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ABSTRACT Controlling the polarity of Zn0 nanowires in addition
to the uniformity of their structural morphology in terms of position,
vertical alignment, length, diameter, and period is still a techno-
logical and fundamental challenge for real-world device integration.
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In order to tackle this issue, we specifically combine the selective
area growth on prepatterned polar c-plane Zn0 single crystals using

O-polar ZnO substrate 200 nm

electron-beam lithography, with the chemical bath deposition. The

formation of Zn0 nanowires with a highly controlled structural morphology and a high optical quality is demonstrated over large surface areas on both
polar c-plane Zn0 single crystals. Importantly, the polarity of Zn0 nanowires can be switched from 0- to Zn-polar, depending on the polarity of prepatterned
In0 single crystals. This indicates that no fundamental limitations prevent ZnO nanowires from being 0- or Zn-polar. In contrast to their catalyst-free
growth by vapor-phase deposition techniques, the possibility to control the polarity of Zn0 nanowires grown in solution is remarkable, further showing the
strong interest in the chemical bath deposition and hydrothermal techniques. The single 0- and Zn-polar Zn0 nanowires additionally exhibit distinctive
cathodoluminescence spectra. To a broader extent, these findings open the way to the ultimate fabrication of well-organized heterostructures made from
In0 nanowires, which can act as building blocks in a large number of electronic, optoelectronic, and photovoltaic devices.
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emiconductor nanowires (NWs) offer a

large number of remarkable physical

and chemical properties owing to their
high aspect ratio at nanoscale dimensions.'
They have received increasing basic and
technological interest in the past decade
and may act as building blocks in a wide
variety of electronic, optoelectronic, and
photovoltaic devices.'* Among lll—V and
II—VI compound semiconductors, ZnO as
abundant and nontoxic material may play
a significant role in the next generation of
these devices due to its wide band gap
energy of 3.3 eV, its high exciton binding
energy of 60 meV, its high electron mobility,
and its large piezoelectric coefficient.** Its
form of NWs can further be grown by a large
number of surface scalable physical and
chemical deposition techniques®® such as
thermal evaporation,® vapor-phase trans-
port (VPT),” pulsed-laser deposition (PLD),2

CONSONNI ET AL.

standard and metal—organic chemical va-
por deposition (MOCVD),>'° electrodeposi-
tion,"" or chemical bath deposition (CBD).'?
Among them, the low-temperature and
low-cost CBD technique is of particular
interest and can be implemented quite
easily on any type of substrate. However,
the use of ZnO NWs in electronic, optoelec-
tronic, and photovoltaic devices requires
the precise control of the uniformity of their
structural morphology (i.e., position, vertical
alignment, length, diameter, period) as well
as of their polarity over large surface areas.
The polarity control of wurtzite compound
semiconductors such as ZnO is especially
critical for mastering their surface configura-
tion, reactivity, and stability as well as their
electro-optical properties.”® Until now, these
requirements for ZnO NWs are still techno-
logical and fundamental challenges for real-
world device integration.
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In order to control their structural uniformity, the
selective growth has been used to form ZnO NWs over
predefined localized surface areas, although one single
NW does not nucleate per hole.'*~2* More recently, the
density and position of sparse ZnO NWs have been
controlled by thermal evaporation or CBD via the
selective area growth (SAG) using prepatterned
substrates.”> 3> The substrates have been patterned
through the use of an organic (i.e., poly(methyl metha-
crylate) for instance) selective mask opened by sub-
micrometer sphere lithography,?” electron-beam litho-
graphy (EBL),2673%32 |aser interference lithography,®’
or nanoimprint lithography.**~3° Defect-controlled
GaN micropatterns has also been employed for the
SAG of ZnO NWs by MOCVD.*® Nevertheless, in con-
trast to the SAG of sparse ZnO NW arrays that is
relevant for electronic devices, the specific SAG of
highly dense ZnO NW arrays is crucial for optoelec-
tronic and photovoltaic devices.

The polarity of ZnO NWs has been a matter of debate
over the past decade for all of the deposition techniques
including the mask-free growth and SAG.'7-2023:37-30
In the wurtzite crystalline structure of ZnO, negatively
charged O planes are alternately stacked with posi-
tively charged Zn planes along the (0001) axis (i.e., c-
axis). By definition, the c-planes are polar, and the
directions [0001] and [0001] should be distinguished
owing to the absence of center of inversion. When the
vector starts with a Zn (respectively O) atom, points to
an O (respectively Zn) atom, and is aligned along the +
(respectively —) c-axis, the c-plane is by convention Zn-
(respectively O-) polar. ZnO NWs have widely been
reported to be Zn-polar, regardless of the vapor-phase
or solution deposition techniques such as physical
vapor deposition,334'42%° MOCVD,**** or CBD.394%46
Only recently, the growth of O-polar ZnO NWs by CBD
has, however, been reported on O-polar c-plane ZnO
single crystals.*’ Similarly, Sallet et al. have shown the
growth of O-polar ZnO NWs by catalyst-assisted MOCVD
on ZnO or sapphire substrates.** Additionally, the po-
larity of ZnO substrate strongly affects the structural
morphology of ZnO nanostructures,22437:444547.48
Concerning the growth of ZnO NWs by vapor-phase
deposition techniques, it has initially been stated that
ZnO NWs can only form on Zn-polar c-plane ZnO sur-
faces by chemical vapor transport and condensation
using periodically polarity-inverted ZnO substrates>>*
and thermal evaporation of oxide powders.?” In con-
trast, the growth of ZnO NWs and nanowalls has
subsequently been shown by PLD on O- and Zn-polar
c-plane ZnO surfaces, respectively,*® which appears to
contradict the results of the two previous vapor-phase
deposition techniques.?>**3” Also, Perillat-Merceroz
et al. have shown by MOCVD that the formation
of Zn-polar ZnO NWs is inevitably induced on O-polar
c-plane ZnO surfaces via the nucleation of inversion
domain boundaries (IDBs).***> This may suggest that
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ZnO NWs cannot grow with the O-polarity. With regard
to the growth of ZnO NWs in solution by CBD, a thin
polycrystalline seed layer of several tens of nanometers is
initially deposited by dip- or spin-coating and consists of
ZnO nanoparticles (NPs) preferentially oriented along the
polar c-axis. Basically, the structural properties of ZnO
NWs such as their position, vertical alignment, length,
diameter, and period are strongly dependent upon the
structural morphology of the ZnO seed layer.*’>'=>° |t
has been reported that only polar c-plane ZnO surfaces
are highly reactive chemically and favor the formation
of ZnO nanostructures by CBD.*”*® In contrast, non
polar a- and m-plane ZnO surfaces can instead induce
the formation of 2D layers.*” Overall, the results re-
ported for the growth of ZnO NWs are strongly depen-
dent upon the vapor-phase and solution deposition
techniques used; in particular, it is still controversial
whether ZnO NWs can form on both O- and Zn-polar
ZnO surfaces as well as can have O- and Zn-polarity.
In this article, we address the issue of ZnO NW
structural uniformity and polarity by combining SAG,
using prepatterned polar c-plane ZnO single crystals by
EBL, with CBD. The formation of highly dense ZnO NW
arrays is shown, and their position, vertical alignment,
dimensions, and polarity can precisely be controlled
over large surface areas. It is found that no fundamen-
tal limitations prevent ZnO NWs from being O- or Zn-
polar, and a general growth mechanism is gained for
the SAG in solution. The high optical quality of O- and
Zn-polar ZnO NWs is also examined. The findings
described hereafter pave the way to the ultimate
fabrication by design of ZnO NW-based electronic,
optoelectronic, and photovoltaic devices.

RESULTS AND DISCUSSION

In order to thoroughly control the uniformity of the
crystal orientation and polarity of the nucleation sur-
face, bulk c-plane ZnO single crystals with either O- or
Zn-polarity were used as substrates. These single crys-
tals were initially patterned by EBL and reactive ion
etching (RIE). A SiO,/SiyN, double thin layer was de-
posited as selective mask by plasma-enhanced CVD
instead of the usual organic mask used for the SAG of
ZnO NWs.>>73 The hole diameter and period can
therefore be controlled over a wide range of dimen-
sions from 50 nm to 1 um: here, the hole diameters of
107 &4 and 178 £ 7 nm were used on O- and Zn-polar
c-plane ZnO single crystals, respectively, while their
period was 330 nm, as revealed in Figures 1a and 2a.
The patterned single crystals were subsequently
drowned in a chemical precursor solution mixed in
deionized water, which was composed of zinc nitrate
and hexamethylenetetramine (HMTA) in an equimolar
ratio and heated at moderate temperature.'>'

The structural morphology of ZnO NWs grown by
CBD on patterned O- and Zn-polar c-plane ZnO single
crystals and under identical growth conditions is
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Figure 1. (a) Top-view FESEM image of patterned O-polar c-
plane ZnO single crystals. (b,c) Tilted-view FESEM images of
ZnO NWs grown by CBD on patterned O-polar c-plane ZnO
single crystals. (d) Corresponding X-ray pole figures re-
corded on the (1122) asymmetric diffraction peak of ZnO
NWs. (e) Low-magnification top-view FESEM image of ZnO
NWs grown by CBD on patterned O-polar c-plane ZnO single
crystals.

presented in Figures 1—4. Well-ordered and vertically
aligned ZnO NWs are grown after 2.5 h as shown in the
field-emission scanning electron microscopy (FESEM)
images of Figures 1b,c,e and 2b,c as well as on the
conventional transmission electron microscopy (TEM)
images taken along the (1010} zone axis of Figures 3a
and 4a. ZnO NWs present an aspect ratio of about 4.8
on O-polar c-plane ZnO single crystals, corresponding
to a mean diameter and length of about 191 and
910 nm, respectively. In contrast, ZnO NWs exhibit a
smaller aspect ratio of about 2.7 on Zn-polar c-plane
ZnO single crystals with a mean diameter and length of
about 216 and 577 nm, respectively. The distributions
of ZnO NW diameter and length are narrow: the
standard deviation of NW diameter and length on O-
(respectively Zn-) polar c-plane ZnO single crystals is
smaller than 12 (respectively 7) and 70 (respectively
10) nm, respectively, as deduced from TEM image
analysis on more than 20 NWs. This indicates that the
patterning of c-plane ZnO single crystals by EBL and RIE
can control the position and typical dimensions of ZnO
NWs through the mask width and height. Interestingly,
no ZnO layer is formed on top of the SiN, mask,
revealing that the mask can efficiently annihilate the

CONSONNI ET AL.

ZnO nucleation, as shown in Figures 3a and 4a. How-
ever, ZnO NWs typically spread on the mask while
coming out of the hole. Interestingly, they expand
radially to a greater extent on the mask when they
are grown on O-polar c-plane ZnO single crystals, as
shown in the TEM images of Figures 3a and 4a. When
ZnO NWs come out of the mask, their diameter is
increased by 78 and 20% on O- and Zn-polar c-plane
ZnO single crystals, respectively. This is due to the
radial growth of ZnO NWs along their vertical sidewalls.
Accordingly, the final aspect ratio of ZnO NWs is almost
doubled on O-polar c-plane ZnO single crystals in
comparison with their growth on Zn-polar c-plane
ZnO single crystals. This emphasizes that the axial
and radial growth rates of ZnO NWs are in the present
case larger on the O-polar c-plane ZnO single crystal
than on the Zn-polar c-plane ZnO single crystal. This is,
however, likely due to the difference in the mask width
since no differences in the radial and axial growth rates
were determined in the mask-free growth of ZnO by
CBD on both O- and Zn-polar c-plane ZnO single
crystals.*” The vertical alignment of ZnO NWs is also
optimal with a tilt angle smaller than 2° with respect to
the normal to the substrate surface, as determined
from the full width at half-maximum (fwhm) of X-ray
pole figures recorded on the (0002) diffraction peak.
This is much smaller than the tilt angle of ZnO NWs
grown on top of ZnO NPs, even when the seed layer is
highly textured along the c-axis.>® Furthermore, the
m-plane vertical sidewalls of ZnO NWs are parallel to each
other as shown in Figures 1b,c and 2b,c, revealing the
occurrence of a strong in-plane orientation. A homo-
epitaxial relationship is further revealed between ZnO
NWs and c-plane ZnO single crystals by the X-ray pole
figures recorded on the (1122) asymmetric diffraction
peakin Figures 1d and 2d. The strong in-plane orientation
and vertical alignment of ZnO NWs are highly desirable
for the fabrication of core—shell heterostructures for solar

(d)

Figure 2. (a) Top-view FESEM image of patterned Zn-polar
c-plane ZnO single crystals. (b,c) Tilted-view FESEM images
of ZnO NWs grown by CBD on patterned Zn-polar c-plane
ZnO single crystals. (d) Corresponding X-ray pole figures
recorded on the (1122) asymmetric diffraction peak of ZnO
NWs.
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Figure 3. (a) Low-magnification cross-section conventional
TEM image taken along the (1010) zone axis of ZnO NWs
grown by CBD on patterned O-polar c-plane ZnO single
crystals. (b) Atomistic view along the (1120) direction of
O-polar c-plane ZnO with the wurtzite crystalline structure.
The O-polar c-plane surface of ZnO is arbitrarily represented
as O-terminated. (c) Experimental and simulated CBED
patterns taken along the (1010) zone axis for thickness of
183 nm, revealing that c-plane ZnO single crystals are
O-polar. (d) Experimental and simulated CBED patterns
taken along the (1010) zone axis for both thickness of 84
and 126 nm, showing that ZnO NWs are O-polar. The central
disk is the transmitted electron beam.

cells, in which shadowing effects are expected to play
a significant role in the growth of the absorbing shell
by PVD.>’ It should be noted that the uniformity of
the structural morphology of ZnO NW arrays can be
controlled over large surface areas as shown in the FESEM
image of Figure 1e. The SAG of highly dense ZnO
NW arrays by CBD with the same structural quality
can therefore be achieved on both patterned O- and
Zn-polar c-plane ZnO single crystals.

A general growth mechanism for the SAG of ZnO
NWs in solution can be deduced on patterned polar
c-plane ZnO single crystals. The solution temperature
and the concentration of the chemical precursors are
key parameters for the growth of ZnO NWs by CBD.
These chemical precursors are zinc nitrate and HMTA
here. Upon heating, Zn*" ions are produced by zinc
nitrate, while formaldehyde and ammonia are formed
via the decomposition of HMTA as a heterocyclic
organic compound.'**®7®" OH™ ions are then pro-
duced via the chemical reaction of ammonia with
water.”®~" HMTA thus acts as a weak base and as a
pH buffer, which slowly hydrolyzes and gradually
produces OH™ ions, with the hydrolysis rate decreasing
by increasing the pH.>#°9%2 The crystallization of ZnO
is expected to be direct according to Zn*" + 20H™ <
ZnOg + H,0, but the formation of Zn intermediate
hydroxide phases may occur.”®7®2 Other sets of che-
mical reactions involve more complex Zn(ll) species in
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solution.*® %2 The main distinctions of the SAG of ZnO
NWs by CBD when compared with the SAG by vapor-
phase deposition techniques come from the presence
of active ions in solution and from the negligible
diffusion process at the surface. Basically, the signifi-
cant electrostatic interactions of active OH™ and Zn**
ions in solution occur with the charged polar c-planes
within the holes of patterned ZnO single crystals. This is
highly favorable for the nucleation of one single ZnO
NW per hole. In contrast, the electrostatic interactions
of active OH™ and Zn?" ions with the Si,N, mask that is
basically amorphous are much weaker. To some extent,
the nucleation of ZnO on top of the mask is thus
hampered. This is nevertheless dependent upon the
hole period: for larger hole period, the homogeneous
nucleation of ZnO in solution as well as the parasitic
formation of ZnO on the mask can be detrimental. The
SAG mechanisms of ZnO NWs accordingly follow two
successive steps. Initially, the holes are preferentially
filled with ZnO owing to strong electrostatic interac-
tions with the active ions in solution and govern the
diameter of ZnO NWs. Subsequently, ZnO NWs with
nonpolar m-plane sidewalls can grow axially along the
c-axis direction but also radially, spreading on the Si,N,
mask. The elongation of ZnO NWs is governed by the
mass transport of chemical precursors in solution,
which is in principle activated thermally by the solution
temperature and driven by the concentration of the

(a) (b) Zn-polarity
ZnO NWs
oo |
‘ Zn
[0001]
ZnO substrate 200.0m [1120]
[1010]

(¢) CBED on substrate (d) CBED on NWs
0002

exp. sim.165nm exp. sim.67 nm  exp. sim. 85 nm

Figure 4. (a) Low-magnification cross-section conventional
TEM image taken along the (1010) zone axis of ZnO NWs
grown by CBD on patterned Zn-polar c-plane ZnO single
crystals. (b) Atomistic view along the (1120) direction of Zn-
polar c-plane ZnO with the wurtzite crystalline structure.
The Zn-polar c-plane surface of ZnO is arbitrarily repre-
sented as Zn-terminated. (c) Experimental and simulated
CBED patterns taken along the (1010) zone axis for thick-
ness of 165 nm, revealing that c-plane ZnO single crystals
are Zn-polar. (d) Experimental and simulated CBED patterns
taken along the (1010) zone axis for both thickness of 67
and 85 nm, showing that ZnO NWs are Zn-polar. The central
disk is the transmitted electron beam.
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chemical precursors.>®%3 Also, the preferential shape of
ZnO NWs by CBD can be retained outside the mask
region. From thermodynamic considerations, surface
energy anisotropy can result in the elongation of ZnO
NWs by developing nonpolar m-plane sidewalls with
low surface energy.®* From kinetic considerations, the
Zn?* and OH™ active ions preferentially interact with
the polar c-planes of the NW top facet, increasing the
axial growth rate at the expense of the radial growth
rate. The growth rate anisotropy is therefore favorable
for retaining the preferential shape of ZnO NWs.
Additionally, HMTA may also act as a capping agent
on the nonpolar m-plane sidewalls,%® but this hypoth-
esis has not been confirmed by in situ attenuated total
reflection Fourier transform infrared spectroscopy.®’
In order to further investigate the structural mor-
phology and growth mechanisms of ZnO NWs as
well as to determine their polarity, high-resolution
TEM imaging as well as convergent beam electron
diffraction (CBED) measurements are presented in
Figures 3—6. By convention in the wurtzite crystalline
structure, it is well-known that the O-polarity corre-
sponds to the growth along the [0001] direction where
the [0001] axis is considered as parallel to the O—Zn
bonding, as depicted in Figure 3b. In contrast, the
[0001] axis is considered as parallel to the Zn—0O
bonding; hence, the growth along the [0001] axis is
defined as the Zn-polarity, as presented in Figure 4b.
The CBED technique is based on constructive and
destructive interferences involving more than two
diffracted electron beams.?7%® A contrast difference
in the intensity distribution basically occurs within the
0002 and 0002 diffracted discs of the CBED patterns,
hence distinguishing between the O- and Zn-polarity
of ZnO. The contrast difference depends both on the
zone axis and crystal thickness as well as on the
materials involved. It is well-established that the polar-
ity of semiconductors with the wurtzite crystalline
structure can reliably be characterized with the CBED
patterns when collected along the {1010) zone axis for
a crystal thickness larger than 50 nm.%~%8 However,
the CBED technique does not provide any information
about surface terminations, which should be distin-
guished from polarity. The O- and Zn-polarity of bulk c-
plane ZnO single crystals is revealed in Figures 3c and
4c and was cross-checked by chemical wet etching
using a HCl bath with a 2 mM concentration: the
formation of pits and conjugated pits clearly occurs
on O- and Zn-polar c-plane ZnO single crystals, respec-
tively, which is in agreement with the polarity deduced
from CBED measurements. Multiple experimental and
simulated CBED patterns with EMS software using
Block's wave method®® were collected on different
crystal thickness (i.e., smaller and larger than 100 nm)
in order to unambiguously determine the polarity of
ZnO NWs. The contrast difference of the 0002 and 0002
diffracted discs is clearly revealed along the (1010)
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O-polar ZnO substrate 10 nm

Figure 5. HRTEM image taken along the (1120) zone axis,
revealing the interface between the O-polar ZnO NW and O-
polar c-plane ZnO single crystal, the region of the ZnO NW
grown inside the double mask, and the interface between
the ZnO NW grown inside and outside the hole delimited by
the mask. No sign for the presence of extended defects such
as stacking faults, dislocations, twins, or IDBs is shown.

zone axis in Figures 3d and 4d as well as the agreement
between the experimental and simulated CBED pat-
terns. Importantly, ZnO NWs are found O-polar when
grown on O-polar c-plane ZnO single crystals while
they are Zn-polar when grown on Zn-polar c-plane
ZnO single crystals. Consequently, ZnO NWs retain the
O- or Zn-polarity of c-plane ZnO single crystals.

In order to support the aforementioned finding,
extensive HRTEM images were recorded along the
(1120) zone axis, especially on the interface area in
between ZnO single crystals and NWs as well as along
the growth of ZnO NWs in and outside the mask region.
In Figures 5 and 6, a characteristic HRTEM image is
presented where the wurtzite crystalline structure is
clearly undisturbed. If a basal IDB had grown at the
interface area or along the growth of ZnO NWs, a
characteristic defect would have been identified in
the HRTEM images: a basal IDB contains Zn—Zn
and/or O—0 bonds, and hence it should disturb the
..ABABAB... stacking sequence of the wurtzite crystal-
line structure. In contrast, the HRTEM images in Fig-
ures 5 and 6 clearly reveal that ZnO NWs are free of any
extended defects such as stacking faults, twins, disloca-
tions, or IDBs both at the interface area and inside or
outside the mask region. As a consequence, the struc-
tural quality of ZnO NWs is high as no extended defects
are formed in their center, neither at their bottom in the
mask region nor at their top. The formation of IDBs can
be excluded for the SAG of ZnO NWs in solution. The
O- and Zn-polarity of c-plane ZnO single crystals is
transferred unchanged to ZnO NWs grown by CBD.

The possibility to control the polarity of ZnO NWs
grown in solution by SAG in addition to their position
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Zn-polar
ZnO substrate

20 nm
e

Figure 6. HRTEM image taken along the (1120) zone axis,
showing the interface between the Zn-polar ZnO NW and
Zn-polar c-plane ZnO single crystal, the region of the ZnO
NW grown inside the double mask, and the interface
between the ZnO NW grown inside and outside the hole
delimited by the mask. No sign for the presence of extended
defects such as stacking faults, dislocations, twins, or IDBs is
revealed.

and structural uniformity (i.e., length, diameter, period)
is remarkable. This should be distinguished from the
growth of ZnO NWs by vapor-phase deposition tech-
niques, in which Zn-polar ZnO NWs are usually formed
instead of O-polar ZnO NWs 384142444550 pari||at-
Merceroz et al. have notably reported that Zn-polar
ZnO NWs inevitably form spontaneously by MOCVD,
even on O-polar c-plane ZnO surfaces.**** The polarity
of ZnO NWs can be reversed with respect to the
O-polar c-plane ZnO nucleation surfaces owing to the
formation of IDBs.** The same open questions arise
from the self-induced growth of GaN NWs by MOCVD”®
or by molecular beam epitaxy, as well, in which sparse
N-polar GaN NWs are nucleated on the Al-polar AIN
buffer layer through the formation of IDBs.”' The
occurrence of IDBs in both ZnO and GaN NWs grown
by vapor-phase deposition techniques has been attrib-
uted to strong Al or Si surfactant effects, respec-
tively.*>”" In contrast, these surfactant effects cannot
take place for the growth of ZnO NWs in solution,
which prevents IDBs from being formed. Therefore, the
polarity control of ZnO NWs grown by SAG can be
achieved when grown in solution by CBD and, impor-
tantly, no fundamental limitations prevent ZnO NWs
from being O- or Zn-polar.

The 5 K cathodoluminescence (CL) spectra of O- and
Zn-polar ZnO NWs are presented in Figure 7. The CL
measurements were collected under low acceleration
voltage and small spot size (i.e., less than 10 nm), such
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that the CL signal only originates from single ZnO NWs.
Interestingly, O- and Zn-polar ZnO NWs exhibit dis-
tinctive optical properties. The CL spectra are governed
by a large number of radiative transitions involving
donor-bound excitons (DX,)"%”2 in the range of 3.357
to 3.367 eV for both O- and Zn-polar ZnO NWs. The
intensity of the near band edge (NBE) is about 2 to
almost 3 orders of magnitude larger than the intensity
of the broad defect emission band centered around
2.0 eV for O- and Zn-polar ZnO NWs, respectively.
These show the high crystalline and optical quality of
both O- and Zn-polar ZnO NWs. More importantly, in
addition to the distinct intensity ratios that can directly
be correlated with the CL measurements on ZnO single
crystals,”* the NBE of O-polar ZnO NWs is much more
structured than the NBE of Zn-polar ZnO NWs. In
O-polar ZnO NWs, the longitudinal and transversal free
A-exciton states (FX,) are resolved at 3.377 and 3.376
eV, respectively. lonized donor-bound excitons also
clearly occur at about 3.366 eV.”® The NBE is further
dominated by the intense doublet at 3.3619 and
3.3627 eV. These may be associated with the X; line
that has exclusively been revealed in O-polar ZnO
epilayers’® and neutral donor-bound excitons via the
I, (H) line, respectively.”? The two-electron satellites
(TES) related to the I, line arise at about 3.332 eV.”% A
broad shoulder also takes place at 3.358 eV and is
assigned to neutral donor-bound excitons. Al, Ga, and
In donors are expected to be involved here. In contrast,
in Zn-polar ZnO NWs, the NBE is mainly governed by
the dominant line at 3.3616 eV, which may be asso-
ciated with neutral donor-bound excitons via the |5
line.”? A shoulder also occurs at 3.366 eV and is due to
jonized donor-bound excitons.”® TES are also expected
in the shoulder lying in the range of 3.32t0 3.33 eV.The
observed differences in the CL spectra of O- and
Zn-polar ZnO NWs can directly be correlated with the
distinct photoluminescence properties in O- and Zn-
polar ZnO epilayers and single crystals.”*”* The incor-
poration of impurities both in terms of concentration
and nature may thus depend on the polarity of ZnO
NWs. In particular, the more structured NBE may
indicate that O-polar ZnO NWs incorporate more
different impurities in nature than Zn-polar ZnO NWs,
similarly to O-polar ZnO epilayers.”> Additionally, the
first and second longitudinal (LO) phonon replica of
free A-excitons lie at 3.311 and 3.236 eV, respectively,
and their intensity is more marked in O-polar ZnO NWs.
In contrast, the first and second LO phonon replica of
neutral donor-bound excitons arise at 3.292 and
3.218 eV, respectively, and their intensity is more
pronounced in Zn-polar ZnO NWs.

The control of the structural uniformity and polarity
of ZnO NWs opens the way to their efficient integration
in electronic, optoelectronic, and photovoltaic devices.
The need for assembling ZnO NW arrays with a pure
single polarity is essential for piezoelectric nanogenerators,
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Figure 7. Five K CL spectra with a 600 grooves/mm grating of single (a) O- and (c) Zn-polar ZnO NWs. Five K CL spectra with a
1800 grooves/mm grating of single (b) O- and (d) Zn-polar ZnO NWs, emphasizing the NBE region. The CL spectra are collected
under 5 kV acceleration voltage and spot size less than 10 nm at the center of single O- and Zn-polar ZnO NWs. The narrow
lines in the range of 1.6 to 1.7 eV correspond to the second order of the NBE emission band.

in which the piezoelectric potential field along the
polar c-axis is created under elastic deformation.”®
Furthermore, the fabrication of ZnO NW heterostruc-
ture arrays with a high structural uniformity is also
critical for light-emitting diodes and photovoltaic
devices,””~7° where the optical extraction efficiency
and absorption are strongly affected by the structural
dimensions for instance.

CONCLUSION

In summary, we demonstrate, over large surface
areas, the formation of highly dense epitaxial ZnO
NW arrays with high structural uniformity and control-
lable polarity by combining SAG, using patterned
c-plane ZnO single crystals by EBL and RIE, with CBD.
A general growth mechanism is gained for the SAG of
ZnO NWs in solution. These ZnO NWs are free of any

METHODS

Preparation and Patterning of ZnO Bulk Single Crystals. ZnO bulk
single crystals from Crystec with O-polar (0007) and Zn-polar
(0001) crystal orientations were used as substrates. Prior to any
patterning process, their surface was prepared chemically by
chemical—mechanical polishing and thermal heat treatment
under oxygen atmosphere. A silicon dioxide SiO, layer with a

CONSONNI ET AL.

extended defects in their center and further exhibit
high optical quality. Their polarity can be switched
from O- to Zn-polar, depending on the polarity of
patterned c-plane ZnO single crystals. The possibility
to control the polarity of ZnO NWs grown in solution is
remarkable and should be distinguished from their
growth by vapor-phase deposition techniques. As a
consequence, no fundamental limitations prevent ZnO
NWs from being O- or Zn-polar, especially when grown
in solution. The single O- and Zn-polar ZnO NWs also
exhibit distinctive CL spectra. These findings open the
way to the ultimate fabrication by design of ZnO NW
arrays involving heterostructures or not with high
interface and optical quality, great structural unifor-
mity, and controllable polarity, which are the key
conditions for their efficient integration in NW-based
electronic, optoelectronic, and photovoltaic devices.

thickness of 30 nm was initially formed by plasma-enhanced
CVD. Subsequently, a silicon nitride Si,N, layer acting as a
selective mask was deposited with a thickness of 60 nm by
plasma-enhanced CVD. The position of the holes in the mask
were eventually defined and opened by EBL followed by RIE.
Fabrication of Zn0 NWs by (BD. ZnO NWs were grown under
identical conditions by CBD on top of prepatterned polar c-plane
ZnO single crystals kept in a stove heated up to 90 °C. The
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solution of chemical precursors consisted of mixing in deion-
ized water zinc nitrate hexahydrate (Zn(NOs),-6H,0) and
hexamethylenetetramine (C¢Hq2N4) from Sigma-Aldrich in the
equimolar ratio of 0.03 M.

SEM and XRD. The structural morphology of ZnO NWs was
investigated by FESEM with a ZEISS Ultra+ microscope. A Bruker
D8 Advance diffractometer using the Cu Kol radiation was
employed in the Bragg—Brentano configuration in order to
quantify the crystallinity and orientation of ZnO nanowires. The
6—260 XRD measurements were performed between 20 and 70°
in 20 scale. X-ray pole figures were performed with a Siemens
D5000 diffractometer using the Cu Kat1 radiation and equipped
with a four-circle goniometer, 2.5° Sollers slits, a graphite
monochromator, and a scintillation detector. The vertical align-
ment of ZnO nanostructures was determined by considering
the fwhm of the (0002) diffraction peak. The homoepitaxial
relationship of ZnO was further investigated by considering the
(1122) asymmetric diffraction peak.

TEM and (BED. The structural morphology of ZnO NWs as well
as the interface quality with polar c-plane ZnO single crystals
was investigated by TEM imaging with a JEOL-JEM 2010 micro-
scope operating at 200 kV with a 0.19 nm point-to-point
resolution. All the specimens were prepared by focused ion
beam (FIB) in a Zeiss NVision40 SEM-FIB microscope. The same
microscope was used to perform CBED measurements in order
to determine the polarity of ZnO NWs and c-plane ZnO single
crystals by comparing relative orientations of experimental
CBED patterns with associated TEM images of the crystal. The
identification was based on the fact that the 0002 and 0002
diffraction disks are significantly asymmetric in CBED patterns
recorded along the (1010) zone axis. CBED patterns are dis-
tinctive of the material and strongly depend on the crystal
thickness. The necessary simulations along the (1010) zone axis
of ZnO using Bloch's wave method were performed with EMS
software, checking always that the simulated diffraction spots
are correctly labeled with respect to the simulated starting
crystal structure.®® A series of simulations was performed where
the crystal thickness was varied from 20 to 300 nm witha 1 nm
step. Moreover, any rotations produced in the microscope
between the TEM images and CBED patterns were carefully
considered for the polarity determination.

(L. The optical properties of ZnO NWs were determined by
5 K CL measurements with an Inspect F50 FEI FESEM equipped
with a liquid-helium-cooled stage. The CL signal was collected
via a parabolic mirror and analyzed with a 460 mm focal length
monochromator equipped with 600 and 1800 grooves/mm
diffraction gratings. The CL spectra were recorded with a
nitrogen-cooled silicon CCD detector. The low acceleration
voltage of 5 kV and small spot size (i.e., less than 10 nm) were
used to collect the CL signal at the center of single ZnO NWs.
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