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In scanning tunneling experiments on semiconductor surfaces, the energy scale within the tunneling
junction is usually unknown due to tip-induced band bending. Here, we experimentally recover the
zero point of the energy scale by combining scanning tunneling microscopy with Kelvin probe force
spectroscopy. With this technique, we revisit shallow acceptors buried in GaAs. Enhanced acceptor-
related conductance is observed in negative, zero, and positive band-bending regimes. An Anderson-
Hubbard model is used to rationalize our findings, capturing the crossover between the acceptor state
being part of an impurity band for zero band bending and the acceptor state being split off and localized
for strong negative or positive band bending, respectively.
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Since its invention, the scanning tunneling microscope
(STM) has been widely used to study semiconductor sur-
faces. The qualitative interpretation of such studies can
be obscured by the presence of tip-induced band bending
TIBB(V), i.e., by the bias-dependent shift of all electronic
states beneath the microscope’s tip [1-3]. If shifted across
the Fermi level, TIBB(V) changes the average occupation
of an electronic state, which, in turn, determines if this
state contributes to the electronic transport within the
junction [4-8]. However, since the contact potential differ-
ence (CPD) between tip and sample is, with few exceptions
[9,10], unknown in STM, within the relevant bias range,
not even the sign of TIBB(V) is known. In this context, the
conductance spectra of shallow acceptors buried in III-V
semiconductor hosts remained a puzzle unsolved for
almost two decades: depending on the sign of the band
bending assumed or inferred from scanning tunneling
spectroscopy (STS), conductance is explained either due
to tunneling of electrons into empty acceptor states (posi-
tive TIBB) [11], or due to a modification of the tunneling
barrier by the occupied acceptor (negative TIBB) [12], or
by the empty acceptor state being in resonance with an
impurity band (zero TIBB) [13]. Although the need for
an exact value of the CPD has clearly been recognized
[12,13], bare STM-based methods used so far seem not to
be sufficient to resolve this puzzle.

To this end, we combine STM on a semiconducting
surface with Kelvin probe force spectroscopy (KPES) [14],
which allows an independent and direct measurement of the
CPD, which fixes the polarity of TIBB(V) for all voltages.
With this combination, we revisit the shallow acceptor
Zn buried in GaAs [11-13,15,16]. Our method reveals that
the enhanced conductance induced by shallow acceptors
is not only present in one single band-bending regime, as
argued in previous publications [11-13], but similarly in the
regimes of negative, zero, and positive TIBB(V).
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The spatially localized band bending in an STM setup
will split off the foremost acceptor state from an impurity
band. In the most simple picture [11-13], this state was
treated as being isolated. However, for small TIBB(V), this
state is still part of the delocalized impurity band, and only
with increasing TIBB(V) is it gradually becoming split off
and isolated. The increasing localization of the state will
affect its charging energy, which may become relevant
when considering charge transport. Hence, not only
TIBB(V) itself but also the effective electronic coupling
and the charging energy of the acceptor state change
with increasing bias voltage during spectra acquisition.
Additionally, the band bending will affect more than just
a single acceptor. Accordingly, we treat the electronic
transport within the junction using an Anderson-Hubbard
model for the foremost acceptor states which are affected
by TIBB(V).

Experiments were performed by means of a combined
STM and atomic force microscope, which was operated in
ultrahigh vacuum at a temperature of ~5 K, using a qPlus
force sensor equipped with a Pt/Ir tip [17]. As samples, we
use commercially available GaAs wafers, which are
cleaved in situ to expose the (110) surface. The samples
are p type doped with Zn, at an average dopant concen-
tration of 1 X 10'> cm™3, which establishes an impurity
band of 24 meV width, centered around 31 meV above the
valence-band edge [18]. This concentration corresponds to
an average nearest-neighbor acceptor distance of ~45 A
and a penetration depth of the field of roughly twice this
length [19]. Assuming a tip radius of = 150 A, we expect
about ten acceptors to be located within the TIBB-induced
space-charge region [20].

Figure 1 shows STM and KPFS measurements per-
formed with three different tip apices. These have been
changed by controlled indentation into a clean Cu(111)
surface. In the following, we will discuss data acquired
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FIG. 1 (color). Contact potential difference and acceptor-
induced conductance for different tip apices. (a) Frequency shifts
measured as a function of sample bias Af(V) (black lines),
parabolic fits, and the corresponding flat-band voltages Vcpp
are indicated (colored lines). (b) Calculated tip-induced band
bending. For any sample bias below (above) Vpp, the band
bending is negative (positive). (c),(d) I(V) and dI/dV (V) spectra
away from (dashed lines) and atop (solid lines) subsurface
acceptors; positions are indicated in the constant-current STM
images (inset: V =15V, I =20pA). For all tip apices,
acceptor-induced enhanced current and conductance are ob-
served in negative, zero, and positive band-bending regimes.

with tip apex #1 (red lines in Fig. 1) while showing the
results for three different tip apices to underscore the
general validity of our findings. Figure 1(a) shows KPFS
data. In KPFS, the frequency shift Af(V) of the force
sensor is recorded as a function of the dc sample bias V
at a fixed tip position. The electrostatic contribution to the
force between tip and sample gives rise to a parabolic
dependence of Af(V) with V as Af(V) « —(V — Vepp)?
[21]. For compensated CPD, that is, for V = Vpp, the
electrostatic field in the tip-sample junction will be zero
and A f(V) will be maximal, respectively. In this situation,
there is no electric field to penetrate the semiconductor and
hence Vcpp is the flat-band voltage [22]. From the para-
bolic fit to Af(V) [cf. Fig. 1(a)], we extract a flat-band
voltage of +0.64 V for tip apex #1 [23]. The assignment of
Vepp to the flat-band condition relies on the GaAs(110)

surface not being subject to Fermi-level pinning, our
cleaved surface being atomically flat, and our sample being
homogeneous and well conducting at 5 K. As this assign-
ment is the key to our experiments, its uncertainty was
quantified as follows. (i) Performing KPFS on GaAs at a
set of different tip-sample distances showed that local
variations of the work function [24] of the tip apices used
contribute to this uncertainty only by about =30 meV, and
(i) we measured Vpp values on GaAs(110) and on clean
Cu(111) with the same tip apices and compared the differ-
ences to the values expected from literature [20]. This
provides a generous upper bound for the uncertainty of
the absolute value of V-pp of 0.12 eV [25,26], which is still
small compared to the voltage scales considered here.
Finally, we note that tunneling current vs tip-sample dis-
tance [I(z)] spectra acquired additionally do not result in
correct or self-consistent CPD values [20,27].

As TIBB(V) is a monotonic function of the applied sample
bias, shifted with respect to zero bias by the CPD, we can
attribute a negative (positive) TIBB(V) to any sample bias
below (above) +0.64 V, and TIBB(0.64 V) = 0 for tip apex
#1. The voltage dependence of TIBB(V) is shown in Fig. 1(b),
where we used Vepp as an input parameter to a one-
dimensional Poisson-equation solver developed by Feenstra
[28]. The flat-band voltage [and the corresponding zero cross-
ing of TIBB(V)] is indicated by a vertical (horizontal) dash-
dotted line. We point out that the magnitude of TIBB(V) is
still uncertain, as it depends on the geometry of the tip, which
cannot be easily extracted from KPES.

Now, we investigate the electronic transport through Zn
acceptors buried below the GaAs(110) surface by means of
STS in view of the experimentally determined CPD for tip
apex #1. Figures 1(c) and 1(d) show (spatially averaged)
I(V) and differential conductance [dI/dV(V)] spectra,
recorded away from and atop a subsurface acceptor, as is
indicated by the colored lines in the constant-current topog-
raphy shown in the inset. Both spectra show p-type semi-
conducting characteristics, with a valence-band-related
current onset below 0 V and a conduction-band-related
current onset above 1.5 V. In contrast to the spectra as
acquired away from the acceptor, the spectra acquired
atop the Zn acceptor also show nonzero current and con-
ductance within a large bias interval located within the
semiconducting band gap. Whereas this has been reported
before [11-13], the nonzero conductance has so far never
been related to quantitative contact potential difference
measurements. For this particular tip apex, the flat-band
condition has been unambiguously determined to be
+0.64 V; therefore we immediately see that acceptor-
related conductance is present for negative, zero, and posi-
tive TIBB(V). The same holds true for data acquired with
tip apices #2 and #3 which show distinctly different values
of the CPD (1.05 and 1.37 eV, respectively); see Fig. 1.

To map out the spatial dependence of the acceptor-related
enhanced conductance, we have recorded differential
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tip apex #1 - Vp, =0.64V

FIG. 2 (color online). dI/dV maps of subsurface acceptors
acquired with tip apices #1 (inset: constant-current topography,
V = 1.5V, I =20 pA) to #3. For each apex, maps are acquired
at voltages below, at, and above the corresponding flat-band
voltage (sample biases as indicated; the gray scale is identical for
each apex). For all apices, within all band-bending regimes, a
similar triangular feature of enhanced conductance is observed.

conductance maps. In Fig. 2, we show dI/dV maps
acquired with tip apices #1 to #3, recorded at bias voltages
well below, right at, and well above the corresponding flat-
band voltage. In accordance with previous experiments,
we observe a triangular feature of enhanced conductance
at the position of the dopant atom [11]. Most notably, for
all apices, a similar pattern of enhanced conductance is
observed for negative, zero, and positive band bending.
The similarity present in different band-bending regimes
suggests that one conduction mechanism is responsible for
all of them. Most importantly, the polarity of the sample
bias of the differential conductance maps for all three band-
bending regimes remains the same, such that the occurrence
of the same conduction mechanism is not related to bipolar
tunneling [10,11,29]. The basis of most pictures used so far
in this context is a single isolated acceptor level being
shifted by TIBB(V) against the Fermi level. In this picture,
the occupation of the level has to change when shifted
across the Fermi level, which determines whether or not a
particular channel can contribute to transport, independent
of the further details of the model [12,13]. Hence, in these
pictures, no transport mechanisms can be active in all three
regimes for one particular sample bias polarity. However,
our conductance spectra, related to the flat-band voltage, in
combination with the dI/dV maps, indeed suggest that one
conduction mechanism is active in all three regimes.

To resolve this controversy, we treat the system as a
linear chain of N equidistant acceptor states between the
microscope’s tip and the bulk of the sample; see the inset of
Fig. 3(a). In this picture, three energies are important for
the description. (i) The band bending shifts the on-site
energy €; of each acceptor state, depending on its position
below the surface. This shift is zero deep inside the bulk
and is assumed to increase quadratically towards the sur-
face, where it reaches TIBB(V) as plotted in Fig. 1(b).

(i1) Adjacent acceptor states are coupled via a hopping
parameter #, which we have taken, in accordance with the
impurity-band width of about 20 meV, to be t = 5 meV.
(iii) In our system, the on-site Coulomb energy U of an
isolated acceptor is estimated to be on the order of 10 meV,
given a size of the acceptor state of about 20 A and a dielectric
constant of GaAs of about 13 [30-32]. The Hamiltonian in the
Anderson-Hubbard model reads [33-35]

N N—1
H= Z Z eic;r(,cw —t Z Z(C,Tgciﬂfr + C;r+1acia
i=1 o i=l o

<[+ 1\ + 1
+ UZ cacit — 2 ciciy — ) (1)
i=1

where c;ra creates and c;, annihilates an electron of spin ¢ on

the ith acceptor. Here, we choose N = 5 [20]. The rest of the
acceptor states and the valence and the conduction bands have
been modeled as an electron bath with the respective densities
of states. The metallic tip has been treated analogously, hav-
ing a constant density of states. Further, we assume that the
tunneling between tip and acceptors is restricted to the most
superficial acceptor [cf. the inset of Fig. 3(a)]. All foremost
acceptors are coupled to the bulk of the sample. We note
that energy dissipation is expected to occur via the inelastic
excitation of vibrons [36]. The dynamics of the system is
understood as a sequence of tunneling events from (to) the tip
or the bulk of the sample which increase (reduce) by 1 the
number of electrons populating the foremost acceptors. The
method of choice for the description of these sequential
tunneling dynamics is thus the master equation approach
[20]. In accordance with the experimental situation, the tun-
neling rate I'” to and from tip states is by far the smallest, and
thus the foremost acceptors are essentially in equilibrium with

I (eI™
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0.0 0.3 0.6 0.9 1.2

Sample Bias (V)

FIG. 3 (color online). Simulated electron transport within the
junction. (a) Calculated I(V) (dashed lines) and dI/dV (V) (solid
lines) spectra for vanishing (U = 0) and nonvanishing on-site
Coulomb energy (U = 2[t]). The simulation yields nonzero
current and conductance in a broad voltage range including
negative, zero, and positive band bending. The inset sketches
the relevant energies of the single-particle levels used as input
for the many-body calculations. (b) Calculated average popula-
tion (ns) of the foremost acceptor.
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the bulk. Moreover, for V = Vpp, electrons cannot tunnel
from the foremost acceptors to the tip since all transport
resonant levels lie far below the tip’s Fermi level. Under these
assumptions, the current through the system takes the form
I = eI'"(2 — (ny)), where {(ny) is the average occupation of
the most superficial acceptor [see Fig. 3(b)].

This many-body approach ensures that the gradual
change of (i) the effective electronic coupling, (ii) the
localization, and (iii) the charging energy of the relevant
states as a function of bias voltage is inherently captured.
Figure 3(a) shows the simulated /(V) and dI/dV (V) spec-
tra for different values of U. Neglecting charging energy
(U = 0), it shows enhanced current and conductance
within a large bias range in different band-bending
regimes, for one sample bias polarity only, which is in
accordance with our experimental findings. This phenome-
non can be understood as follows. For V = Vpp, TIBB(V)
is smaller than the impurity-band width, and hence the
foremost acceptor state is still part of the impurity band,
even if slightly detuned from the bulk impurity states. In
this voltage region, the Fermi level still remains inside this
impurity band that extends to the foremost acceptor, and
hence, finite conductance is observed. The size of this bias
voltage range around Vpp is given by the impurity-band
width 47 divided by the lever arm « = TIBB(V)/V. For
U # 0, several peaks and dips appear in the spectra as
opposed to just a single broad peak that is observed for
U = 0. Close to Vcpp, the single occupation of the fore-
most acceptor prevails until |TIBB(V)| overcomes U/2.
Hence, the average population and the current develop a
plateau around Vcpp of width U divided by «. Slight
modifications in the on-site energies €; and in the tunneling
coupling ¢;; between adjacent states i and j result in varia-
tions of the relative peak heights as well as their positions
with respect to Vpp [20].

The simulated spectra in Fig. 3(a) are in qualitative
agreement with our experimental ones [37], showing
enhanced conductance in all three band-bending regimes.
The experimental spectra show enhanced conductance over
an even wider bias range than our theory predicts. Whereas
U and « may differ from the values anticipated here, we
note that electron-vibration coupling [36] could also play an
important role, the incorporation of which goes beyond the
scope of our model.

Finally, we note that the knowledge of the CPD in our
experiments also sheds new light onto the interpretation of the
observation of charge density oscillations around acceptors
[16], as is discussed in the Supplemental Material [20].

In summary, the use of combined STS and KPFS allows
us to unambiguously relate the conductance properties
of shallow acceptors buried in GaAs to the energy scale
of the system, by measuring the flat-band voltage. These
measurements show that the voltage range of enhanced
acceptor-induced conductance spans three different
band-bending regimes, ruling out previous conceptions

of electronic transport used in this context [11-13]. This
experimental finding requires a theoretical description
which inherently captures the crossover between the ac-
ceptor state being part of an impurity band for zero band
bending and the acceptor state being split off and localized
for strong negative or positive band bending, respectively.
Transport calculations based on an Anderson-Hubbard
model yield spectra in qualitative agreement with our
experiments. We expect that this combination of Kelvin
probe and scanning tunneling spectroscopy can shed new
light on the energetics in cross-sectional STM experiments
far beyond the specific model system studied here.
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