even more: 0.25 Hz < 75!, < 4 Hz. Due to the
high switching rate, the Si atom switches in almost every line
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(a) 1V 20pA —

(c) 1V2nA -

FIG. 5. (Color online) Current dependent topography images of
the switching Si impurities from Fig. 3. The time scale of the
switching is large at low I7 (a, b), and decreases at higher /7 (c, d).
The fast scanning direction is parallel to the horizontal axis, and the
direction is indicated by the arrows.

resulting in the rather ragged image at the donor. Note the
difference between the forward and the backward scan shown
in Figs. 5(c) and 5(d). In both cases the Si atom starts negatively
charged and switches to the donor configuration during the
scan line. This proves that the negatively charged configuration
is favorable in the undisturbed situation when the Si atom is
not affected by the tip, whereas the donor configuration is
favorable only with the tip nearby. For a more quantitative
analysis, we compare the switching rates at 25 and at 250 pA.
Averaging all data in the low temperature regime below

(a) 1V 1nAup 0.8V 1nA up (c) 0.7V 1nA down

FIG. 6. (Color online) Topography images of a Si atom in the first
layer of GaAs(110) at 5 K. (a)—(c) Scanning large frames it switches
from white to black as V drops below V. (d)—(f) At small scan sizes
it stays white even far below V.. Images are plotted in the original
frame size. Up and down refers to the slow scanning direction.
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20 K (see next paragraph) yields Tz_slp 4 = 0.04 £0.025 Hz,
and 1:2_53 oA = 0.45 £ 0.28 Hz. The roughly constant ratio

t=1/Ir ~ 2.5 . 107! switching events per electron points
to an inelastic process. This efficiency is approximately six
orders of magnitude smaller than reported for other inelastic
processes as scanning tunneling luminescence.?

A process that is driven by inelastic excitations typically has
the highest switching rate when the tip is located on top of the
center of the impurity (see, e.g., Ref. 24). This is not the case in
our system. The switch from black to white typically does oc-
cur with the tip close to the center of the Si atom, but the switch
from white to black does not. This happens somewhere in
the scan line, when the tip is away from the donor and the
distance between tip and impurity is too large to detect the
electrostatic effect of the switching event at this position of
the tip. However, we observe an enhancement of the switching
rate for both transitions. The enhancement in the switching rate
for the Sit to Si~ transition (white to black) is visible only
indirectly. It is evident because the Si atom starts in the black
configuration in almost every scan line in Figs. 5(c) and 5(d),
whereas it stays white for the rest of the image in Fig. 5(a).

A straightforward way to measure 7' would be to place
the tip on the Si atom, and record the switching events as
“random telegraph noise” in the tunneling current. Time traces
of the switching motion of atomic pairs on the Pt decorated
Ge(001) surface®® were measured this way. When we tried this,
no switching occurred at all. To understand this behavior, we
varied the frame size as shown in the sequence of images on an
individual Si atom in Fig. 6. For large images [Figs. 6(a)-6(c)],
the Si atom switches as described above. It is in its white
configurationfor V. > V [Fig. 6(a)], switches during the scan
when V ~ V [Fig. 6(b)], and it is in its black configuration
for V < V. For frame sizes below a threshold of (9 nm)?
[Figs. 6(d)-6(f)], it switches from black to white during the
first scan [Fig. 6(d)] and stays white [Fig. 6(e)]. Even when
applying a sample voltage far below V., the Si atom remains
in its white configuration [Fig. 6(f)]. We also tried applying a
negative sample voltage down to —0.7 V or retracting the
tip >100 nm from the surface for 15 minutes, but the Si
atom stayed white. Only after increasing the scan area (i.e.,
removing the tip laterally), the Si atom turns black again. The
critical distance for unpinning was experimentally found on the
order of the tip radius. This explains why switching has not
been observed in previous STM studies. We use ultrasharp tips
with a radius of a few nanometers, whereas in previous STM
studies blunter tips were used. We confirmed experimentally
that using blunter tips results in the donor to be pinned in the
white configuration for large frame size, and switching cannot
be observed.

Next we investigate the temperature dependence of the
switching dynamics. To investigate purely the influence of
the temperature, we need to stay on the same area of the
sample and image the same Si atoms. Otherwise different
properties of different Si atoms might mask the influence of the
temperature. This requires the simultaneous removal of drift
while heating up the STM. We succeeded in characterizing the
switching behavior of three individual Si atoms as a function
of voltage and current for several temperatures between 5 and
50 K in steps of ~8 K. Due to the pinning discussed in the
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FIG. 7. (Color online) Critical voltage V,,; versus temperature.

previous paragraph, we have to measure an image at each
temperature, at various voltages and current setpoints, and
extract the switching rate from the STM images.

We investigated the dependence on the temperature of both
771 and V. Vi is defined as the voltage where the most
switching events occur. We furthermore measure 7=l and Vg
at two current setpoints, 25 and 250 pA, because the switching
rate depends on [ as described above.

The resulting V. as a function of temperature is plotted
in Fig. 7. V4 remains constant for T < 40 K, within the
uncertainty of the measurement of ~100 mV. The critical
voltage drastically decreases above ~40 K. This trend is
confirmed by independent measurements at 77 K, where
Verit = 0.2 'V was found. Furthermore no significant difference
is observed between V,;; measured at I = 25 and 250 pA,
which is consistent with the current dependent measurements
at 5 K shown in Fig. 5.

Figure 8 shows the experimentally measured switching
rates 7! as a function of temperature and as a function of
inverse temperature on a log scale for a current setpoint of
25 and 250 pA. Figures 8(a) and 8(b) show the results for
two individual donors at these two setpoints, and Fig. 8(c)
shows the result of all three donors together. For temperatures
below ~20 K we find a constant switching rate, whereas !
increases with 7 above ~20 K. We therefore fit the data
with the expression for a thermally excited process, with an
additional nonthermal (7, ') term2°

=gy v e Bo/AT (1

Here v corresponds to the attempt frequency and Epqy to
the energy barrier between the two configurations. The solid
lines in Fig. 8 correspond to the fit results. The contribution
of the two terms is clear in the plots of T~! versus the inverse
temperature, as is indicated by the dashed lines. The regime
where log(t~!) decreases linearly with 7~! corresponds to
the thermally activated term, and the regime where 1 s
constant. This demonstrates the crucial impact of a nonthermal
contribution.
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TABLE L. Results from fitting 7' = 7;' + v - e Boar/*T 1o the
experimental data of switching rate versus temperature.

7, (Hz) v (Hz) Epar (meV)
Si; P 0.02+0.14 206+ 194  17.03+£3.8
Sir A 0.21 4 0.59 11.0+9.5 51434
Six P 0.037 £ 0.078 59 + 28 128419
siy A 0.76 £ 0.26 81+ 141 14247.0
SiPA 0.058 4 0.082 109 + 44 1414 1.6
Siy ®A 0.39 +0.04 2.1+35 8.95 +0.63
all, 25 pA 0.040 = 0.085
all, 250 pA 0.4240.19

The parameters 7, ' v and Epare derived from these fits

are summarized in Table I. The results are shown separately
for the individual Si atoms at both current setpoints. There is a
clear dependence of 7, ! on the current setpoints, and therefore
the value averaged over all three donors is given. Such a clear
trend does not exist for the other parameters, and therefore we
only show the individual results. The resulting barrier height
is similar to the barrier extracted for a roughly comparable
process studied by Heinrich et al.,’® whereas the attempt
frequency is low compared to the literature. For example, a
frequency in the THz regime is expected for phonons, and
the impinging electrons have a frequency of tens of MHz to
GHz. Experimentally a frequency of ~ 10° Hz was observed by
Heinrich et al.?° for hopping CO molecules on Cu(111), which
they could not explain. We observe a frequency of ~ 100 Hz,
which is even a few orders of magnitude lower. This suggests
that a more complicated mechanism is involved than purely
the excitation of phonons. This confirms the above-mentioned
concerns about the Si impurity switching while the tip is
located at random position, which is not fully expected under
the assumption of a simple inelastic process.

As a last experimental observation, we now discuss the
random behavior of the switching. Figure 9 shows subsequent
images scanning up and down on a site containing a Si donor
in the surface. The position where the Si atom switches, and
the exact number of switching events are random. The reason
is that the switching takes place on a similar time scale as the
time needed to scan one frame. This holds especially for the
low T and low I regime.

Prior to further interpretation, we briefly summarize the
experimental results. The charge states—Si~ for the black
state and Si* for the white state—are derived from topography
images, where both configurations show a Coulombic contrast,
but inverted with respect to each other. The black configuration
is favorable on the bare surface when the Si atom is not
influenced by the tip, and the white state is favorable with the
tip close to the Si atom. The time scale is much larger than the
time scale involved in the ionization process, which proves
that more is involved than purely charging and discharging
of the Si atom. The critical voltage, which determines
whether the positive or the negative charge state of the Si
impurity is found, indicates that electrostatics play a crucial
role for the underlying potential landscape. The dependence
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FIG. 8. (Color online) Switching rate !

1/T (K7)

versus temperature 7' (left column) and versus 1/ 7T (right column) for the individual donors at

(a) 25 and (b) 250 pA and (c) for all three donors (c). The solid lines are fits with ! = 7, '+ v . e~ Evar/kT The contribution of the two terms

-1

is clear in the plots of T~ versus 1/T.

of Vi on the temperature indicates that switching takes
place between metastable states. The constant switching rate

below 20 K proves that a nonthermal process is involved,
whereas the increasing switching rate with current suggests
that inelastic tunneling processes are involved in switching the

Si atom.

III. DISCUSSION

The model we propose to explain our observations is based
on density functional theory (DFT) calculations of Sig, in the
top layer of GaAs(110) (Ref. 20) and on the formation and
dynamics of DX centers in bulk Si:GaAs (Refs. 27 and 28).

Both bare a strong resemblance and can be related to the
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(a) 0.6V 0.5nA up (c) 0.6V 0.5nA up

(b) 0.6V 0.5nA down

FIG. 9. (Color online) (a)—(c) Subsequent topography images on
the same Si atom in the first layer of GaAs(110) measured at V. =
0.6 Vat T = 5 K. Note the random position where the Si atom
switches. Up and down refers to the slow scanning direction.

observed switching. DFT predicts a midgap state for Si atoms
in the GaAs(110) surface ~0.5 eV below the conduction band.
This calculation is only performed for the neutral situation,
whereas the negatively charged situation might have a lower
energy. This can be the case for the DX~ center in GaAs
(Ref. 28), which is the second ingredient in our interpretation.
This defect has been studied extensively for a number of
donor species in different III-V semiconductor hosts. DX~
centers are donors that capture two electrons by relaxation
to an interstitial position under hydrostatic pressure. In this
configuration, a bond with a neighboring As atom is broken,
creating two half-filled internal dangling bonds that are each
saturated by a captured electron. These defects are deep states
and are only stable when a second electron is bound to it (i.e.,
when they are negatively charged).

We propose the following model for our bistable Si atom,
schematically shown in Fig. 10. We identify the white donor
state as a configuration where the dangling bond is empty,
which would be the case for the original Ga atom on the clean
GaAs surface [Fig. 10(a)]. The empty bond is due to buckling,

(a) clean GaAs

L

DX I|ke dark
(b) Si° Si*

b

hydrogenlc donor: bright

FIG. 10. (Color online) (a) A Ga atom on the clean GaAs surface
has an empty dangling bond. (b,c) A surface Si atom with an empty
dangling bond created a hydrogenic donor. (d) On the bare surface,
the black Si~ configuration is favorable due to the saturated dangling
bond. Red indicates the positive and blue the negative charge.
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which is accompanied by a charge transfer between the Ga and
the As atoms, resulting in an empty Ga dangling bond and a
filled As dangling bond.?** Because Si replaces a Ga atom, an
empty dangling bond can be expected, and in this configuration
a shallow hydrogenic donor is created [Figs. 10(b) and 10(c)],
which can be neutral or ionized. On the bare surface, where the
dark state is favorable, we propose that the dangling bond is
completely filled (—2e), thus the total charge is —e [Fig. 10(d)].
This is similar to the DX~ center in bulk GaAs, which also
has a filled dangling bond, and is only stable when negatively
charged.

There are several indications that the tip can influence the
lattice relaxation (i.e., induce a movement of the Si atom, and
induce the switch). Previous STM experiments on GaAs{110}
showed that the STM tip can influence buckling.?' The authors
proposed that buckling is suppressed for small tip-sample
distances, and a “truncated-bulk” situation is obtained (i.e.,
the surface atoms reside at their bulk positions, as expected for
an unrelaxed surface). Furthermore, the DFT calculations in
Ref. 20 show that the buckling is already reduced for a surface
Si atom, compared to the clean GaAs surface.

Next we discuss the mechanism underlying the switching
dynamics. Based on the fit to the experimental 7" dependence
[Fig. 8], we conclude that the process is thermally activated for
T > 20 K, but nonthermal processes dominate for 7 < 20 K.
We explore quantum tunneling and inelastic processes as two
possible nonthermal processes.

In the case of pure quantum tunneling, where the Si atom
tunnels between two bonding configurations, no dependence
on [7 is expected, whereas a constant ratio between =1 and
I is expected for an inelastic process. The strong dependence
of 7! on the tunneling current therefore points to an inelastic
process. Note that the rate for both the transition from Si~ to
Si%* and the transition from Si%* to Si~ depend on the tunnel
current (i.e., both the excitation and the relaxation depend on
I7). Moreover, the Si atom switches when the tip is at random
positions, not necessarily located close to the Si center. This
holds especially for the Si%* to Si~ transition. For an inelastic
process, the transition preferentially occurs when the tip is
located on top of the atom. However, in case of the excitation
of phonons, which are less localized than the Si atom itself, this
restriction is relaxed. Furthermore, the extended wave function
of Si® [Fig. 10(b)] can facilitate a less localized excitation or
relaxation.

Experimentally, we observe a high V. at low T, and a low
Verie at high T (see Fig. 7). We explain this as follows. We
assume that the external voltage adjusts the relative positions
of the potential minima corresponding to the Si%* and the Si~
configurations, as is schematically shown in the insets in Fig. 7
and in more detail in Fig. 11. Rigidly shifting the curves with
respect to each other affects the barrier height Ey, between
the minima. We estimate that the voltage needed to align both
parabolas is 0.2 V [Fig. 11(b)], based on the observation of
Verit = 0.2V at77 K. Below 0.2 V, Si~ is favorable [Fig. 11(a)],
and above 0.2 V SiT is favorable [Figs. 11(c) and 11(d)].
In the range 0.2V <V < 1.0 V the system is metastable;
the white configuration is favorable, but the barrier between
the minima is large. At high T, the large barrier can be
crossed (thermally excited, similar to thermionic excitation
over a Schottky barrier), and therefore the system goes to
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Low T High T
(@) V<0.2V e Si e Si
Sit siv
(b) V~0.2V meta stable e switching:
e large frame: Si” Si" - Si*
e small frame: Sit o Vyii=0.2V

VEbarr

(pinning) e large Eparr
st Si°
(c) 0.2<V<1V | meta stable e Sit
e large frame: Si’
\’E e small frame: Si*
bary (pinning)
Sit si°
(d) v-~1v e large frame: o Sit
switching: Si'— Si*
\Fbarr o Vit = 1.0V
o small Evarr
= e small frame: Si*
Sit si°

FIG. 11. (Color online) Schematic of our model. For V < 0.2V,
(a) the black Si~ configuration is favorable, (b,c) for 0.2V <V <
1.0 V, the system is metastable for low 7', and (d) for V > 1.0 V
the white Sit configuration is favorable.

the Sit state as soon as the parabolas align at 0.2 V, thus
Vait = 0.2 V. At low T, however, the large barrier cannot be
crossed thermally, and the system switches only when the
barrier is sufficiently reduced by increasing the voltage to
1.0 V, thus V.4 = 1.0 V. This reduced barrier can either be
crossed by quantum tunneling, or by inelastic excitations, or
by a combination of both effects.

This concept of a metastable situation for 0.2V < V <
1.0 V can furthermore explain the observed pinning at low
T. At low T, the Si~ atom cannot cross the barrier up to
1 V, even though the donor-like configuration is favorable
above 0.2 V. This is similar to the persistent photoconductivity
at low temperatures observed for DX~ centers.”® The region
where the tip influences the energy landscape is of the order
of the tip radius. For frame sizes larger than the tip radius, the
potential landscape is modified only for a short period when
the tip is located near the Si atom, and when the tip moves
further along the scan line, the original potential landscape is
restored, favoring and the black configuration. Therefore for
large frame sizes, the black configuration is observed, even
though the white configuration is favorable for short period
in time. In case of scanning small frames, however, the tip is
always close to the donor, giving the system sufficient time to
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cross the large barrier. Once the Si atom has switched to Siv/+,
it will remain in this configuration.

The argumentation above leads to the following concept.
Clearly inelastic processes are involved in the switching, which
is proven by the dependence on the current setpoint, and
possibly quantum tunneling is involved as well. The measured
temperature dependence is very similar to the expected behav-
ior for crossing a barrier with quantum tunneling. However, we
cannot disentangle the contributions from inelastic processes
and quantum tunneling. Based on the low attempt frequency,
we propose a two-step process. DX~ centers in GaAs also
follow a two-step process,”®*? where the DX~ center is first
excited into a neutral DX configuration, which is metastable.
The DX configuration can then either be further ionized into a
substitutional donor configuration, or capture an electron from
the CB and relax back into the DX~ configuration. Another
example where a two-step process occurs, is the system of H
atoms moving on Si(001) (Ref. 24). In this case, the barrier
between two locations of the H atom is large. However, the
system can be inelastically excited, which reduces the barrier
significantly, and increases the tunnel probability through the
remaining barrier. In our case, something similar could occur.
The two-step process could be the subsequent capture of two
electrons, similar to the DX~ center. Another possibility is that
the system is inelastically excited, which reduces the remaining
tunnel barrier (e.g., the excitation of a vibrational mode of
the buckled surface atoms), which facilitates the geometrical
motion of the Si atom by quantum tunneling. For all these
two-step processes, we expect a low attempt frequency.

IV. CONCLUSION

We found that Si atoms in the surface layer of GaAs{110}
switch between a donor-like Si%* configuration and a nega-
tively charged Si~ configuration at a critical voltage. Si~ is
identified as a Si atom on an interstitial site similar to the DX~
center in bulk-GaAs. The bulk-like donor Si%* is restored if
the dangling bond at the Si site is depleted.

The switching rate depends on the feedback current and on
the temperature. A constant switching rate below 20 K proves
the existence of a nonthermal process. This process involves
inelastic excitations, possibly in combination with quantum
tunneling.

Our results emphasize the importance of the surface on
the properties of dopants. In many studies, the impurities are
described by their bulk properties. Typically the surface is only
taken into account by assuming minor modifications. By now
there are more and more indications of the significant impact of
the surface, for example our own work on the enhanced binding
energy'® and the switching discussed here. Also other groups
report on the impact of the surface, for example Lee et al.
reported that Mn atoms in the GaAs surface are insensitive to
the TIBB, in contrast to subsurface impurities.*?
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