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ABSTRACT: Sb doped ZnO nanowires grown using the lowtemperature hydrothermal method have the longest reported p-type
stability of over 18 months. Using this growth system, bulk
homojunction ﬁlms of core−shell ZnO nanowires were synthesized
with either n or p-type cores and the oppositely doped shell.
Extensive transmission electron microscopy (TEM) characterization
showed that the nanowires remain single crystalline, and the
previously reported signs of doping remain intact. The electronic
properties of these ﬁlms were measured, and ultraviolet photodetection was observed. This growth technique could serve as the
basis for other optoelectronic devices based on ZnO such as light
emitting diodes and photovoltaics.
KEYWORDS: p-type ZnO, homojunction, core−shell nanowire, photodetection, hydrothermal growth
densely packed ﬁlms23,24 demonstrating applications in nanogenerators25−27 and piezotronics.28,29 In this work, zinc oxide
core−shell homojunction nanowires are synthesized using a
low temperature hydrothermal method. Core−shell wires could
be grown with either n-type or p-type cores with the oppositely
doped shell. The electrical properties of these structures were
measured, and the resulting structure were shown to have
photoresponse in the ultraviolet range.
Core−shell structures were grown based on previously
demonstrated nanowire growth techniques. The following
process is shown schematically in Figure 1a. Glass substrates
were chosen as substrates, and 100 nm of aluminum doped zinc
oxide (AZO) was sputtered on to act as a seed layer and
bottom electrode for subsequent electrical measurements.
Previous work has shown that AZO will form an Ohmic
contact with both n- and p-type ZnO, making it an ideal choice
for the seed layer. 24 A 2:1 ratio of zinc nitrate to
hexamethylenetetramine (HMTA), respectively, were used for
nanowire synthesis. All chemicals were purchased from SigmaAldrich and used as is without further puriﬁcation. Using a zinc
concentration of 5 mM produced well dispersed ﬁne nanowires,
which served as the core. To produce p-type nanowires,
antimony glycolate solution was added in a molar ratio of 1%
relative to zinc. Preparation of the dopant solution is described
in detail in previous literature.21 In both cases, 0.4 M
ammonium hydroxide was added to the solution in order to
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ore−shell nanowire structures have often been of interest
for optoelectronics due to their high interfacial area,
allowing for more electron−hole formation or recombination.1−3 Zinc oxide in particular has been a popular material for
optoelectronic research due to its ease of synthesis, low cost,
and wide direct band gap. Numerous heterojunction structures
with ZnO have been demonstrated using materials such as
ZnSe,4,5 Fe3O4,6 TiO2,7 and Al2O38 for applications in both
light emission and photosensing. However, a homojunction
structure would be preferred as it reduces the lattice mismatch
between the two components. There have been a number of
reports on zinc oxide axial9−11 p-n homojunctions and even a
few on core−shell12−15 structures as well. While these works
have presented promising results, the possibility of p-type ZnO
has long been the subject of debate. ZnO is notoriously diﬃcult
to make p-type due to the presence of intrinsic donor defects
during synthesis such as zinc or hydrogen interstitials, and
potentially oxygen vacancies, causing the material to become
naturally n-type.16,17 While there have been numerous reports
on successful p-type doping of ZnO,18−20 few mention the
stability and lifetime of the material. Therefore, ﬁnding an
appropriate dopant is of utmost importance.
Recently, it was shown that antimony, a relatively heavy
element compared to zinc and oxygen, makes for a stable
dopant, with p-type behavior remaining stable for at least 18
months. 21,22 Furthermore, this p-type material can be
synthesized at temperatures less than 100 °C in aqueous
solution, allowing for applications in ﬂexible electronics.
Further studies have shown that modifying the growth solution
allows for novel structures such as ultralong nanowires or
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Figure 1. (a) Schematic representation of growth of core−shell nanowires. (b) n and (c) p-type ﬁne core nanowires grown through the
hydrothermal method. (d)np and (e)pn core−shell bulk homojunction arrays following shell layer growth. The insets show the top view of the
nanowires.

Figure 2. Growth progress of the shell layer for the np structure as a function of time for (a) 15, (b) 30, and (c) 60 min. The inset shows a top view
of the sample.

Scanning electron microscopy was performed using a Hitachi
SU8010 ﬁeld emission scanning electron microscope. Transmission electron microscopy was performed using a Tecnai F30
Analytical TEM. All electrical measurement were performed
using a Keithley 4200 Semiconductor Characterization System.
An AS ONE ultraviolet lamp with wavelengths of 254 and 365
nm was used as a light source. The measured power levels were
1.61 and 0.66 mW/cm2 for each wavelength, respectively.
As can be observed from the SEM images (Figure 1b,c), the
core nanowires have a uniform dimensions of about 3 μm in
length and 50 nm in diameter regardless of the doping state.
From the top view (inset), the wires are fairly well spaced,
which will allow space for the shell layer to grow in between.
Some bundling of the nanowires can be observed which likely
happens due to the evaporation of water when the nanowires
are removed from the growth solution. Following the growth of
the shell layer, the nanowire diameter and density increased
dramatically, causing them to grow until they impinged upon
each other forming a bulk homojunction ﬁlm (Figure 1d,e).
Because sodium citrate slows down axial growth of zinc oxide

help prevent homogeneous nucleation, thus promoting more
uniform nanowire growth, and the substrate was ﬂoated face
down on the solution surface and placed in an oven at 95 °C
for 2 h. After growth, the substrates were removed from the
solution and placed into a new solution to grow the shell layer.
For the shell layer, a higher concentration of the precursors was
used, 25 mM and 12.5 mM zinc nitrate and HMTA,
respectively, for n-type shell, and 50 mM and 25 mM for the
p-type. This was done as the addition of the dopant interferes
with normal nanowire growth, so a higher concentration is
needed in order to form a dense ﬁlm. Sodium citrate was also
added to the solution (0.7 mM for n-type, 1.4 mM for p-type)
in order to suppress axial growth and promote radial growth.30
0.5 M ammonium hydroxide was added to the solution and the
shell layer was grown at 75 °C for up to 2 h. Before
optoelectronic measurements were performed, 100 nm of ITO
were deposited on top of the ﬁlm surface to act as the top
electrode, and copper wires were attached to the electrodes
using silver paste.
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Figure 3. (a) Bright ﬁeld TEM image of an np core−shell nanowire. The core is visible as the dark region in the center. (b) STEM image of the n-p
nanowire. The core is visible as the bright while core, while a porous shell can be seen consistent with previous reports on Sb doped ZnO. (c) Highresolution TEM image of the shell layer. The structure still appears to be single crystalline, and the porosity is visible. (d) From the SAED, the
nanowire is single crystalline despite the multiple growth steps. (e) Bright ﬁeld TEM image of the p-n core−shell nanowire. The porosity caused by
Sb is visible exclusively in the core layer. (f) STEM image of the core−shell wire. While the porosity is visible, the contrast is reduced due to the
presence of the uniform shell layer. (g) HRTEM image of the core−shell nanowire. (h) The SAED pattern conﬁrms that the nanowire is single
crystalline in this growth scheme as well.

nanowires, the increase in length is minimized, and the ﬁlm
thickness increases by only about 1 μm. For the sake of brevity,
n-type core and p-type shell nanowires will be referred to as np
nanowires and p-type core, n-type shell nanowires will be pn
wires. From the cross sectional view, the np ﬁlm appears to
have a rougher appearance, except at the base where the core
nanowires are still partially visible. This appearance is
consistent with previously demonstrated p-type ﬁlms shown
in the literature.24 Because Sb is a much larger atom than Zn or
O, it interferes with normal growth, causing a rougher
appearance. This can be conﬁrmed by comparing densely
packed nanowire ﬁlms grown using the same growth solution
(Figure S-1). In order to get a better idea of the growth process,
the np sample was grown for shorter periods of time (Figure
2). After only 15 min of growth (Figure 2a), some roughness is
seen on the nanowire surface as the shell layer begins to grow,
but there is not much change in the diameter. As the growth
progresses to 30 min (Figure 2b), the nanowires begin to regain
their hexagonal structure and become completely hexagonal
again by 60 min (Figure 2c). As the shell layer grows, the wires
become increasingly densely packed starting at the base and
continuing until the tip. From the cross-sectional view, the
length remains constant over the ﬁrst 30 min and begins to
grow longer after 60 min when most of the spacing near the
base is ﬁlled in.
In order to characterize these structures, transmission
electron microscopy (TEM) and scanning transmission
electron microscopy (STEM) were used. For the purposes of
microscopy, the shell layer was only grown for 15 min, as clear
images of the microstructure cannot be obtained if the
nanowire diameter is too thick. From the TEM image (Figure
3a), an obvious diﬀerence in contrast between the core and
shell layers can be observed. In the np nanowire, porosity is
clearly visible in the shell layer. This is characteristic of
antimony doped ZnO nanowires. Because a high concentration
of dopant was used, a large number of small pores form in the
nanowire.23 Because of its much larger atomic radius, the Sb
atoms interfere with normal nanowire growth. The antimony
forms plate-like precipitates in the nanowire, ZnO cannot

continue to grow on top of it, and so it grows around it, causing
voids to form in the structure.22 These voids become even
clearer in the dark ﬁeld STEM image in Figure 3b. The n-type
core can be easily diﬀerentiated as the bright white area in the
center due to its lack of defects. Using high-resolution TEM
(HRTEM) (Figure 3c), we can observe that despite its porous
nature, the shell layer is still monocrystalline due to the regular
lattice spacing across the nanowire. Furthermore, we do not
observe any distortion in the selected area electron diﬀraction
(SAED) pattern (Figure 3d), suggesting that the core and shell
are oriented the same way despite being grown from diﬀerent
growth steps.
For the pn structure, a similar pattern is observed. From the
TEM image (Figure 3e), we can see a darker core while the
shell layer is lighter due to the diﬀerence in thickness. We can
see some white spots in the core due to the void formation
from doping. This is supported by the STEM image (Figure
3f), where the voids are also visible only in the core region,
while the shell is clean. We do not get as clear a contrast from
the voids in this case due to the presence of the clean shell
layer. Similarly to the np sample, the HRTEM image (Figure
3g) also suggests that the structure is monocrystalline due to
the regular lattice spacing. Furthermore, in the SAED pattern
(Figure 3h), no distortion is observed despite the multiple
growth steps.
In order to characterize the electrical properties of these
homojunction ﬁlms, 100 nm of ITO was deposited on top of
the nanowires to form a top electrode. In both the np and pn
samples, the bottom (i.e., the core) was under forward bias. In
both samples, we observe rectiﬁcation consistent with p−n
junction behavior (Figure 4a). The pn sample has a turn on
voltage of about 3 V, while the np device has a turn on voltage
of about 2.5 V. There is also a noticeable amount of leakage
when the devices are under reverse bias. Because of the way the
sample is grown, there may be some contact between the shell
layer and the bottom electrode. No patterning is used during
growth of the core nanowire, so there is potentially exposed
seed layer/electrode in between the nanowires. When the shell
layer grows and backﬁlls that space, it is possible for it to extend
C

DOI: 10.1021/acsami.5b11034
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

Letter

ACS Applied Materials & Interfaces

Table 1. Responsivity at Diﬀerent Driving Voltages for 365
and 254 nm Wavelength Lighta

a

Figure 4. (a) I−V curves of the core−shell bulk homojunction ﬁlm. In
both cases, the bottom (i.e., the core) is under positive forward bias.
Opposite rectiﬁcation behavior is observed showing that both
structures formed p−n junctions. (b) Photoresponse of the np ﬁlm
when exposed to a lamp under two diﬀerent wavelengths of light, 254
and 365 nm.

voltage (V)

365 nm

254 nm

1
2
3
4
5

0.024
0.089
0.158
0.203
0.425

0.015
0.058
0.114
0.174
0.318

Units are A/W.

area to volume ratio was produced. From microscopy
investigations, despite the further changes in growth solution
parameters, the telltale signs of doping, i.e., voids caused by
antimony integration are still present, showing the further
ﬂexibility of this technique. Furthermore, the multistep growth
used still produces single crystalline nanowires. By performing
simple optoelectronic measurements, in the ultraviolet range,
this device shows potential for photodetection. There is still
room for reﬁnement in both the growth to reduce the shorting
between the shell layer and the substrate and in other potential
optoelectronic applications such as light emission, which will be
considered for future investigations.

all the way to the seed layer, causing a short. This has been
mitigated experimentally by allowing the core layer to grow for
longer periods of time, which causes the nanowires to coalesce
at the root, as can be seen from the cross-sectional SEM images
in Figure 1. Because of the random nature of nucleation and
growth, this does not completely eliminate the issue, leading to
some shorting and thus leakage. Lithography techniques such
as e-beam lithography or photolithography were considered to
grow patterned ZnO nanowires for this investigation. However,
the common photoresists used for these techniques, PMMA
and SU8 were not compatible with high ammonia concentration used in the growth solution, which would cause them to
swell and peel oﬀ the substrate. For future investigations, much
more elaborate patterning techniques may need to be
considered for investigating this growth method.
The photoresponse of the np device was investigated using
an ultraviolet lamp. Because of the band gap of ZnO (∼3.44
eV), it should primarily absorb these wavelengths. The lamp
had two diﬀerent wavelength settings with diﬀerent power
levels at 0.66 mW/cm2 at 365 nm and 1.61 mW/cm2 at 254
nm. From the IV curves, it can be seen that the induced
photocurrent causes the conductivity to increase in the device
under both forward and reverse bias (Figure 4), suggesting that
photoconduction may play a dominant role in this device’s
photodetecting behavior. Because the energy density of the 254
nm light is higher, a stronger response is observed. The
standard method of normalizing photoresponse over diﬀerent
intensities is the responsivity term R31 deﬁned as
Ilight − Idark
R=
Plight
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