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Abstract
Vertically aligned undoped ZnO nanotips, nanotubes and nanorods were synthesized on the
top facets of Na-doped ZnO nanorods without catalytic assistance under different growth
times in a chemical vapor deposition system. The growth mechanism is discussed. The
Na-doped nanorods were grown on a ZnO seed layer on Si. The p-type conductivity of the
Na-doped nanorods was studied by temperature-dependent photoluminescence and nanorod
back-gated field effect transistor measurements. The undoped nanorods, Na-doped nanorods
and undoped seed layer form an n–p–n memory structure. The programming and retention
characteristics have been demonstrated.

(Some figures may appear in colour only in the online journal)

ZnO has attracted significant attention in the past few
years due to its wide band gap of 3.37 eV, large exciton
binding energy of 60 meV, and easy formation of diverse
nanoscale morphologies [1–4]. These various nanostructures,
which can be synthesized by different methods, such as
solution synthesis [5], chemical vapor deposition (CVD) [6]
and physical vapor deposition (PVD) [7], have been used
for various applications. For example, ZnO nanotips are
an excellent structure for field emission devices [1]; ZnO
tubular structures can be used as sensors due to their large
surface [8]; and one-dimensional nanowires can serve as
excellent optical medium for lasers [6, 9]. Although these
different nanostructures (nanotips, nanotubes and nanorods)
have been demonstrated separately by different methods,
their controllable growth, especially in highly orientated
forms, using the same technique will definitely benefit their
applications and has not been reported yet. In this research,
we achieved different vertically aligned one-dimensional
ZnO nanostructures using CVD on top of vertically aligned
Na-doped nanorods. The Na-doped nanorods were grown
on a ZnO seed layer and exhibit p-type conductivity
from the nanorod back-gated field effect transistor (FET)
measurements. An n–p–n memory structure formed by the

undoped seed layer and nanorod homojunction exhibited
reasonable programming and retention characteristics.

Na-doped ZnO nanorods were grown in a quartz tube
furnace system under atmospheric pressure. Zinc powder in
a silica bottle was placed in the center of the quartz tube. A
Si(100) substrate with a ZnO seed layer on top was kept 2 cm
away from the Zn source at the downstream side. The undoped
ZnO seed thin film was grown by molecular beam epitaxy.
The film consists of closely packed columnar structures due
to the preferential growth of wurtzite ZnO along the c-axis
direction. The thickness of the film is about 1400 nm. The size
of the substrate with the seed layer is 1 cm in width and 2 cm
in length. In addition, in order to subsequently form metal
contact to the undoped film, a portion of the substrate of about
0.5 cm in length was covered by a piece of silicon during the
growth. NaNO3 powder was placed in a silica bottle at the
upstream side. Nitrogen gas with a flow rate of 1000 sccm
passed continuously through the furnace as the carrier gas.
The source and substrate were then heated to the growth
temperature of 700 ◦C. During the growth, a mixture gas of
argon/oxygen (99.5%/0.5%) of 300 sccm was introduced to
the quartz tube. The growth time was 10 min.
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Figure 1. (a) SEM image of Na-doped ZnO nanorods. The inset is the sideview SEM image of the cleaved sample.
(b) Temperature-dependent PL spectra of Na-doped ZnO nanorods. (c) Id–Vg curve of a Na-doped nanorod back-gated FET. Inset: SEM
image of the nanorod FET device. (d) Id–Vd curves of a Na-doped ZnO nanorod back-gated FET.

Figure 1(a) shows an SEM image of the as-grown
Na-doped ZnO nanorods. The inset is a side view SEM image
of the cleaved sample. Na-doped vertically aligned nanorods
on the ZnO seed layer are evident. The diameters of the
nanorods vary and should be related to the size nonuniformity
of columnar structures in the seed layer. Figure 1(b) shows
the temperature-dependent photoluminescence (PL) spectra
of the Na-doped ZnO nanorods. A He–Cd laser with an
excitation wavelength of 325 nm was used in this experiment.
The peak at 3.356 eV at 15 K can be attributed to acceptor
bound exciton (AX) recombination [10–12]. The peaks at
around 3.289 eV and 3.227 eV at 15 K blue-shift with
increasing temperature and can be assigned to free electron
to acceptor (FA) emission and donor–acceptor pair (DAP)
emission, respectively [10, 13]. The longitudinal–optical (LO)
phonon replica of the DAP emission at 3.157 eV is shifted by
the ZnO phonon energy of ∼70 meV. The activation energy
of an acceptor 1EA can be estimated using the equation [14]
1EA = Egap − EDAP − 1ED + 〈

e2

4πε0εZnOrDAP
〉. The donor

binding energy1ED is about 30 meV [15, 16] and the intrinsic
band gap Egap = 3.436 eV at 15 K [15]. εZnO is the dielectric
constant of ZnO (8.6). rDAP is the average donor–acceptor pair
distance. The last term represents the Coulomb interaction
between the donors and acceptors, with a value of around
20 meV [14]. Thus, the acceptor activation energy 1EA for
the Na acceptor is estimated to be around 200 meV.

To study the electrical transport properties of the
nanorods, a nanorod back-gated FET was fabricated. The
Na-doped ZnO nanorods were transferred onto a SiO2

(300 nm)/p+-Si wafer and then Ni/Au electrodes were
formed on the nanorod using photolithography and e-beam
evaporation. Al was deposited on the back of the Si
wafer as the back gate electrode. An SEM image of an
as-fabricated device is shown in the inset of figure 1(c).
The Id–Vg curve shown in figure 1(c) exhibits the clear
field effect characteristics of p-type conductivity: as the
gate voltage increases, the drain current of the nanorod
decreases. However, the threshold voltage is around 0 V
and, therefore, the hole concentration is difficult to estimate.
Considering the low drain current, this result may be due
to the low hole concentration of the nanorod. The low hole
concentration should be the result of strong compensation
from various unintentional donors such as Zn interstitials,
oxygen vacancies, and hydrogen complexes [17–19]. The low
threshold voltage may also be related to the unavoidable Na
contamination during the transfer of Na-doped nanorods onto
the SiO2. The mobile ion contamination is a common reason
for the threshold voltage drift in a MOSFET. The output
characteristics (Id–Vd) of the device as shown in figure 1(d)
also confirm the p-type conductivity. The nonlinear Id–Vd
curves indicate the existence of non-Ohmic contacts between
the metal and high-resistivity p-type nanorod. However, after
two months, the p-type conductivity of the nanorod decreased
by about two orders of magnitude and the nanorod became
highly resistive from the FET measurement. The stability of
the p-type Na-doped ZnO nanorods in air is still an issue.

After the growth of Na-doped nanorods, the sample
was taken out of the cooled quartz tube and immediately
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Figure 2. SEM images of different samples: (a) sample A,
(b) sample B and (c) sample C. The scale bars are 3 µm. The inset
of each image is the high-magnification SEM image. The scale bars
are 500 nm.

transferred into another tube for subsequent growth of the
undoped section. The growth configuration was the same, but
without the Na source. Three samples with different growth
times were grown. For sample A, the growth time of Na-doped
nanorods and the undoped section on top was 4 min each.
For sample B and C, the Na-doped nanorods were grown
for 10 min while the undoped section growth durations were
4 min and 8 min, respectively. Different growth times lead
to different types of one-dimensional ZnO nanostructures on
top of these Na-doped nanorods. For sample A, after the
4 min undoped ZnO growth, vertically aligned nanotips were
grown mainly at the edge of top facets of the Na-doped
nanorods (figure 2(a)). Different from sample A, nanotubes
were formed on top of the Na-doped nanorods in sample
B (figure 2(b)) while nanorods were formed on top of the
Na-doped nanorods in sample C (figure 2(c)). To investigate

the growth mechanism of the nanostructures, figure 3 shows
SEM images of the samples at different stages. As shown
in (i)–(iii) of figure 3(a), the nucleation mainly took place
at the edge of the top facets of the nanorods in sample A;
as the growth time increases to 4 min, the undoped ZnO
became longer, forming the nanotips. However, on the 10 min
Na-doped nanorods (figure 3(b)(i)), 4 min growth of the
undoped ZnO led to tubular structures (figure 3(b)(ii) and
(iii)); at a longer growth time of 8 min, the tubular structures
disappeared and nanorod structures formed (figure 3(b)(iv)).

Because no catalyst was used during the growth, the
formation of ZnO nanostructures should follow a self-seeding
vapor–solid (VS) growth mechanism. During the growth, the
Zn powder was heated to form Zn vapor, which diffused
out of the silica bottle and was transported by the carrier
gas. At a substrate temperature of 700 ◦C, the desorption
effect is strong and it is difficult to form ZnO seeds on
the whole surface of the top facets of the short Na-doped
nanorods (figure 3(a)(i)), especially under a high gas flow
rate (1000 sccm N2 and 300 sccm Ar/O2 in the mixture),
i.e., a low Zn vapor concentration. Discrete seeds formed at
the edge or at some defect points on top of the nanorods
(figure 3(a)(ii)). The crystals grew from the seeds and formed
nanotips (figure 3(a)(iii)). In contrast, for sample B and C,
the Na-doped ZnO nanorods are very dense as a result of the
10 min growth (figure 1(a) and inset); the speed of the carrier
gas near the top of the nanorods was decreased. A higher
Zn vapor concentration was achieved around the top of the
nanorods, leading to the formation of a continuous seed layer
around the edge. The ZnO walls grew from these seeds and
tubular structures formed (figure 3(b)(ii)). When the tubular
structure became longer, although the atom desorption was
still strong due to the high temperature, the semi-enclosed
tubular structures could trap the atoms, and thus a high Zn
vapor concentration formed inside the nanotubes. Nucleation
and growth took place inside the nanotubes. Because of the
faster growth rate under the Zn-rich condition [20], the inside
wall of the tubes grew faster and solid nanorods formed at a
longer growth time (figure 3(b)(iii) and (iv)).

The undoped nanorod/Na-doped nanorod/undoped thin
film can function as an n–p–n memory structure. Earlier
efforts on n–p–n or p–n–p wide band gap memory structures
were based on SiC [21] and ZnO thin films [22], and there
have been no reports on nanorod structures. A demonstration
of nanorod wide-bandgap semiconductor memory would
represent a first step toward the ultimate scaling of this type
of nonvolatile memory. Here, Ti/Au (10 nm/100 nm) was used
to form Ohmic contacts on the ZnO thin film and the top end
of the undoped nanorods, as shown in the inset of figure 4(a).
Polymethyl methacrylate (PMMA) was spun onto the sample
to protect the bottom ZnO film and the Na-doped nanorods,
and to support the Ti/Au top contact to the undoped ZnO
nanorod section. The top electrode is 400 µm× 400 µm. The
thickness of the n-type film is about 1400 nm. The lengths
of the Na-doped nanorod section and the undoped nanorod
section are about 7.5 µm and 6 µm, respectively. An Agilent
81104A pulse generator was used to operate the device and
the capacitance was read from an Agilent 4284A LCR meter.
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Figure 3. SEM images showing a gradual evolution process of the nanostructures. (a) Different stages of sample A from (i) the Na-doped
nanorod basement, to (ii) formation of discrete ZnO seeds at the edge of the top facet, to (iii) top undoped nanotips. (b) Different stages of
sample B and C from (i) Na-doped nanorod basement, to (ii) top undoped nanotube with thin wall, to (iii) top undoped nanotube with thick
wall, to (iv) top undoped nanorod.

Figure 4. Programming characteristics of the ZnO n–p–n memory
device. 1C is the change of capacitance before and after
programming. (a) 1C as a function of programming pulses with
different pulse heights and a 1 s pulse width. Inset: schematic of the
n–p–n memory device. (b) 1C as a function of programming pulses
with different pulse widths and an 8 V pulse height. Inset: energy
band diagram of the n–p–n structure, showing the space charge
region before and after programming.

Figure 4(a) shows the capacitance change (1C) read at 3 V
for different programming pulse heights. The voltage pulse
width was fixed at 1 s and the pulse height was changed
from 6 to 13 V. The absolute value of 1C begins to increase
once the pulse height exceeds 6 V, reaching a maximum at
12 V. Figure 4(b) shows 1C read at 3 V as a function of
different programming pulse widths. The pulse height was
fixed at 8 V and the pulse width was changed from 10 ns
to 1 s. The absolute value of 1C begins to increase once
the pulse width exceeds 10 ns and continues to increase as
the pulse width becomes larger. The change of capacitance
indicates the storage of the space charge in the memory
structure. When the programming pulse is applied on the
n–p–n structure, one p–n junction is forward-biased while the
other one is reverse-biased. The holes inside the p-type rods
flow out of the structure from the forward-biased junction
and build up negative space charges inside the p-type rods.
After programming, the excess space charges are stored inside
the structure and reverse-bias both p–n junctions (figure 4(b)
inset) leading to a decrease in the capacitance of the structure.
We also note that the absolute value of 1C decreases after
a 12 V programming pulse (figure 4(a)). This should be due
to the Zener effect at high voltages. The electrons at the
valence band tunnel out of the p-type region through the
reverse-biased junction via the forbidden gap, thus developing
compensating holes in the p-type region.

After the removal of the programming voltage and at the
beginning of the retention, excess space charges redistribute
in the p-type section to reverse-bias both p–n junctions.
Both junctions are in a nonequilibrium state and have net
generation rates, thus the carriers from thermal generation
will neutralize the excess space charges until both junctions
return to equilibrium. This process will take an extremely long
time because the thermal generation rate is exponential to the
reciprocal of the band gap energy [21, 22]. Figure 5 shows the
retention characteristic of the n–p–n memory structure. The
capacitance decreases after the programming and increases
as the waiting time increases. The extrapolation of the data
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Figure 5. Retention characteristic of the ZnO n–p–n memory
structure programmed at 8 V for 1 s.

suggests that there will be no significant change of capacitance
even after 10 years, which indicates good retention.

In conclusion, vertically aligned Na-doped nanorods
were grown on a ZnO seed layer on Si via CVD at
700 ◦C. The Na-doped nanorods were studied by the
temperature-dependent photoluminescence and an activation
energy of ∼200 meV was estimated. The p-type conductivity
of the Na-doped nanorods was further confirmed by the
output and transfer characteristics of the nanorod back-gated
FET. Vertically aligned ZnO nanotips, nanotubes and
nanorods were synthesized without catalytic assistance on the
p-type Na-doped ZnO nanorods. The different morphology
originates from different Zn vapor concentrations. An n–p–n
memory structure based on the homojunction nanorod and
undoped seed layer was fabricated. The programming and
retention characteristics show a good memory effect and,
in turn, confirm the formation of the p–n homojunction
nanorods. These diverse vertically aligned nanostructures on
p-type ZnO nanorods are promising for future nanoelectronics
and optoelectronic applications.
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