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ABSTRACT: We report that Sb-decorated head-to-head (H−H)
basal plane inversion domain boundaries (b-IDBs) lead to stable ptype conduction in Sb-doped ZnO nanowires (NWs) due to Sb and O
codoping. Aberration-corrected Z-contrast scanning transmission
electron microscopy shows that all of the Sb in the NWs is
incorporated into H−H b-IDBs just under the (0001) NW growth
surfaces and the (0001) bottom facets of interior voids. Density
functional theory calculations show that the extra basal plane of O per
H−H b-IDB makes them electron acceptors. NWs containing these
defects exhibited stable p-type behavior in a single NW FET over 18 months. This new mechanism for p-type conduction in ZnO
offers the potential of ZnO NW based p−n homojunction devices.
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codoping renders the material p-type. We further show that the
same NWs from our earlier report retain their p-type character
18 months after synthesis.
Sb-doped ZnO NWs were synthesized on silicon substrates
with a ZnO seed layer grown from a zinc acetate ethanol
solution.26 The substrates were placed on the surface of a
solution consisting of 25 mM sodium nitrate, 25 mM
hexamethylenetetramine, and an Sb−dopant solution at 90
°C for 1 day to induce NW growth. The Sb−dopant solution
consisted of sodium glycolate, created from equal molar sodium
hydroxide and glycolic acid, and antimony acetate in a ratio of
12:1. Samples were treated with oxygen plasma to remove
surface organics and then annealed in argon at 850 °C for 30
min to activate the p-type dopants.
Figure 1 shows the electrical transport behavior of a single
Sb-doped ZnO NW field effect transistor (FET) showing clear
p-type conduction. The FET consists of a single NW on a 100
nm SiO2 dielectric on a heavily doped Si substrate which served
as a back gate and Ti/Au source and drain contacts. The FET
was passivated and sealed in 100 nm SiO2 and 50 nm Si3N4.
Measurements were made with a HP4155B semiconductor
parameter analyzer. Further details of the NW fabrication and
electrical measurements just after fabrication may be found in
ref 26. Figure 1a,b shows electrical measurements of the same
device 18 months later. Both as-synthesized and 18 months

oped semiconducting nanowires (NW) have unique
properties that benefit a variety of nanoscale electronic
and optoelectronic devices.1−3 ZnO is a promising material for
UV optoelectronics due to its direct wide band gap of ∼3.37 eV
and large exciton binding energy of 60 meV,4 but the lack of a
reliable p-type dopant due to low dopant solubility, native
donor defects, and large acceptor ionization energies has
restricted its use in optoelectronic applications.5−7 p-type ZnO
thin films have been reported,8−15 but none of the results have
been widely reproduced or resulted in stable optoelectronic
devices. p-type ZnO NWs have also been reported16−19 but are
similarly problematic. Doping with Sb is one of the reported
methods of creating p-type films20−25 and NWs.26 In particular,
Sb-doped ZnO NWs grown on n-type ZnO thin films have
been used to create electrically pumped waveguide lasers that
are stable over 7 months.27
We recently demonstrated p-type Sb-doped ZnO NWs
synthesized and doped in solution,26 which has the advantage
of low cost and ease of processing. Here, we combine
aberration-corrected scanning transmission electron microscopy (STEM) and density functional theory (DFT) calculations to elucidate the defects responsible for p-type
conduction in solution-synthesized Sb-doped NWs. An overwhelming majority of the Sb in the NWs is incorporated into
Sb-decorated head-to-head (H-H) (0001) basal plane inversion
domain boundaries (b-IDBs) just under the (0001) NW
growth surfaces and the (0001) bottom facets of interior voids.
The H-H b-IDBs incorporate an extra basal plane of O
compared to the ZnO host lattice, which, according to DFT
calculations, makes them electron acceptors. This Sb and O
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Figure 1. Single nanowire FET electrical measurements showing
stable p-type character 18 months after fabrication. (a) Drain current
vs drain voltage plots at various gate voltages, starting at 0 V and
increased by −10 V steps to −30 V. (b) Drain current vs gate bias plot
at a drain-source voltage of −30 V. Electrical data directly after
fabrication showing p-type character can be found in ref 26.

later, the FET shows increasing source-drain current at more
negative gate voltage, indicating p-type conduction.
Directly after fabrication, the NW had a field effect mobility
of 1.2 cm2 V−1 s−1 and carrier concentration of 6.6 × 1017
cm−3,26 derived from the NW FET geometry and electrical
properties.28 Eighteen months later, the same FET had a
moderately reduced field effect mobility of 0.7 cm2 V−1 s−1 and
carrier concentration of 1.2 × 1017 cm−3. The decrease in
mobility and carrier concentration may indicate imperfect
packaging of the FET, but the p-type character is stable. It is
likely that the NWs are compensated, like most ZnO.29
Separate concentrations of electrons and holes can be derived
from temperature-dependent Hall effect data, as can bulk and
surface contributions of the electrical behavior,30 but that was
not done on our NWs.
Atomic-resolution high angle annular dark field (HAADF)
STEM was used to image the Sb-doped ZnO NWs. The
HAADF image intensity scales as Zα, where α is in the range
1.6−1.9 and Z is the atomic number of the atoms under the
beam,31 although this can be altered by dynamical diffraction32
and strain.33 This Z-contrast effect was used to distinguish the
Zn and Sb atomic columns. STEM experiments were
conducted on a FEI Titan microscope with a CEOS probe
aberration corrector operated at 200 keV. HAADF STEM
images were collected with a 24.5 mrad probe semiangle, 24.5
pA probe current, STEM resolution of ∼0.8 Å, and HAADF
detector range of 54−270 mrad. STEM samples were prepared
by scratching NWs off the Si substrates with a fine needle onto
nonporous 5 nm thick Si membrane window grids. Prior to
STEM experiments, samples were plasma cleaned in a
Fischione plasma cleaner in 25% oxygen−75% argon mixture
for ∼5 min to eliminate organic carbon surface contamination.
The STEM images presented here were smoothed with a
Gaussian smaller than the probe size to reduce noise.
Figure 2a,b shows atomic-resolution HAADF STEM images
of different NWs with the [0001] growth direction up in every
image. Figure 2a is a ⟨112̅0⟩ projection of a NW tip, showing a
terraced surface structure with Sb-decorated b-IBDs 2−3 planes
under the (0001) growth surfaces, as marked by the yellow
arrows. Because of the Z-contrast nature of the HAADF image
and the difference in atomic number between O, Zn, and Sb,
the pure O columns are invisible, and the Sb-containing atomic
columns appear brighter than the regular Zn lattice atomic
columns. The (0001) stacking sequence and atomic column
positions across the IBD in this projection match previous
reports of Sb-decorated b-IBDs in ZnO.34−37 Figure 2b is a
⟨101̅0⟩ projection of a NW tip, showing another Sb-decorated

Figure 2. (a−c) HAADF STEM images with the growth direction up
in every image. (a) and (b) are images of NW tips in the (a) ⟨112̅0⟩
and (b) ⟨101̅0⟩ projections, respectively, revealing Sb-decorated bIDBs that are marked by yellow arrows. (c) Higher magnification
image of the region surrounding the red box in (a). (d) Integrated line
profile of the region inside the red box in (c), showing the lattice
expansion around the IDB.

b-IBD that is marked with a yellow arrow. In this projection,
the Sb-decorated (0001) plane has every third atomic column
brighter, since in this projection pure Sb atomic columns are
separated by two pure Zn atomic columns.34−37 Thus, in the
⟨112̅0⟩ projection image of Figure 2a, the atomic columns of
the Sb-decorated (0001) plane are mixed Zn and Sb in the ratio
of 2 to 1, explaining their lower contrast compared to the
contrast of Sb atomic columns in Figure 2b.
Figure 2b shows a new ZnO (0001) surface reconstruction
consisting of missing Zn atomic columns along ⟨1010̅ ⟩,
stabilized by the Sb-decorated b-IDB. The surface is two Zn
planes above the Sb-decorated b-IDB in Figure 2b. It consists of
missing Zn atomic columns directly above the Sb columns in
the b-IDB, separated by Zn dimer columns. Like a similar
surface reconstruction of undoped ZnO with missing Zn atoms
along ⟨1120̅ ⟩,38 this structure eliminates 1/3 of the Zn atoms
from the surface, stabilizing the ZnO polar (0001) surface by
changing the surface stoichiometry. We believe missing Zn
columns occur along ⟨101̅0⟩ instead of ⟨112̅0⟩ as previously
reported due to strain from the larger Sb (compared to Zn) in
the Sb-decorated b-IDB.
Figure 3a,c are HAADF STEM images showing the size and
location of NW voids and internal b-IDBs. Figure 3a is a lowmagnification image (with [0001] growth direction pointing
up) showing that the NWs have voids 2−20 nm in diameter at
least 15−20 nm away from the NW side surfaces. TEM over/
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have acquired Z-contrast STEM images of single substitutional
and interstitial Sb atoms in Sb-doped thin films, and we have
found no such features in any image of NWs. In total we
searched ∼10−15 cm3 of NW thin edges and found no single Sb
atoms, implying the concentration of substitutional Sb and Sbcontaining point defect complexes is less than 1015 cm−3 and at
least 2 orders of magnitude less than the measured carrier
concentration. We therefore rule out the previously proposed
mechanisms of substitutional Sb and Sb-containing point defect
complexes40,41 as possible sources of p-type conductivity in
these NWs.
There are two types of b-IDBs in ZnO, with the structures
shown in Figure 4.34,37 Head-to-head (H-H) b-IDBs switch the

Figure 4. A DFT relaxed supercell structure containing both a H-H
and T-T b-IDB with the stacking sequence AB(H-H)A−1C−1A−1C−1(T-T)BAB, where −1 indicates planes of opposite
polarity. Gray atoms are Zn. White atoms are O. Blue atoms are Sb in
the b-IBD plane. Gray atoms with blue circles are Zn in the b-IDB
plane.

polarity from Zn-polarity to O-polarity across the (0001)
boundary, and tail-to-tail (T-T) b-IDBs switch the polarity from
O-polarity to Zn-polarity. The H-H b-IDB incorporates an
extra plane of O, creating octahedrally coordinated Zn and Sb
in the defect plane. The T-T b-IDB is O-deficient, so the Zn
and Sb remain tetrahedrally coordinated. We have calculated
the relaxed structure and charge distribution of both b-IDBs
using DFT,42 as implemented in the Vienna Ab Initio Software
Package (VASP)43−47 and the Perdew, Burke, and Ernzerfhof
(PBE)48,49 generalized gradient approximation (GGA) exchange-correlation functional. We treated errors in the band
gap of ZnO due to inadequate repulsion between Zn 3d and
conduction band levels with the GGA+U correction,50 and U-J
= 7.5 eV51 so that the valence band and Zn 3d energy levels
match experiment and self-interaction corrected calculations.
We used a plane-wave energy cutoff of 600 eV and a 7 × 5 × 3
Monkhorst−Pack k-point mesh.
The supercell in Figure 4 contains one H-H and one T-T bIDB in order to satisfy periodic boundary conditions. The total
stacking sequence is AB(H-H)A−1C−1A−1C−1(T-T)BAB, where
−1 indicates planes of opposite polarity. In the relaxed
structure, the H-H b-IDB causes a substantial lattice expansion,
with a distance of dH‑H = 5.95 Å between the two (0001) Zn
planes on either side of the defect, due to the larger size of the
Sb ions and the extra O plane. The T-T b-IDB distance is dT‑T
= 5.38 Å, and the undefected crystal c lattice parameter is 5.14
Å. We also relaxed a slab structure containing a single H-H bIDB and a free surface, with the stacking sequence AB(HH)A−1C−1. In the slab geometry the H−H basal plane spacing
is dH‑H = 6.04 Å, in good agreement with the supercell
geometry, indicating that the lattice expansion is not a result of
nearby H-H and T-T b-IDBs interacting in the supercell.

Figure 3. (a) Low-magnification HAADF STEM image of a NW
showing the position and size of internal voids (the areas with darker
contrast). [0001] growth direction points up in the image. (b) An
integrated STEM EDS spectrum image of one NW revealing the
presence of Sb with an Sb/Zn ratio of ∼0.58 at %. (c) ⟨101̅0⟩
projection HAADF STEM image of a void showing an Sb-decorated
H-H b-IBD marked with a yellow arrow just below the bottom facet of
the void. The O-polar ZnO created by the H-H b-IDB is terminated
after 2−3 monolayers by the voids bottom (0001) surface. As in
Figure 2c, the lattice is expanded on either side of the IDB.

under focus images (not shown) showed the Fresnel fringe
contrast reversal that confirms these features are voids.39 Inside
the NWs, the Sb-decorated b-IDBs sit just below the bottom
(0001) facets of the voids, as marked by the yellow arrow in the
⟨1010̅ ⟩ projection image in Figure 3c. The b-IDBs terminate
inside the NW, so even though they are not visible in our
STEM images, partial dislocations must bound the planar bIDBs around their edges. Figure 3c is a thicker part of the NW
compared to Figure 2a,b, and the b-IDB does not penetrate
through the entire thickness, so the contrast is lower than in
Figure 2. Every NW we examined over multiple growth batches
contained similar growth tips, voids, and b-IDBs.
The b-IDBs incorporate an overwhelming majority of the Sb
present in the NWs. Figure 3b is an integrated STEM X-ray
energy dispersive spectroscopy (EDS) spectrum image of one
NW showing it contains Sb with an Sb/Zn ratio of ∼0.58 at %,
consistent with Wang et al.26 STEM EDS near the edges of the
NWs in regions without b-IDBs shows no Sb peak, although
the poor counting statistics achievable without substantial beam
damage limit the minimum detectable Sb fraction. However, we
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ZnO from Reid,58 averaged over one ZnO [1120̅ ] unit cell and
16 phonon configurations. A simulated sample thickness of 12.5
nm gives the best agreement with the experiment in Figure 5a.
Figure 5c,d are enlargements of the white dotted rectangles in
Figure 5a,b, respectively, contrast stretched to emphasize the
polarity-induced PACBED asymmetry. Figure 5c,d show
matching asymmetry across the horizontal red dotted line,
demonstrating that, like the simulation, the NWs are Zn-polar.
In addition to the large lattice expansion around the b-IDBs,
these PACBED patterns provide evidence supporting the
presence of H-H b-IDBs and not T-T b-IDBs.
Since we cannot isolate a single b-IDB in a periodic supercell,
and the slab geometry has significant surface effects, it is not
possible to directly explore the electronic levels of the b-IDB
with DFT. However, we investigated the electrical activity of
the b-IDBs indirectly by integrating the charge density within
the Voronoi polyhedra surrounding each atom and assigning
that net charge to the atom. Including the nuclear charge, H-H
b-IDBs have a net negative charge of −1.46e/SbZn2O6 unit in
the slab geometry and −1.68e/SbZn2O6 unit in the supercell
geometry. T-T b-IDBs have a net positive charge of +1.96e/
SbZn2 (or +1.62e/SbZn8O6 if the neighboring planes are
included in the T-T b-IDB) in the supercell geometry. These
results indicate that H-H b-IDBs with excess O would act as
acceptors and that T-T b-IDBs would act as donors, so a system
containing more H-H b-IDBs would be net p-type, although
not every electron captured by the H-H b-IDBs is likely to
generate a free hole. This method of forming p-type ZnO is
essentially O-doping of the material, where the doped O is
stabilized by Sb codoping through the creation of stable Sbdecorated b-IDBs.
To the extent we can measure with STEM and PACBED, the
NWs contain only H-H b-IDBs. This stands in contrast to bulk
and thin film Sb-doped ZnO, which contains H-H b-IDBs, T-T
b-IDBs, {1010̅ } IDBs, and {1011̅ } IDBs,59 and to In-doped
ZnO NWs, which contain H-H b-IDBs and {21̅1̅5} IDBs.52 If
the NWs did not contain voids, they would need T-T b-IDBs
or some other plane IDB to switch the ZnO polarity back to
Zn-polar before there could be another H-H b-IDBs. The
predominantly H-H character of the b-IDBs in our NWs may
be explained by their appearance below the bottom (0001)
facets of voids, as shown by Figure 3c. The O-polarity material
created from the H-H b-IDBs is terminated after a few
monolayers by the void’s bottom (0001) surface. Zn-polar ZnO
grows faster than O-polar ZnO,60 so the Zn-polar material
surrounding the b-IDBs topped with O-polar ZnO could
overgrow the b-IDB region by forming a void over it. Further
growth of the NW past the void is once again Zn-polar, so bIDBs further up the wire are again H−H. We do not
understand the lack of the {101̅0} and {101̅1} IDBs found in
bulk and thin film Sb-doped ZnO, but we speculate that it is
related to strain relief at the high density of surfaces in the
NWs, at both interior voids and the NW surface. Having
predominantly H-H b-IDBs leads to uncompensated holes and
net p-type conduction. Incorporating the Sb into extended
defects may make it, and the p-type conduction that results,
more thermally stable, compared to doping with isolated
impurities or metastable impurity−defect complexes.40
The size and position of the voids in the NWs may be
beneficial to the carrier concentration and mobility. The
internal voids are small with respect to the NWs diameter, 2−
20 nm compared to 50−120 nm, and the internal IDBs are the
same size, covering only the base of the voids. (This is in

The O sublattice is not visible in our Z-contrast STEM
images so polarity cannot be directly determined, but
comparison of the experimental and DFT calculated lattice
spacing across the b-IDB plane shows that the NWs contain HH b-IDBs. Figure 2c is part of a higher magnification STEM
image corresponding to the red box in Figure 2a. Figure 2d is
an integrated line profile of Figure 2c calculated from the raw
(not smoothed) STEM image. The steady slope of the line
profile is due to the NW thinning toward the tip. The peak of
each atomic column profile was fit to a Gaussian to locate the
maximum with subpixel accuracy. The Sb-decorated (0001)
plane has a higher intensity compared to its neighbors and
corresponds to the higher peak at 5 Å in the line profile. The bIDB spacing, measured from the neighboring (0001) Zn planes,
is 5.99 ± 0.04 Å. By doubling the average of the bottom five
spacings, we get c = 5.21 ± 0.02 Å as the average ZnO lattice
parameter. The uncertainties are propagated from the
uncertainties in the Gaussian center positions, estimated from
the fit.
The experimental b-IDB spacing agrees with the DFT
calculated dH‑H from both the supercell and slab models. The
experimental c lattice parameter agrees with previous experiments (c = 5.207 Å from Chen et al.4) and is only slightly larger
than the DFT calculated c. Given the small disagreement with
the ZnO lattice parameter, the outstanding agreement between
STEM and DFT on the b-IDB H-H spacing is probably
serendipity. However, the experimental uncertainties and the
discrepancy in the c-axis lattice parameter are both significantly
smaller than the difference in the simulated dH‑H and dT‑T of
0.57 Å, so the experiments definitively disagree with the smaller
dT‑T. Other b-IDB images, such as Figure 3c, show similar
lattice expansions around the b-IDB plane. Similar b-IDBs have
been observed in bulk Fe-doped ZnO ceramics and In-doped
ZnO NWs,52−54 as has a similar expanded 6.20 ± 0.30 Å lattice
across the In-decorated H-H b-IDBs.
Figure 5 shows experimental and simulated position averaged
convergent beam electron diffraction (PACBED) patterns

Figure 5. (a) Experimental PACBED pattern acquired near the edge
of a NW away from voids and b-IDBs with the growth direction
pointing up. (b) Simulated PACBED pattern of a 12.5 nm [112̅0] Znpolar ZnO model using the frozen-phonon multislice algorithm. (c)
and (d) Enlargements of the white dotted rectangles in (a) and (b),
respectively. The match in asymmetry across the horizontal red dotted
line in (c) and (d) show that, like the simulation, the NWs are Znpolar.

demonstrating the NWs are Zn-polar ZnO. PACBED offers
an accurate method of determining sample thickness55 and
polarity56 through comparison of experimental and simulated
patterns. Figure 5a is an experimental PACBED pattern
acquired near the edge of a NW away from voids and b-IDBs
with the growth direction pointing up. Figure 5b is a simulated
PACBED pattern of Zn-polar ZnO using the Kirkland frozenphonon multislice algorithm57 and Debye−Waller factors for
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contrast to In-doped ZnO NWs, in which the b-IDBs span the
whole width of the NWs.52) Holes created by the H-H b-IDBs,
therefore, do not have to move far to escape the extended
defects and contribute to conduction. Moreover, conduction in
ZnO NWs is dominated by surface conduction,61,62 and neither
the voids nor IDBs are near the NW surface, so they should not
significantly decrease the carrier mobility. The same scheme of
creating holes through H-H b-IDBs separated from, but close
to, high mobility conduction paths might be utilized to make ptype ZnO thin films by atomically abrupt delta doping with Sb.
In summary, aberration-corrected HAADF STEM shows that
Sb-doped ZnO NWs contain Sb-decorated H-H b-IDBs just
under the (0001) growth surfaces and the (0001) bottom facets
of interior voids. DFT calculations reveal that the extra basal
plane of O per H-H b-IDB acts as electron acceptors, explaining
the p-type character of the ZnO NWs. This is a new mechanism
for producing p-type character in ZnO, likely made possible by
the NW morphology. The O and Sb-decorated b-IDBs are a
stable configuration in the confined lattice of ZnO NWs,
resulting in stable p-type conductivity over 18 months. This
discovery suggests new possibilities for realizing ZnO based p−
n homojunction devices.
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