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Donors near the polar (0001) surface of nominally undoped ZnO were investigated with scanning

tunneling microscopy at 5 K. Spatially resolved spectroscopy reveals single and double charging.

Equidistant peaks in spectra of ionized donors are attributed to polaron excitation. The data are consistent

with doping due to Zn interstitials or complexes.
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ZnO has been widely investigated as a material for
piezo-, micro-, and optoelectronic devices [1,2].
Although the band gap of ZnO in the wurtzite structure is
as large as 3.4 eV, undoped material exhibits n-type con-
ductivity at room temperature. The residual conductance
can lead to self-compensation, which impedes p-type dop-
ing [3]. The conductivity has been attributed to native
defects such as interstitial Zn [4], Zn with O vacancies
[5], or Zn with substitutional N [6], as well as to H
impurities [7,8]. Despite its importance for applications
the origin of the residual conductance is still a subject of
much controversy [1,9]. A similar problem exists for a
wide class of related materials, transparent conductive
oxides. Partially this unsatisfactory situation may be
caused by the materials used. Depending on the growth
method, the conductivity may be due to different
donors [10].

Scanning tunneling microscopy (STM) has been shown
to be sensitive to subsurface dopants in GaAs [11] and to
the charge state of defects [12–14]. Here this method is
employed to investigate the ionization of donors in the
wide-gap material ZnO. Double charging and vibronic
features are observed in scanning tunneling spectra, which
are consistent with intrinsic Zn defects and are difficult to
reconcile with H doping.

The experiments were performed in a homebuilt ultra-
high vacuum STM operated at 5 K. Commercial wurtzite
ZnO(0001) single crystals (MaTeck GmbH, Germany)
were cleaned by cycles of Arþ bombardment (ion energy
1; . . . ; 2 keV) and subsequent annealing at � 700 �C for
1 h [15]. The nominally undoped material had been pro-
duced by hydrothermal growth, and shows light yellow
color. After their preparation samples were transferred
in vacuo to the STM chamber with a residual gas pressure
below 2� 10�9 Pa. Au tips were cut from polycrystalline
wire and cleaned byArþ bombardment and annealing prior
to mounting to the STM. Constant-current STM images
were recorded with the bias voltage applied to the sample.
Spectra and maps of the differential conductance (dI=dV)
were acquired using a lock-in amplifier with 30 mVrms

modulation of the bias.

The polar ZnO(0001) surface is perpendicular to the
bulk electrostatic dipole moment and, therefore, is not
atomically flat [16]. The low temperature STM image in
Fig. 1(a) shows the typical morphology of the clean sur-
face. It is similar to previously reported results from
room temperature measurements [16]. Like in the case of
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FIG. 1. (a) Constant-current STM image of clean ZnO(0001)
at 5 K (50� 50 nm2, 2 V, 100 pA). To enhance the visibility of
small features such as atomic steps, the image displays a
superposition of the apparent height z and its derivative dz=dx.
The image covers a height range of 7 ZnO layers. (b) STM image
of an area containing a donor (15� 15 nm2, 1 V, 1 nA). (c) Map
of the differential conductance (dI=dV) measured simulta-
neously with (b). (d) dI=dV spectra measured (1) outside of
two rings, (2) between the outer and the inner ring, and (3) inside
of the rings. The curves are vertically offset for clarity. Arrows
indicate peaks due to ionization of the donor. Tunneling parame-
ters prior to disabling feedback were 1.1 V, 1 nA.
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wurtzite GaN [17,18], large terraces with jagged step edges
and triangular islands and vacancies indicate that the
wurtzite structure of the sample is intact and no phase
transition has occurred during the cooling process. Even
at a sample temperature of 5 K, images of the surface can
be acquired at rather low bias voltages down to 0.6 V,
which indicates a high electron density of the material.
Figures 1(b) and 1(c) display a STM image and a simulta-
neously recorded dI=dV map of a smaller surface area.
The STM image shows the typical terrace structure with
two triangular islands close to the bottom. In the dI=dV
map, irregular variations are observed, which exhibit some
correlation with the terrace structure. However, the pre-
dominant features are two concentric rings with diameters
of � 3 nm and � 10 nm. dI=dV spectra measured at the
interior of the two rings [Fig. 1(d)] reveal two peaks at
� 0:82 and� 0:98 V. The lower peak moves to� 0:94 V
and the higher peak disappears from the spectra in the
annulus between the rings. Both peaks are absent outside
the rings.

We suggest that a buried donor which is capable of
donating two electrons and tip-induced band bending
causes the features in dI=dV spectra and maps. Figure 2
shows schematic energy diagrams of a ZnO-Au tunneling

junction at various voltages. The surface state of
ZnO(0001) is not considered as it is located well outside
the band gap [19]. At zero bias [Fig. 2(a)] the work
function difference of the tip and the sample bends the
band upwards. The local band bending depends on the
distance from the surface. U denotes the band bending at
the position of a near-surface donor. The defect level D0 is

located below the Fermi energy of the sample EðSÞ
F by an

energy �. At positive sample voltage V, current flows to
the conduction band of ZnO. The low carrier density in the
oxide does not fully screen the electrical field in the
semiconductor and the band bending at the donor is in-
creased in proportion to the bias by an amount �V. � is the
ratio of the voltage drop between the ZnO bulk and the
donor to the applied bias. As a result of the field penetra-

tion, the defect level is shifted closer to EðSÞ
F . At bias V1 ¼

�=�,D0 aligns with EðSÞ
F and a first ionization of the donor

takes place [Fig. 2(b)] [20]. The charge of the donor affects
the local potential [Fig. 1(c)], thus inducing a rapid rise of
the current and a corresponding first peak of the dI=dV
spectrum at � 0:82 V. Upon further increase of the bias,

the level Dþ of the charged donor reaches EðSÞ
F and a

second ionization takes place [� 0:98 V in Fig. 1(d)].
The above model is also consistent with the lateral

variation of the spectra and the features in dI=dV maps.
In these maps (Fig. 3) the two concentric, nearly circular
rings are observed to shrink as the voltage decreases. While
the inner ring fades away between 1 and 0.9 V, the remain-
ing ring collapses to a bright spot at 0.6 V. The penetration
of the electrical field into the sample is strongest directly
under the tip apex and decreases as one moves away in a
lateral direction. As a result, the conditions for a conduc-

tance peak to occur, EðSÞ
F ¼ D0 and EðSÞ

F ¼ Dþ, are fulfilled
at certain lateral distances of the tip from the donor,
namely, the radii of the outer and inner ring, respectively.
At low bias, ionization is only possible when the tip apex is
directly above the donor [Fig. 3(j)]. A more detailed three-
dimensional analysis of tip-induced band bending, which
would possibly reveal the ionization threshold of the dop-
ant, is difficult and requires, e.g., information on the tip

FIG. 2. Schematic energy diagrams (not to scale) of a ZnO=Au
tunneling junction. EC and EV indicate the conduction band

minimum and valence band maximum of ZnO. EðSÞ
F and EðTÞ

F are

the Fermi levels of ZnO and the Au tip. D0 and Dþ are defect
levels of a neutral and a singly charged donor, respectively. The
band bending depends on the distance to the surface. The local
band bending at the position of the donor is denoted as U.
(a) Zero bias. (b) Positive bias with current from the Au tip to
the ZnO conduction band indicated by a shaded arrow. At the
chosen bias V ¼ V1, single ionization of the donor occurs.
(c) Upon ionization, the local band bending at the donor is
modified and the current is increased. (d) Negative bias. At V ¼
V2 single ionization of the donor occurs by tunneling from the
donor level to the tip (black arrow).
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FIG. 3 (color online). Constant-current dI=dV maps acquired
at the indicated voltages of a surface area containing a donor
(12� 12 nm2, 1 nA).
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shape, the depth of the donor, and the band structure of the
oxide.

Single ringlike structures were previously found around
Si donors in GaAs [14]. Single rings were also observed
from C60 films doped with alkali metal atoms [13].
Depending on the molecule-atom interaction, the ring
diameters increased or decreased with increasing voltage.
Double rings have not previously been reported. Buried
dopants in InAs may also induce Friedel oscillations of the
charge density, which may lead to multiple-ring structures
in dI=dV maps [21]. However, the sharpness of the rings
on ZnO as observed in the present experiments are incon-
sistent with Friedel oscillations.

In 250 nm2 areas we observed between 9 and 19 donors.
For a donor that can be doubly charged, the sheet carrier
concentration is estimated to � 0:7; . . . ; 1:5� 1012 cm�2.
This concentration is consistent with previous Hall effect
data from hydrothermally grown ZnO crystals [22].

Having located donors in dI=dV maps we now focus on
their spectra at negative sample voltage, which display a
series of equidistant peaks (Fig. 4, solid lines). Spectra
recorded elsewhere are featureless (Fig. 4, dashed line).
In particular, the clear donor-related peaks (Fig. 4, middle
curve) vanish when the tip is moved in a lateral direction by
less than 1.5 nm. This drastic dependence on the tip
position, which is different from the positive-bias case,
suggests a direct involvement of donor states in the tunnel-
ing process. We attribute the equidistant peaks to the
excitation of longitudinal optical (LO) phonons of
ZnO(0001) via resonant tunneling through the donor level
closest to the substrate Fermi energy.

At negative bias the local band bending shifts D0 away

from EðSÞ
F , which prevents the ionization of the donor.

However, when D0 is aligned with the Fermi level of the
tip at a bias V2 [Fig. 2(d)], an electron from the donor level
may transfer to the tip. This occurs at jV2j ¼ �jV2j þ�.
The donor level will be refilled from bulk or defect states of
the ZnO crystal. The charge state of the donor affects the
local atomic lattice of ZnO. Therefore, tunneling from the
donor to the tip efficiently couples to the excitation of LO
phonons.
In analyzing the vibrational progression, the voltage

drop in the semiconductor has to be considered.
Following Ref. [23] we estimate � from the equations
above as � ¼ jV2j=ðV1 þ jV2jÞ. From Fig. 4 (upper curve),
V1 � 235 meV and V2 � �25 meV, we obtain � � 10%.
These values depend on the depth of the subsurface donor
as illustrated by the middle curve in Fig. 4. There the onset
of the polaron excitation occurs at more negative bias and
the ionization peak at positive bias is shifted out of range,
which is indicative of a donor at larger depth. After cor-
rection of the peak distances with�, we obtain a spacing of
ð71� 5Þ mV from different donors. This spacing matches
the energies of the polar A1 and E1 LO phonons (72 and
73 meV) [24,25]. The value from the dI=dV spectra of
Fig. 4 is slightly different from these energies. This differ-
ence between the (bare) phonon energy @! and the
observed line spacing �@! can be rationalized in terms
of the Fröhlich constant �, which takes into account the
polaron character of the excitation. From our value and
Raman data [24], we find � ¼ 0:99� 0:06, which is close
to calculated values, � ¼ 1:0 [26] or ¼ 1:19 [27]. Similar
coupling between vacancy sites or adatoms and LO
phonons has been observed for NaCl films [28] and for
Si(111) [29].
The experimental results presented above can be used to

discriminate between various suggested donors. H intersti-
tials (HI) were proposed as the source of the residual
conductance of ZnO [7]. The energy of the local vibra-
tional mode of HI,� 412 meV (3326:3 cm�1) [30], which
has been attributed to an O-H stretching mode, is far away
from the vibrational energy observed here. Moreover, high
concentrations of HI were reported to reduce the Raman
intensity of the LO phonon [31]. Recently it was shown
that H trapped in an O vacancy (HO) may also act as a
shallow donor [8]. However, according to calculations both
HI andHO donate a single electron only [7,8]. Furthermore,
high temperature annealing of ZnO reduces or even re-
moves the H-related shallow donor state [31,32]. A similar
effect may be expected for H2 in ZnO. Moreover, H2

molecules at interstitial sites were found to be neutral,
and thus are not a likely source of residual conductance
[33,34]. On the contrary, annealing increases the density of
native defects, ZnI and oxygen vacancies (VO), and enhan-
ces the Raman intensity of the LO phonon [35,36]. Both
ZnI and VO can be doubly charged [9,37] as observed from
the donors in the present samples. While the ionization
energy of ZnI is only 30 meV [4], VO has been shown to

V1

V2

2V

FIG. 4. dI=dV spectra measured above two different donors
(solid lines) and far from any donors (dashed line). The curves
are vertically offset for clarity. Bars indicate peaks attributed to
polaron excitation. Arrows point to the ionization peaks at
positive (V1) and negative (V2) voltages. Tunneling parameters
prior to disabling feedback were 0.5 V and 1 nA.
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induce a deep level with an ionization energy of 2.1 eV
[38]. The sample voltages used here, e.g., V < 1:1 V in
Fig. 1(d), are too small to make this ionization possible
through single-electron processes. Photoexcitation of VO

to a metastable shallow donor state [39] is very unlikely in
our experiment, where the sample was kept in the dark for
weeks and no time-dependent changes were observed.
Moreover, calculations [39] find the metastable shallow
donor above EC, which appears to be inconsistent with
our observations of double charging. Therefore, Zn inter-
stitials remain as a suitable candidate for explaining the
conductivity of our samples. Recent work has suggested
that defect complexes rather than isolated defects may be at
the origin of shallow levels. While the high formation
energy of ZnI appears to exclude these interstitials,
ZnI-VO and ZnI-NO (N substituting O) complexes form
more readily [5,6,35]. Summarizing the discussion, our
experimental data from in vacuo annealed ZnO(0001)
surfaces are difficult to reconcile with H or VO, but are
consistent with ZnI or a related complex.

In summary, ZnO(0001) samples were prepared by Ar
bombardment and annealing to � 700 �C. Scanning tun-
neling spectroscopy of donors in ZnO(0001) reveals single
and double charging as well as local excitation of polarons.
The data indicate that the donors are Zn interstitials or
complexes.
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