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Single donors close to the ZnO(0001) surface are investigated with scanning tunneling microscopy.

Their binding energies and depths are determined from spatially resolved spectra of the differential

conductance. At elevated bias of the STM tip, vertical motion of the donors can be induced. The direction

of the motion can be controlled by the bias polarity.
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The capability to manipulate structures at the atomic
scale is an important asset of the scanning tunneling micro-
scope (STM). Nowadays atoms may be arranged on metal
and semiconductor surfaces as well as thin insulating
films into nanostructures [1–7]. Single molecules may be
modified and chemical reactions may be induced [8–11].
Usually this exquisit control is limited to the surface.
A recent exception is H in Pd, which could be moved with
a STM tip [12]. No comparable results have been reported
for semiconductors or insulators where the controlled
positioning of subsurface dopants would be desirable.

Here we present the manipulation of interstitial Zn (ZnI)
in ZnO, a semiconductor with extraordinary electronic,
optical, and chemical properties [13]. ZnI is a shallow
donor and has been suggested to lead to the n-type con-
ductance of ZnO [14,15]. We show that the STM tip can
push and pull subsurface donors.

Controlling the diffusion of cations is important for
oxide-based resistive switches, which have potential appli-
cations as nonvolatile memories [16]. Resistive switching
has been reported from ZnO-based Schottky contacts that
relied on the diffusion of cations from metal electrodes
[17,18]. The positioning of a single dopant in our experi-
ment represents a particularly small implementation of a
resistive switch. Similar to a Schottky contact, an Au tip
induces upward bending of the ZnO bands. Resistive
switching is achieved by manipulation of a donor. As a
side effect, the binding energy Eb of the donor also
changes.

The ZnO(0001) crystals (Mateck, Germany) we used
displayed a light yellow color. After cycles of Arþ bom-
bardment and annealing to �700 �C in ultrahigh vacuum,
the samples were transferred in vacuo to a STM operated at
5 K. Tips were cut from Au wire, annealed, and brought
into contact with the ZnO surface. The bias voltage V was
applied to the sample, and a lock-in amplifier (modulation
15–30 mVrms) was used to measure the differential
conductance (dI=dV).

On a nm scale, the ZnO(0001) surface is not atomically
flat, owing to its polar nature [19]. In addition, inhomoge-
neities at or near the surface cause irregular variations of
the apparent height and thus mask the effect of the donors

in topographs. Taking advantage of the increased energy
resolution of dI=dV maps, donors may nevertheless be
resolved [15]. Bright rings can be discerned in these
maps [Fig. 1(a)], which indicate transitions of the charge
state of a ZnI donor below the ZnO(0001) surface [20]. The
lateral tip position determines the tip-induced band bend-
ing (TIBB) at the donor, which is located near the center of
the rings. The donor of Fig. 1(a) is neutral when the STM
tip is outside of the rings, becomes singly charged when the
tip is crossing the outer ring, and finally is doubly charged
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FIG. 1 (color online). dI=dV maps from four different donors
on ZnO(0001) recorded at I ¼ 1 nA. White indicates high con-
ductance. The slow scanning direction was from bottom to top.
Scale bars correspond to 2 nm. (a) At low V two concentric rings
of increased conductance are observed. The rings signal the
ionizations of a subsurface donor at their center. 0, þ, and
þþ indicate its charge states. (b) At more elevated voltage,
rings that are observed in the initial scan lines suddenly
disappear (arrow). (c) The diameters of two ionization rings
increase within the indicated scan line. Moreover, the signal
contrast is diminished. (d) A single ionization feature at the
bottom of the image repeatedly increases in diameter (gray
arrows) until it finally disappears (white arrow). The contrast
in (d) has been enhanced by differentiation along the horizontal
direction.
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inside the inner ring. A positive donor lowers the electro-
static potential experienced by tunneling electrons and thus
increases the current. In dI=dV maps this leads to a sharp
ring of increased conductance.

While the ionization rings of Fig. 1(a) could be repro-
ducibly imaged at 0<V < 1:2 V, permanent changes are
induced at larger V. Figure 1(b) shows an example. In the
dI=dV map, which was recorded from bottom to top at
V ¼ 2:0 V, two concentric ionization rings were initially
observed but disappeared during the scan line marked by
a white arrow. Figure 1(c) displays another typical result.
In the upper half of the image, the ring diameters are
larger and the corresponding contrast is reduced. Finally,
Fig. 1(d) shows a case where the diameter of a single
ring increases twice. Larger maps show that single
donors may be manipulated without significantly affect-
ing their neighbors (see Supplemental Material [21]).
Therefore the observed modifications cannot be due to
changes of the tip apex. The conditions for inducing
manipulation of a particular donor exhibited scatter, pre-
sumably due to inhomogeneities of the surface and the
influence of nearby donors.

Next, I-V curves were recorded at positive V [Fig. 2(a)].
Charging occurs at 0.24 V (0=þ) and 0.93 V (þ=þþ ),
where the tunneling current abruptly rises [15,22]. The
current drop by �40% at Vm � 1:17 V is a new feature.
Vm varied between different donors. At the opposite
polarity, changes occurred at larger voltages. In the voltage
range from �2 to �3 V of Fig. 2(c), the donor is neutral.

Nevertheless, an abrupt 40% rise of the current occurred at
Vm � �2:75 V. dI=dV maps recorded before and after
manipulation at negative voltage revealed that the size of
the ionization rings had decreased, which is opposite to the
positive voltage case.
These manipulations may be combined to move a donor

up and down (Fig. 3). The close correspondence of the
charging pattern (bright lines surrounding the donor)
before and after the cycle demonstrates the reversibility
of the process. For some donors this cycle was repeated
four times.
Figure 4 shows dI=dV spectra represented by false

colors from positions close to and above a donor (a) before
and (b) after manipulation along with (c) a single spectrum.
The maps exhibit two parabolic conductance maxima
(black dotted lines), which are due to ionization processes.
The variation of the ionization peaks with lateral position
reflects the change of the TIBB at the donor. To pull an
occupied level above EF, a small positive voltage is
required when the donor is right below the tip. This voltage
increases at larger separations [22]. The parabolae at nega-
tive V are due to empty levels that are pushed below EF.
This requires the contact potential, which is maximal
below the tip, be compensated. The voltage jVj for ioniza-
tion therefore is largest for a donor below the tip apex [23].
The defect levels D0 and Dþ are also discernible in the
maps. Their curvatures are opposite to those of the ioniza-
tion parabolae and replicate the shape of the TIBB [23,24].
The corresponding vibrational excitations display similar
shapes.
We used Feenstra’s Poisson equation solver [25] to

model the experimental data. A number of parameters
are required. The band gap at 5 K of 3.4553 eV and a
ZnO dielectric constant of 7.88 were taken from
Refs. [26,27]. The tip-sample distance was estimated to
0.5 nm by contacting the sample. Moreover, we used a tip
apex radius of 1 nm and a shank angle of 30�. From the Au
work function [28,29] and the ZnO electron affinity [30],

(a)

(b)

FIG. 2. I-V curves recorded above a donor at (a) positive and
(b) negative voltage. (a) Logarithmic and (b) linear scales are
used for clarity. 0=þ andþ=þþ indicate ionizations of the donor
from neutral to positive and from singly to doubly charged.
At the voltages labeled Vm, permanent transitions occur.
The set point before opening the current feedback was 1 nA
and 0.5 V.
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FIG. 3 (color online). Series of dI=dV maps from a donor that
is located approximately at the position marked by an asterisk
[ð12 nmÞ2, 0.8 V, 1 nA]. (a) Before manipulation two charging
rings can be discerned around the donor. 0,þ, andþþ mark the
charge states of the donor for the respective lateral distances of
the tip. (b) After pushing the donor deeper into the crystal using
V ¼ 1:4 V and I ¼ 42:6 nA, the ring diameters have increased.
(c) After pulling the donor back towards the surface with
V ¼ �2:8 V and I ¼ 26 nA, the initial state is restored except
for small variations in the vicinity.

PRL 110, 226101 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
31 MAY 2013

226101-2



we estimate a contact potential of 1.3 eV. Consistent with
Hall data [31], a donor density of 2� 1018 cm�3 was used.

We varied the levels D0 and Dþ and the depth of the
donor below the surface to optimize the fit of the seven
curves indicated in Fig. 4. The calculated results match
the experimental data rather well, although some irregular
deviations are not reproduced. The simulation places the
donor 0.2 nm [�1 monolayer (ML)] below the surface.
The binding energies prior to manipulation [230 meV (D0)
and 340 meV (Dþ)] decreased to 105 and 190 meV, respec-
tively, and the depth increased to 0.45 nm (2 ML). Similar
fits may be obtained for slightly different parameters.
However, the fits consistently showed an increase of the
depth and reduced binding energies. A similar depth-
related reduction of the binding energy has been reported
from dopants in GaAs [32,33].

After manipulation the opening of the parabolae in
Fig. 4 is wider, which corresponds to larger rings in
dI=dV maps. Moreover, the contrast of the dI=dV signal
is reduced, which further confirms that a donor is pushed
into the crystal [34]. Contrast reduction below the detec-
tion limit may also explain the disappearance of rings
[Figs. 1(b) and 1(d)]. Alternatively, the donor levels may
be shifted into the conduction band of the ZnO bulk [35].
Such a donor would be doubly charged at any voltage, and
no ionization features would be observed.

Next, the resistive switching observed in Fig. 2 is dis-
cussed. To push a donor into the crystal, positive V were
used [Fig. 2(a)]. Concomitantly, the binding energy is
reduced and the conductance decreases. In a macroscopic
semiconductor, a lower binding energy would reduce the
resistance at low temperatures. The resistance increase
observed here may be understood as follows. At V > 0,
the ZnO bands are bent upwards. From the charging

transitions in Fig. 2(a), it is clear that the donor is doubly
charged throughout the manipulation process. Its Coulomb
field reduces the band bending and facilitates electron
injection into the ZnO conduction band. As the donor is
pushed away from the surface, this effect diminishes and
the current drops. In contrast, at V < 0, the current is due to
electrons from the conduction band and from the neutral
donor. Manipulation at this polarity pulls the donor toward
the surface, reduces the donor-tip distance, and increases
the current [Fig. 2(b)].
Presently, the mechanism of the manipulation process is

not clear. At V > 0, donors move inward, opposite to the
direction of the electrostatic force exerted by the tip, but in
line with the electron momentum. Nevertheless, momen-
tum exchange between electrons and the donor (electron
wind force [36]) is not likely to be the only driving force.
The wind force is expected to be proportional to the local
current density [37]. However, at low voltage, V ¼ 0:5 V,
no donor motion was observed despite elevated currents
up to 10 nA. To induce motion, V had to be increased to
at least 1.1 V. The injection of hot electrons at elevated bias
causes multiple vibrational excitation, cf. Fig. 4(c). We
tentatively suggest that this induces diffusion of the donor
similar to the case of H in Pd [38]. Density-functional
calculations showed that the diffusion barrier of ZnI in
Zn chalcogenides and oxides decreases upon charging
[39] and is �500 meV in the doubly charged state in
ZnO [35]. In dI=dV spectra, we observed up to fivefold
vibrational excitation of a mode with an energy of
� 60–76 meV. Excitation of higher harmonics would
suffice to overcome the diffusion barrier. While such
processes may be too rare for detection in dI=dV they
are likely to occur on the time scale of the manipulation
experiments. The different charge states of the donors at

(a) (b) (c)

FIG. 4 (color online). False-color map of dI=dV spectra of a donor located at position zero (a) before and (b) after manipulation at
1.5 Vand 1 nA. The STM feedback was disabled at 0.6 Vand 3 nA. The color bar corresponds to (a) 0–2.5 nS and (b) 0–2.1 nS. Dotted
parabolae represent the results of model calculations of the variation of the ionization threshold. Solid lines indicate the calculated
levels of the neutral (D0) and singly charged (Dþ) donor. Vibronic transitions cause additional maxima that run in parallel to the donor
levels. Depending on voltage and tip position the donor is neutral below the parabola labeled 0=þ , singly charged between parabolae,
or doubly charged above the parabola labeledþ=þþ . (c) dI=dV spectrum indicated by a vertical dashed line in (a). In addition to the
ionization peaks (0=þ , þ=þþ ), the donor levels D0 and Dþ may be discerned along with a series of vibronic peaks (bars).
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positive and negative bias may also underlie the different
manipulation thresholds observed. A related effect has
been observed for ZnI in ZnSe, where optical excitation
was found to enable diffusion at low temperature [40].

In summary, we presented STM-based manipulation of
donors in ZnO. Donor motion from and to the surface
can be controlled by the polarity of the tip voltage.
Simultaneously, with the vertical motion the binding
energy of the donors changes and the conductance of the
tunneling junction is modified, turning the buried donor
into a resistive switch. Given that resistive switching via
impurity diffusion has often been reported, the vertical
manipulation demonstrated for ZnO may presumably be
used for a range of materials.
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