Downloaded by GEORGIA INST OF TECH LIB on September 22, 2009 | http://pubs.acs.org

Publication Date (Web): August 5, 2009 | doi: 10.1021/nn900687g

Nondestructive In Situ Identification of
Crystal Orientation of Anisotropic ZnO
Nanostructures

Srikanth Singamaneni,” Maneesh Gupta,” Rusen Yang," Melanie M. Tomczak,* Rajesh R. Naik,*
Zhong L. Wang," and Vladimir V. Tsukruk®*

1School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30318, and *Air Force Research Laboratory, Materials and Manufacturing

Directorate, Wright-Patterson AFB, Dayton, Ohio 45433

ne-dimensional nano- and micro-

structures such as wires, rods,

belts, and tubes of various met-
als and semiconductors have attracted in-
creased attention owing to their unique
mechanical, electrical, and optical proper-
ties compared to their bulk counterparts.!*
Important materials such as ZnO, GaN, ZnS,
and CdSe utilized for fabrication of one-
dimensional nanostructures belong to the
wurtzite family. These materials are utilized
in numerous fields such as optoelectronics,
lasing, and piezoelectric devices.>~ ' Owing
to the unique combination of the semicon-
ducting and piezoelectric properties of ZnO
nanostructures, a variety of novel devices
have been fabricated for applications such
as nanogenerators, piezoelectric diodes,
field effect transistors, and thermal and
chemical sensors.'>1?

The electrical and optical properties of
nanostructures critically depend on their
composition, crystalline structure, and ori-
entation, and thus these parameters must
be known for nanostructures integrated
into nanodevices. To this end, X-ray analy-
sis is frequently used for probing the crystal-
linity and lattice dimensions of relatively
large quantities of nanostructures, but it is
not applicable for probing the crystalline
orientation of an individual nanostructure.
On the other hand, transmission electron
microscopy (TEM) and electron diffraction
have been the primary tool for identifying
the growth direction and crystal facets of in-
dividual ZnO nanowires and nanobelts.?°
However, TEM requires special sample
preparation and cannot be applied to nano-
structures packaged in their respective de-
vices. Therefore, a fast, unambiguous, and
nondestructive technique for identification
of the crystalline orientation of wurtzite ma-
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ABSTRACT We present a novel method for direct, fast, nonambiguous, and nondestructive identification of

the growth direction and orientation of individual Zn0 nanostructures in the device-ready environment by

exploiting high-resolution confocal Raman mapping. Various features of the Raman spectrum of Zn0

nanostructures, vapor deposition grown nanobelts and peptide-assisted vertical nanorods, were found to be

sensitive to the relative orientation of the crystal plane. Furthermore, we discovered that the waveguiding
property of the ZnO nanobelt is also orientation dependent and results in either apparent enhancement or

suppression of Raman scattering from the underlying substrate. We demonstrate that various features of Raman

spectrum of Zn0 and the modulation of the substrate signal can be employed for the rapid and nondestructive

identification of the crystal growth direction and orientation of these nanostructures even after integration into

devices, which is impossible with current electron microscopy and diffraction techniques. We believe that the

general features observed here are equally applicable to other wurtzite nanostructures (ZnS, GaN) which are critical

in optoelectronics, lasing, and piezotronic applications.

KEYWORDS: ZnO nanostructure -
growth - waveguiding - crystal plane

terials and nanostructures in the device en-
vironment is extremely useful for the devel-
opment and testing of devices for new
applications.

As known, Raman scattering is an excel-
lent nondestructive tool to probe the
chemical composition, physical state,
phonon confinement, and lattice dynamics
of various organic and inorganic materials.
For example, Raman spectroscopy has been
extensively employed for probing the diam-
eter, chirality, alignment, stress, and defor-
mation in carbon nanotubes and other
nanostructures.?'~?” Very recently, it has
been demonstrated that confocal Raman
spectroscopy can be employed to obtain in-
formation on the phase, growth direction,
and radial crystallographic orientation of
GaN nanowires.?#?° The E, band of ZnO has
been demonstrated to be highly sensitive
to internal stress in the crystalline struc-
ture.’® The shift of the E, band to high fre-
quencies has been employed to monitor

polarized Raman -
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Figure 1. (a) Schematic showing the various possible growth orientations of the ZnO plane orientation of the nanostructure
nanobelts. (b) Schematic of the crystal structure of the ZnO showing the tetrahedrally co-  has never been observed.
ordinated alternating planes of Zn?* and 0%,

the stress state in vertically grown ZnO nanorods of
various diameters.®'

In the present work, confocal Raman microscopy
was employed to identify the growth orientation (c-
axis) of one-dimensional ZnO nanostructures, a popu-
lar representative of wurtzite nanomaterials. Different
Raman modes, based on selection rules, in conjunction
with electron diffraction were used to unambiguously
identify the crystal planes. Furthermore, waveguiding
properties of ZnO nanostructures result in the suppres-
sion of the Raman scattering from the substrate in cer-
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Figure 2. (a,b) TEM images of the ZnO nanobelt with the electron diffraction pat-
tern. (c) Raman spectra obtained from ZnO nanobelts with c-axis parallel (blue) and

perpendicular (red) to incident light.
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tain directions and enhancement in the
other directions. We demonstrate that this
unique feature discovered here can be ex-
ploited to easily identify various crystal
planes and waveguiding properties of
ZnO nanostructures in a completely non-
destructive manner. To our knowledge,
high-resolution confocal Raman mapping

Perpendicular  of individual ZnO nanostructures and nan-

to C-axis odevices with unambiguous identifica-

tion of crystal orientation has not been re-
ported to date. Furthermore, the
modulation of the substrate Raman scat-
tering signal depending on the crystal

RESULTS AND DISCUSSION

In this paper, we will primarily focus on ZnO nano-
belts and nanorods of two different types, although
the general features can be extended to any nanostruc-
ture with wurtzite crystal structure. Two one-
dimensional structures investigated here are nanobelts
grown by vapor deposition and vertical nanorods using
peptide-assisted method (see Experimental Section for
growth details).

As known, ZnO (wurtzite) exhibits a hexagonal struc-
ture belonging to Cémc space group.3 The ZnO struc-
ture comprises alternating planes of tetrahe-
drally coordinated O?~ and Zn?* ions, stacked
alternately along the c-axis, as schematically
shown in Figure 1a. One important feature of
ZnO is the polar surfaces, with the most com-
mon polar surface being the basal plane. The
oppositely charged Zn?* and O~ ions produce
positively charged (0001) and negatively
charged (0001) surfaces, respectively. In the
simplest example of a ZnO nanobelt, the fast
growth direction can be either [2110], [0110],
or [0001].32734

Wurtzite ZnO structure with four atoms in
the unit cell has a total of 12 phonon modes
(one LA, two TA, three LO, and six TO
branches). The optical phonons at the I" point
of the Brillouin zone in their irreducible repre-
sentation belong to A; and E; branches that are
both Raman and infrared active, the two non-
polar E; branches are Raman active only, and
the B, branches are inactive (silent modes). Fur-
thermore, the A; and E; modes are each split
into LO and TO components with different fre-
quencies. For the A; and E; mode lattice vibra-
tions, the atoms move parallel and perpendicu-
lar to the c-axis, respectively. On other hand,
E, modes are due to the vibration of only the
Zn sublattice (E,-low) or O sublattice (E;-high).
The expected Raman peaks for bulk ZnO are at

(b)
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Figure 3. (a) SEM image of two intersected ZnO nanobelts. Raman intensity map of two nanobelts shown in (a): (b) E; mode,
(c) A1(TO) mode. (d) Boolean map of the full width at the half-maximum of the E; mode, (e) intensity map of the silicon sig-
nal at 520 cm™" showing the modulation in different belts. (f) Schematic showing the waveguiding of the Raman scattered

light from the substrate along the c-axis.

101 cm™ ' (Ex-low), 380 cm ™! (A;-TO), 407 cm ™! (E,-TO),
437 cm™' (E;-high), and 583 cm ™! (E;-LO).

Figure 2a,b shows the TEM images and the corre-
sponding electron diffraction pattern of two different
ZnO nanobelts. As can be inferred from the diffraction
pattern, the ZnO belt in Figure 2a has the (0001) or
(0001) as the top and bottom large facets, in other
words, the growth direction in a non-c-axis direction.
On the other hand, the growth direction of the belt
shown in the Figure 2b is along the c-axis. Raman spec-
tra were obtained from these two nanobelts in back
scattering geometry, as described in the Experimental
Section (Figure 2c). Owing to the orientation of the
c-axis ((0001) plane) relative to the incident source light,
the Raman spectra of the nanobelts exhibit distinct fea-
tures which can be used to identify the relative orienta-
tion of the nanobelt facets. Indeed, in accordance with
the Raman selection rules, the Raman spectrum of the

Www.acsnano.org

ZnO belt with the c-axis parallel to the incident light
(as shown in Figure 1b) exhibits two primary bands,
namely, E; (438 cm™") and A;(LO) (615 cm™1).32 For the
belt with the c-axis perpendicular to the incident light
(as shown in Figure 1b), the Raman spectrum comprises
E, (438 cm™), Ay(TO) (380 cm ™), E{(TO) (410 cm ™),
A,(LO) (615 cm™"), and E;(LO) (583 cm™ ) bands.

With the above knowledge, confocal Raman micros-
copy was performed on the nanobelts (I and Il) cross-
ing each other, as shown in Figure 3a. The intensity of
the E, band (integrated between 420 and 450 cm™) of
the ZnO nanobelts remains constant along the length
of the belts (Figure 3b). A map of the intensity of the
A:(TO) band shows high intensity for one nanobelt II,
while the Raman signal from the other nanobelt | shows
no sign of this mode (Figure 3c). From the A;(TO) inten-
sity map, it is clear that the nanobelt Il has the c-axis
parallel to the substrate, while the c-axis of the
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nanobelt-l is perpendicular to the substrate. A 90°
change in the polarization vector did not result in any
noticeable change in the observed features.

The width of the E, band was also found to be sen-
sitive to the orientation of the c-axis of the nanobelt. A
Boolean map of the full width at the half-maximum
(FWHM) of the E, band shows that the two nanobelts
can be clearly resolved (Figure 3d). Nanobelt | exhibits
a FWHM of nearly 16 cm™', while nanobelt Il exhibits a
FWHM of nearly 13 cm™". It is known that the phonon
confinement in nanoscale systems causes broadening
of the Raman bands. It has been demonstrated that the
Raman bands of ZnO nanocrystals are broader and
asymmetrical compared to those of bulk ZnO crys-
tals.3> Apart from the confinement effects, the broaden-
ing of the peaks can also occur due to the oxygen defi-
ciency and residual stresses.*® To our knowledge, the
dependence of the width of the E; band on the orienta-
tion of the c-axis is a novel feature never observed ear-
lier, the origin of which remains unclear and needs fur-
ther investigation.

Apart from the intensity of A;-TO mode and width
of the E, band, the intensity of the Raman signal from
the silicon substrate is modulated due to the presence
of the nanobelt (Figure 3e). We observed that the Ra-
man signal from silicon substrate is either suppressed
on enhanced depending on the orientation of the ZnO
belt. The Si Raman signal is enhanced (higher the back-
ground) in the case of the nanobelt |, while the same
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Figure 4. (a) SEM image of the nanobelt transferred onto patterned arrays of polystyrene stripes on silicon. Intensity map
of (b) E; mode of the ZnO nanobelt, (c) 520 cm™~" band of the silicon substrate. (d) Raman band from polystyrene.

is suppressed (lower compared to the background) in
the case of the nanobelt Il (Figure 3e).

The apparent enhancement and suppression of the
Si signal can be explained by passive waveguiding
properties of the ZnO nanostructures.®” In fact, the
ZnO nanobelt lying on the substrate can be consid-
ered as a waveguide composed of three dielectric lay-
ers: cladding (air), nanobelt (ZnO), and substrate (SiO,)
(Figure 3f). As the refractive index of the ZnO nanobelt
(n = 2) is higher than the refractive index of both clad-
ding and substrate, light can be guided. Huang et al.
have demonstrated UV lasing in vertically oriented ZnO
nanowires, with each wire forming a Fabry—Perot reso-
nator bound by reflecting (0001) facets (in the
c-direction).’

Even more recently, using spatially resolved lumi-
nescence spectroscopy, it has been demonstrated that
the light is emitted primarily at both ZnO wire ends due
to its waveguiding nature.® In the present case, the in-
cident light is either transmitted to the substrate (below
the critical angle) through the ZnO nanobelt or guided
along the nanobelt (over the critical angle) to exit at dif-
ferent facet (Figure 3f). On the other hand, the scat-
tered light from the substrate is either transmitted
through the ZnO belt or guided along the nanobelt to
exit at a different facet. Both the effects combined result
in either suppression or enhancement of the silicon Ra-
man band when the light is perpendicular and parallel
to the c-axis, respectively.
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Figure 5. Raman intensity map of the (a) E; mode of the nanobelt. (b) Silicon band at 520 cm™". (c) Raman spectra showing
the silicon band at various locations highlighting the intensity variation. (d) AFM phase image showing the ZnO nanobelt
with distinct phase contrast between the upper and lower half. Inset shows the cross section along the length of the belt re-
vealing a transition of about 20°. The arrow highlights the location of the change of the crystal orientation in the nanobelt.

In the examples demonstrated so far, the nano-
belts grown by vapor deposition are in intimate con-
tact with the silicon surface. We have also performed
confocal Raman microscopy on ZnO nanobelts freely
suspended across polystyrene micropattern on sili-
con substrate (Figure 4a). The periodicity of the poly-
styrene pattern was 10 wm with a line width of 7
pm and a thickness of 500 nm. Figure 4b shows the
intensity map of E; band, which is relatively uniform
along the length of the nanobelt. Figure 4c,d shows
the intensity map of silicon and the C=cC stretching
of polystyrene, respectively. The thin polystyrene
layer acts as a dielectric waveguide (higher refrac-
tive index compared to the surrounding air) which
enhances the Raman signal from the silicon sub-
strate (Figure 4c). On the other hand, an apparent
suppression of the silicon signal is observed at the
ZnO nanobelt region. Similar suppression of the
polystyrene signal is also observed in the ZnO nano-
belt region (Figure 4d). It is clear that the Raman sig-
nal from the substrate is suppressed by the ZnO in
both of the cases (presence of and absence of direct
contact). The suppression of the signal further con-
firms the waveguiding of the Raman scattered light
from the layers underneath the ZnO nanobelts.

www.acsnano.org

The waveguiding of the scattered light from the sub-
strate can be employed to identify the sharp reorienta-
tions of the crystal planes in the ZnO nanostructures as-
sociated with a defect in crystal growth. In fact, Figure
5a shows the E, intensity map of a ZnO nanobelt on a
silicon substrate, which is uniform along the length of
the belt. On the contrary, the Raman scattering from the
silicon substrate exhibits an abrupt change along the
length of the nanobelt (Figure 5b). Within the probed
length of the nanobelt, the top portion of the nanobelt
exhibits an enhancement of the silicon substrate Ra-
man signal replaced by suppression at the bottom por-
tion. From the discussion above, it can be concluded
that the areas exhibiting enhancement correspond to
the c-axis perpendicular to the substrate and sup-
pressed areas corresponding to the c-axis parallel to
the substrate. Figure 5c shows the representative Ra-
man spectra from the enhanced, suppressed, and back-
ground (reference) areas of the nanowires. The inten-
sity in the enhanced areas is nearly two times higher
compared to that of the background areas, which in
turn is two times higher compared to the suppressed
signal.

AFM analysis of this area of the nanobelt confirmed
a transition of the crystal orientation along the long
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Figure 6. (a) SEM image of vertically grown ZnO nanorods. Intensity map of the of the vertical nanorods (b) E, band, (c)
A+(TO) band, (d) Si band. (e) Raman spectra from the two different regions (shown in the image) of the vertical nanorod.

axis (Figure 5d). While the topography shows no signifi-
cant changes (not shown here), the phase image shows
the presence of the transversal defect and a clear con-
trast between the two regions in the phase tapping
mode (nearly 20°) (see Figure 5d and longitudinal sec-
tion as inset). The change in the phase in light tapping
is due to the varying interaction between the tip and
the crystal facet of the nanobelt. It is known that the
c-planes of the ZnO belts are polar surfaces with either
positively changed Zn or negatively charged oxygen
ions. The negative charge on the native silicon oxide
of the AFM tip is either attracted or repelled from the
polar surface of the ZnO nanobelt. On the other hand,
nonpolar planes of the ZnO nanobelt exhibit no signifi-

ACINANC) voL.3 « NO.9 = SINGAMANENI ET AL

cant electrostatic interaction with the AFM tip, and
thus change in the facet orientation must result in sig-
nificant change in phase contrast as is indeed observed
in the AFM image.

Finally, we have investigated the applicability of
this approach for vertically grown ZnO nanorods on
substrates with Z1 peptide (see Experimental Section
for details). The ZnO1 and Z1 peptides have been previ-
ously employed to grow a variety of nanostructures
such as nanorods and nanoplates.3**° Bioassisted
growth of ZnO nanostructures implemented here eases
growth requirement by enabling their growth in milder
conditions and on arbitrary substrates.*' Previous ex-
periments comparing peptide-assisted growth on dif-
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ferent surfaces have shown that the peptide adsorbs
in higher concentration on hydrophobic surfaces. Thus
polystyrene was chosen to provide a smooth hydropho-
bic surface for the adsorption of the Z1 peptide and
growth of vertically oriented ZnO nanorods (Figure 6a).
The top surface of the nanorods comprises two crys-
tal facets, as can be seen from the SEM image (Figure
6a). The intensity of the E, band of the Raman spectra
for these structures is uniform over the entire top sur-
face of the nanorods except for the abrupt changes at
the edges (Figure 6b). The intensity map of the A;(TO)
mode exhibits a clear contrast between the two differ-
ent planes, suggesting that the plane at the center is
(0001)/(0001) and the edges are (2110)/(0110) (Figure
6¢). The intensity of the silicon substrate shows the ex-
pected waveguiding signature: significantly enhanced
signal at (0001) plane and suppressed intensity at the
other plane (Figure 6d).

CONCLUSIONS
In conclusion, we have demonstrated high-
resolution confocal Raman microscopy as a nondestruc-

EXPERIMENTAL SECTION

The ZnO nanobelts lying on the silicon wafer were grown by a
vapor—solid process and peptide-assisted wet chemistry growth
as described in detail earlier.** ZnO powders were placed at the
center of an alumina tube with a collecting alumina substrate
downstream. The alumina tube was inserted in a horizontal tube
furnace, which was later heated to 1475 °C, and the synthesis lasted
for 2 h. The as-grown product on the alumina substrate contained
an entangled mass of ZnO nanobelts, which was gently brushed
and collected for further analysis. The process results in sparsely dis-
persed and randomly oriented ZnO belts.

The vertically aligned peptide-assisted nanorods were grown
using a solution-based approach employing a Z1 peptide (GLH-
VMHKVAPPRGGGC().>® The sequence of the Z1 peptide contained
two histidine residues, and amino acids coordinate with Zn?*
jons within the active sites of several enzymes.**#> A thin layer
of polystyrene (15 nm) was spin coated on a silicon wafer. The
peptide (10 mg/mL) was dropped onto the polystyrene layer, left
to adsorb to the polymer layer for 15 min, and spun dry at 6000
rpm. After spinning, the thickness of the peptide layer was mea-
sured with ellipsometry to be 3.5 nm, a thick layer for a peptide
considering the mass of 1616 Da. The resulting surface was
smooth with an rms of 0.26 nm overa 1 pm X 1 um area.

The sample was placed in a vial of Zn(NOs), and HMTA (1,3-
hexamethylenetetraamine), both at 0.1 M concentrations at a
1:1 ratio. The sample was held at room temperature for 24 h, and
then the vial was put into an oven at 65 °C for 24 h. The verti-
cally aligned zinc oxide nanorods were gently rinsed with water
and dried under flowing nitrogen air.

Morphological studies of grown ZnO nanostructures have
been performed with a LEO 1530 field emission scanning elec-
tron microscopy (SEM). Samples for (transmission electron mi-
croscopy) TEM were prepared by gently touching the indexed
copper grids to the substrate with ZnO nanobelts. TEM and elec-
tron diffraction measurements were carried out at 200 kV using
a Hitachi HF2000 microscope. Following the TEM measurements,
Raman measurements were performed on the same ZnO nano-
belts with known crystal plane orientations. Atomic force micros-
copy (AFM) was performed on the ZnO nanobelts using a Dimen-
sion 3000 AFM (Digital Instruments) in tapping mode.*64”

Raman measurements were performed using a Witec (Alpha
300R) confocal Raman microscope using Ar™ ion laser (\ = 514.5

www.acsnano.org

tive technique for fast, unambiguous, and universal
identification of the localized crystal orientation of indi-
vidual ZnO nanostructures. The two important features
in the Raman spectra of ZnO which clearly distinguish
the c-axis are the intensity of A;(TO) band and the width
of the E; band. Apart from these two features, the
orientation-dependent waveguiding of the Raman scat-
tered signal from the substrate (enhanced parallel to
the c-axis and suppression perpendicular to the c-axis)
has also been revealed.

These features of the Raman bands of the ZnO nano-
structures can be extremely powerful for the in situ iden-
tification of orientation of ZnO nanostructures employed
in a converse piezoelectric actuator directly in an as-
sembled state as was discussed elsewhere.*> While the
study here is focused on ZnO nanostructures, the gen-
eral features, Raman bands and the waveguiding effect,
described here are equally applicable to other wurtzite-
type nanostructures. The approach suggested here might
serve as a universal tool for the versatile characterization
of GaN, ZnS, and CdSe from the wurtzite family, which are
utilized in optoelectronics, lasing, and piezotronic devices.

nm) as an excitation source. The intensity of the excitation source
was fixed at 4 mW. Raman imaging of the ZnO nanostructures
was performed using a 600 grooves/mm grating with a resolu-
tion of ~3 cm™". The typical imaging was performed at a resolu-
tion of 50 X 50 pixels unless mentioned otherwise, with each
spectra collected for 0.7 s. The short collection interval used here
eliminates the possibility of laser-induced heating. The indi-
vidual spectra were collected locally over a longer time using
1800 grooves/mm grating with a resolution of about 0.5 cm™".
The sample is scanned with a piezoelectric stage with a nomi-
nal accuracy of about 1 nm in the lateral directions. Focusing on
the sample was done with a 100X objective (Olympus MPL
100X-NA = 0.90).
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