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Introduction

Nanoscale zinc oxide (ZnO) materials exhibit useful optical

Spatially distinct Raman scattering characteristics
of individual ZnO nanorods under controlled
polarization: intense end scattering from
forbidden modesf

Matthew Hansen, Johnson Truong, Tian Xie and Jong-in Hahm @ *

In this study, we characterize incident/scattered polarization-specific and NR position-resolved Raman
scattering behaviors of individual zinc oxide nanorods (ZnO NRs). We quantify Raman signals from the five
key ZnO phonon modes of E;|, Exy_21, AT, Exr, and E,p, and reveal the NR position-dependent Raman
scattering characteristics of the phonon modes per given light—matter interaction geometry. We then
present Raman intensity maps and elucidate Raman behaviors consistent and incongruous with Raman
selection rules. In particular, we identify an intriguing Raman scattering phenomenon from the forbidden
modes, distinctively occurring at the two NR ends. Their unexpectedly strong and localized scattering
signals at the NR termini are contrasted by the scattering behaviors from the rest of the NR positions
agreeing with the selection predictions. By carrying out control measurements on isotropic ZnO micro-
particles (MPs), we ascertain that the unique NR position-specific Raman responses observed on ZnO
NRs originate from their high shape anisotropy. Owing to the superior optical property coupled with
reduced dimensionality and high geometric anisotropy, ZnO NRs have gained much attention recently for
use in optoelectronic, photonic, and biosensor technologies. Raman scattering has been increasingly
exploited as a noninvasive and sensitive analytical tool to investigate NR properties pertinent to these
applications. Hence, our endeavors, explicitly providing the spatially distinct, polarized Raman scattering
behaviors from individual ZnO NRs, will be central to the correct interpretation of Raman data of both the
individual and ensemble NRs as well as to the accurate correlation of the measurement outcomes to their
chemical/physical/optical properties. Our efforts may also promote novel applications for polarized
Raman scattering whose optical outputs on the various positions along the ZnO NRs can be selectively
modulated.

vious studies for optical applications geared towards operation
in a highly miniaturized format.>**'! Recent endeavors in
ZnO NR-based elastic/inelastic scattering,"”™® active/passive

properties which have facilitated their applications in photo-
conduction, waveguiding, light collection, light emission,
lasing, optical routing, and biosensing.’™ In particular, one-
dimensional (1D) ZnO materials in the form of nanowires
(NWs) and nanorods (NRs) have been proven effective in pre-
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Raman spectra are presented in Fig. S1. They are the ensemble-averaged Raman
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Raman spectra from a vertically oriented ZnO NR. Additional material character-
ization data of ZnO NRs are provided in Fig. S2. They are the X-ray diffraction
data, PL spectra upon excitation above the ZnO bandgap, emission spectra as
well as image upon excitation below the bandgap. See DOI: 10.1039/c7nr02672b
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light guiding®*®®'¢2% and lasing®®""*"** have utilized the
employment of single NRs instead of their bulk counterparts
or NR ensembles. Central to such functional use of 1D ZnO
NRs is the precise understanding of the light-matter inter-
action between individual ZnO NRs and incident (excitation)
as well as the scattered (emitted/guided) light. The light-
matter interaction characteristics have been carefully scruti-
nized in the past'®'® for the elastic scattering behaviors of
ZnO NRs as well as for the subwavelength waveguiding of fluo-
rescence signals coupled into ZnO NRs from nearby
fluorophores.'®2%?® In both of these cases, the high shape an-
isotropy inherent to 1D ZnO NRs was shown to have significant
effects on the magnitude and direction of the optical signals
measured from discrete ZnO NRs, demonstrating the impor-
tance of the light-matter interaction geometry not only for the
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effective manipulation of incident light but also for the optical
outcomes of NR-originated and NR-guided signals. However,
very few studies are currently available for systematic light-
matter examinations pertinent to Raman scattering of individ-
ual ZnO NRs.

Raman scattering has been employed for identifying the
chemical composition, defect state, lattice dynamics, and
phonon confinement of various materials. More recently,
Raman spectroscopy has been demonstrated as a convenient
and nondestructive analytical tool for obtaining information
on ZnO nanostructures such as the growth direction, mor-
phology, structure, crystalline lattice order, and self-assembly
process.”*° For example, a shift in E, high peak from the
bulk ZnO value®**™° of 437-439 cm™" can be an indication of
internal stress present in the crystalline lattice of Zn0.>”*® The
intensities of A; transverse optical and E, high modes can be
linked to provide information on the ZnO NR diameter.”’
However, the characteristic Raman spectra of ZnO nano-
materials can be strongly governed by the aforementioned
light-matter interaction geometry, especially for ZnO NRs with
high shape anisotropy. Therefore, elucidation of the exact
nature and consequence of the light-matter interaction related
to Raman scattering phenomenon of individual ZnO NRs is
important in accurately and meaningfully relating the Raman
measurement outcomes in peak intensities and shifts to the
nanomaterial characteristics. To date, only few studies have
examined polarization-resolved Raman scattering behaviors of
individual ZnO NRs.?®3%3! There still exits a lack of systematic
studies on the effects of light polarization and shape an-
isotropy on the Raman scattering behavior of single ZnO NRs,
particularly related to spatially resolved Raman scattering
characteristics along individual NRs.

In this paper, we unambiguously determine the precise
effects of incident/scattered light polarization on key Raman
active modes of ZnO NRs. We ascertain the varying degrees of
Raman responses of specific Raman modes and their vari-
ations as a function of the position on the NRs. In addition to
the dominant Raman scattering modes of wurtzite ZnO for
given light-matter interaction geometry as dictated by Raman
selection rules, we identify very intriguing, highly localized
scattering behaviors from the forbidden modes. The Raman
scattering signals corresponding to the forbidden modes are
absent along the main body of the NRs while the two ends of
the NRs display strikingly strong signals. By comparing the
spatially resolved, polarization-controlled Raman scattering
profiles of the NRs with those of MPs, we explicitly demon-
strate that the origin of the uniquely observed Raman beha-
viors at the NR ends is attributed to the high shape anisotropy
of the nanomaterial.

Experimental details

ZnO NRs and MPs were synthesized in a home-built, chemical
vapor deposition reactor, similar to the previously described
procedures.”??”**> Using 20 nm Au colloids (Ted Pella, Inc.;
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Redding, CA.) as catalysts, subsequent ZnO growths were
carried out on a Si growth substrate (Silicon Quest
International Inc., San Jose, CA). The source materials
obtained from Alfa Aesar Inc., 0.45 grams of a 2 :1 mixture of
graphite (99%) to zinc oxide powders (99.999%), were placed
in a quartz boat at the center of a horizontal resistance furnace
and a target boat containing the catalyst-deposited Si substrate
was placed at approximately 15 cm downstream. The furnace
was then heated to 850-950 °C for 15-35 min at a ramp up/
ramp down rate of 15 °C min~' under a constant Ar flow of
100 standard cubic centimeters per minute. As-synthesized
ZnO NRs were sonicated off from the growth substrate and dis-
persed in ethanol. A drop-wise deposition of the ZnO NRs in
ethanol onto a clean Si wafer led to NRs lying flat on the Si
surface. ZnO MPs were used as-prepared directly after their
growth. For morphological characterization of the ZnO NRs
and MPs, the samples were imaged using a FEI/Philips XL 20
scanning electron microscope (SEM) operating at 20 kv.

Raman spectra were collected using a LabRAM HR
Evolution Raman confocal microscope (Horiba Instruments
Inc., Sunnyvale, CA) with a 100x objective lens of a numerical
aperture value of 0.9 (Olympus Corp., Waltham, MA). A linearly
polarized 532 nm laser with a power setting of 25 mW was
used to illuminate individual ZnO NRs (MPs) as a function of
position along the NR (MP) on a computer-controlled motor-
ized XY stage. For 2D mapping of Raman signals, the DuoScan
option of fast mapping was employed under which the laser
was scanned over individual NRs held at fixed positions on the
sample stage. In a typical Raman mapping run, the laser beam
of approximately 1 pm in diameter was rastered over a ZnO NR
area of interest in steps ranging 550-750 nm and 270-440 nm
along the long and short axis of the NR, respectively.
Subsequently, the position-resolved Raman data from individ-
ual ZnO NRs and MPs of different orientations were collected
in the scan range of 50-500 cm™' using a 1800 lines per mm
grating and a charge-coupled-device (CCD) detector. For direc-
tion-controlled collection of Raman scattered signals from the
samples, a second polarizer referred to as an analyzer was
placed prior to the spectrophotometer and detector. For produ-
cing unpolarized measurement conditions, a scrambler, a 1/4
waveplate, was inserted in the beam path in the absence of the
analyzer.

Results and discussion

A schematic representation of the measurement setup to
examine the Raman scattering behaviors of individual ZnO
NRs as a function of incident/scattered light polarization and
position along the NR is given in Fig. 1A. The illumination
source is a 532 nm diode-pumped solid state laser that is line-
arly polarized with the polarization ratio greater than 100: 1 in
the z-direction, as designated by the blue double arrow and
labelled as Ej,. in Fig. 1A. The light entering through the
objective lens of the confocal microscope illuminates the ZnO
NR sample from above (x-direction). The scattered light is then

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7nr02672b

Published on 06 June 2017. Downloaded by University of California- San Diego on 12/06/2017 22:14:28.

Nanoscale

analyzer

) 0

mirro% ¢ B

to spectrograph

scrambler

notch
filter

linearly polarized pinhole mirror
laser objective

lens

@)
,1001] f ﬁ E'“
7 —
y [120] é% R
NRIIEne

(a) NR Il E;,. Vertical NR orientation
(b) NR LE,. Horizontal NR orientation

100
<100

Laboratory
coordination

(B) ZnO NR

(C) ZnO MP

basal facet

prismic facet

Fig. 1 (A) A schematic illustration displaying the overall measurement
setup for Raman scattering of individual ZnO NRs with well-defined
orientations on a Si wafer. The orientation of the c-axis of the wurtzite
ZnO NR crystal is controlled vertical (or horizontal), producing a
measurement condition which the long axis of the NR is parallel (or per-
pendicular) to the laser polarization. When needed, a scrambler or an
analyzer is placed in the beam path to yield either conditions for un-
polarized illumination or cross polarized detection, respectively. The
laboratory coordinate displays the crystalline facet directions of a
vertically placed ZnO NR with respect to the x, y, and z axes. (B) SEM
images of a representative ZnO NR used in our Raman measurements
showing the crystal's hexagonal end and rectangular side (main body)
facets. (C) Typical SEM images of ZnO MPs used in control experiments.

collected in a backscattering configuration where it passes
through to the spectrograph. For the experiments conducted
under an unpolarized setting, a /4 plate (designated as scram-
bler in Fig. 1A) can be inserted between the illumination
source and the pinhole. Likewise, for experiments requiring
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control over the polarization state of the scattered light, an
analyzer can be placed prior to the spectrograph. In lieu of
altering the polarization of the laser in these experiments, we
measured two sample conformations the ZnO NRs, vertical
and horizontal. This detection configuration ensures that no
potential variations in the polarization-dependent optical con-
stants associated with different optical components in the
setup will affect the measurement outcomes. Vertical NRs
correspond to NRs oriented with their long axis (c-axis) parallel
to the direction of polarization (NR||E;,.), whereas horizontal
NRs have their long axis oriented perpendicular to the incident
polarization (NR.LE;,.). The three-axis diagram shown next to
the sample plane in Fig. 1A displays the crystalline facet direc-
tions of a vertically placed ZnO NR with respect to the labora-
tory coordinates of x, y, and z. NR position-specific Raman
scattering signals can be obtained by focusing the laser beam
of approximately 1 pm in diameter on different NR locations.
For NR spectra presented with no specific indication of the
laser beam position on the NRs, the illumination was centered
on the middle part of the NRs, as the schematic depicts in
Fig. 1A.

Fig. 1B shows representative SEM images of wurzite-type
ZnO NRs used in this experiment. The exterior surfaces of
wurzite ZnO NRs show two main crystalline facets; the basal
facet (the hexagonal planes found at the two NR ends) and the
prismic facet (the rectangular planes found along the NR main
body). The SEM images also show that the NR crystalline
facets are catalyst particle-free after undergoing the steps to re-
disperse ZnO NRs onto a clean Si substrate after their syn-
thesis. The NRs examined in this study exhibit aspect ratios in
width :length of 1:15-1:75, typically ranging from a few
hundred nanometers in width and several to ten of
micrometers in length. In contrast, the images in Fig. 1C are
typical SEM images of the ZnO MPs which were used as a
control to study the effect of the nanomaterial’s shape an-
isotropy on Raman scattering. The hexagonal (basal) and rec-
tangular (prismic) facets are also clearly seen in the SEM
images of the ZnO MPs, typically exhibiting an aspect ratio of
~1:1.

Wurtzite ZnO, belonging to the space group of C’,, has the
optical modes of Iy = Ay + 2By + E; + 2E, at the I point of the
Brillouin zone according to group theory.>>?°3% A, and E, are
Raman active whose polar modes split into different frequen-
cies for the transverse-optical (TO) and longitudinal-optical
(LO) modes. The nonpolar E, mode is also Raman-active and
its symmetry allows two frequencies of high and low E,, ie.
E,n and E,p, respectively. The E,;; mode is associated with
oxygen atoms whereas E,y, is related to Zn atoms. B, is Raman-
silent.

Fig. 2A shows a typical Raman spectrum taken from single
ZnO NRs in the scan range of 75-500 cm™ . The five peaks of
interests (labelled i-v) appear at 98, 331, 378, 413, and
437 em™" for the NRs and they correspond to the E,r, Expor,
A;1, Ei1, and E,i mode, respectively. The Raman spectra taken
from dense ZnO NRs as-synthesized on the Si growth wafer are
provided in ESI, Fig. S1(A).T Unlike all five modes resolved in
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Fig. 2 Raman spectra were collected from ZnO NRs using a linearly
polarized laser. All scattered signals from the NRs were collected
regardless of their polarization states. (A) A typical Raman spectrum
taken from a ZnO NR is shown in the fingerprint wavenumber region of
75-500 cm™. The peaks of focus in this study correspond to the (i) Eo.
mode at 98 cm™, (ii) E;u—Ex mode at 331 cm™, (iii) A;r mode at
378 cm™L, (iv) E;r mode at 413 cm™, and (v) Eoy mode at 437 cm™. (B)
Polarization-dependent Raman scattering behaviors of ZnO NRs were
examined from a large number of individual ZnO NRs while sampling
random positions on the NRs. Averaged intensities at the five peaks were
normalized with respect to the highest intensity mode and subsequently
graphed for the two different NR orientations, parallel and perpendicular
to the incident polarization. When ZnO NRs were in parallel direction to
the laser polarization, the prominent Raman intensities collected were
the E;y—Ez. and A;r modes. The E;_ and E,y peaks were largely sup-
pressed. On the contrary, ZnO NRs oriented perpendicular to the laser
polarization yielded extremely strong Raman intensities from the E; and
E>y modes relative to the other modes. The E;+ mode was weak under
both orientations.

the Raman spectra of individual NRs in Fig. 2(A), the Raman
spectrum of as-synthesized NR samples showed E,p, Ey o1,
E;r, and E,y peaks but not A;r, similar to the previously
reported cases of ZnO thin films.>**° According to Raman
selection rules, the five peaks of individual ZnO NRs will tend
to emerge or disappear depending on the orientation of the
NR with respect to the polarization of the incident light (Ei,.)
and that of the scattered light (Eg..). We first focus on
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measurement conditions in the absence of the analyzer and
reserve our discussion for cross-polarized conditions for later
in this paper.

Fig. 2B shows the scattering intensity of each of the 5 peaks
discussed above for both the NR||E;,. and NRLE;,. cases aver-
aged from 30 ZnO NRs. Raman scattering profiles from arbi-
trary positions on the NRs were examined in this analysis,
sampling 30 spots and 67 spots from the NR||E;,. and the
NRLE;,. configuration, respectively. The apparent differences
in the dominant Raman modes for the two cases are clearly
seen when comparing the average Raman intensities taken
from the five peaks. For the NR||E;,. orientation, the relative
intensity ratios of the five peaks are 0.3:1:0.85:0.06:0.14
(Ezr: Eayor : Agp: Eqp: Ezy). Therefore, for the vertically posi-
tioned ZnO NRs, the E,y »;, and A;r peaks are the predomi-
nant features and the remaining peaks are much weaker in
intensity. For the NRLE;,. orientation, the relative Raman
intensities  between  the five peaks change to
1:0.1:0.05:0.17:0.85 (Epp : Expror : Agr: Egrt Eopy). Hence, the
predominant features for the horizontal ZnO NRs are the E,;,
and E,y peaks, while the remaining three peaks are weak. The
relative intensity contribution from the E;r mode is small in
both cases.

Under the measurement condition involving polarization
control over the incident light only (i.e. with no analyzer) in a
backscattering geometry, the Raman selection rules suggest
particular sets of Raman processes for the five peaks under
investigation.?**"*® They are detailed in Table 1 for the verti-
cally and horizontally oriented ZnO NRs when all polarization
states of the scattered light are collected.

We subsequently compared the Raman intensities of the
allowed modes for each light-matter interaction geometry. The
A;r peak at 378 em™", allowed both for NR||Ej,. and NRLE;,.
according to Table 1, was present for both vertical and hori-
zontal cases in Fig. 2B where its intensity was strong (extremely
weak) for vertical (horizontal) ZnO NRs. The signals corres-
ponding to the E,; (98 cm™) and E,y (437 cm™") modes,
allowed only for NRLE;,. in Table 1, appeared weak for the ver-
tical ZnO NRs in Fig. 2B, whereas they were the dominant
intensity peaks for the horizontal NRs. Therefore, upon analyz-
ing Raman data taken from arbitrarily chosen NR positions
averaged over many ZnO NRs, our experimental observations

Table 1 Raman modes allowed for the vertically and horizontally
placed ZnO NRs under the backscattering configuration with the polar-
ization control of the incident light

Observation geometry

NR orientation Frequency  Process using the porto notation
Vertical NRs 378 cm ™! Air x(z2)x

413 cm™ Eir x(zy)x

331cm™t En-Ex  x(z2)x
Horizontal NRs 378 cm"i Asr x(yy)x

413 cm’1 Eqr x(yz)x

437 le_ Eon x(yy)x

98 em”™ EyL x(yy)x

This journal is © The Royal Society of Chemistry 2017
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agree well with the Raman selection rules for the predicted
allowed modes and concur with the previously reported trend
of dominant A; with weak E, signals under NR||E;,. as sup-
posed to the very strong E, with minor A; intensities under
NRLE;,.. Between the two light-matter interaction geometry,
the Raman intensity ratio of A;r between the cases of NR||Eipc
and NR.LE;,. is ~1: 3. The intensities of the E,; and E,;; peaks
between NR|E;,. and NRLE;,. are ~21:1 and 36:1, respect-
ively. The large difference and, hence, the high sensitivity to
the incoming polarization shown for the E, symmetry relative
to A, is likely because E, is allowed only for NRLE;,, unlike A,
permitted for the parallel and perpendicular geometries. In
addition, we clearly observe the E,;-E,; peak at 331 cm™*
which is associated with a 2"¢ order multiphonon scattering.
The much more pronounced E,y-E,;, signal for the vertical
than horizontal NRs is also in agreement with previously
reported results.>®

In order to understand the exact consequence of light inter-
action as a function of light polarization state and position
along the NR, the data summarized in Fig. 3 display the inci-
dent polarization-specific Raman scattering outcomes
measured from the middle position of a single ZnO NR. Fig. 3
(A) and (B) show the effect of using linearly polarized versus
unpolarized light as an illumination source when probing the
same ZnO NR oriented either vertically or horizontally. The
polarized scattering results from the NR|Ei,. and NRLE;j,.
cases are then combinedly shown in Fig. 3A for comparison.
Similar to what was observed in the NR- and position-averaged
spectra in Fig. 2B, the single NR yielded the same predomi-
nant E,y and E,; peaks under NRLE;,. while the A;r and
Epmor peaks were the strongest in the NR|Ej,. orientation.
The relative intensity ratios of the E,p:Ejp or:Air:Eir: Exy
peaks under NR|Ej,. and NRLE;,. were also similar to the
values discussed for Fig. 2.

The effect of unpolarized incident light on the Raman
spectra of the same ZnO NR in Fig. 3A is displayed in Fig. 3B.
The scattering intensity differences of the five peaks between
the NR|E;,. and NRLE;,. cases have significantly reduced
under the unpolarized illumination relative to the linearly
polarized case. The E,;, and E,y peaks appeared strong even
for the vertical orientation under unpolarized light, which was
not the case under the polarized light. This indicates that the
relative contributions from the minor modes in the vertical
versus horizontal orientations (E,;, and E,y versus E,y—E,;, and
A1, respectively) have increased greatly under the unpolarized
illumination. At the same time, the signal contributions from
E,1, which produced relatively minor peaks in both orien-
tations under the linearly polarized light, have also risen con-
siderably under no polarization.

The reported NR Raman behaviors in this paper are not
related to potential heating or mechanical damage at the NR
ends induced by the focused laser. The laser output power of
25 mW used in our experiments is comparable to the typical
Raman measurement conditions, often involving a power
setting up to 500 mW. Also, in subwavelength waveguiding, UV
lasing, and UV photoluminescence studies, ZnO NRs are

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Raman scattering behaviors of single ZnO NRs were systemati-
cally investigated by examining the effect of polarized versus unpolar-
ized light on the scattering profiles of the same ZnO NR while varying its
orientation. The incident beam was centered in the middle of the NR
and all scattering signals were collected regardless of the polarization
state of the scattered light. Normalized Raman intensities with respect
to the highest intensity peak are then plotted for the five phonon
modes. (A) The bar graphs show the principal modes as well as the rela-
tive intensity ratios between the five peaks for both the NR||E;,c versus
NRLE;,c orientations. For each NR orientation, polarization-dependent
Raman spectra resulted in consistent trends in the intensity ratios
between the five modes as discussed in Fig. 2. (B) When unpolarized
light was used instead for illumination on the same NR placed either ver-
tically or horizontally, the dominant peaks remained the same as E, and
E,n, regardless of the NR placement.

known to be stable even after prolonged exposure to a short
pulsed, high power laser that can reach a peak power well
above 10° W.>%1%17

Subsequently, Raman intensity maps of single ZnO NRs
were collected by rastering the incident beam over the same
NRs placed in both the NR||E;,. and NRLE;,. orientations.
Fig. 4 summarizes the rastering Raman results of the same
ZnO NR discussed in Fig. 3. The spatially resolved, Raman
heat maps consist of all scattered signals regardless of their
polarization states. Raman maps for each of the five phonon
modes of the ZnO NR were then generated. The 3D contour
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Fig. 4 Raman intensity maps of the five ZnO phonon modes are displayed combinedly for the different light—matter interaction geometries. The
data show strongly NR position-dependent Raman scattering profiles for the minor modes per given orientation, whereas the major modes for each
orientation display continuous and persistent Raman intensities distributed all along the entire NR length. (A and B) 3D contour profiles of the
Raman intensities were mapped for the five peaks under (A) NR||Ei,c and (B) NRLE;,.. The NR end-related scattering behaviors of the minor modes
can be seen from the E,_and E,y slices in (A) and from the E;y—E; and Ayt slices in (B). (C and D) For clarity, the 2D surface maps for the same ZnO
phonon modes taken under the two light—matter interaction geometries are displayed side by side. The Raman maps for the E;_ and E,y modes in
(C) clearly display discrete (continuous) scattering intensities at the two ends (all along the NR) when the NR is oriented parallel (perpendicular) to
the laser polarization. The opposite trend is observed in (D) for the E,y—E» mode. The NR ends tend to produce higher scattering than other posi-

tions on the NR for E;y—E; under NRLEj,., whereas NR||Ej,c leads to continuous Raman signals along all positions on the NR.

plots in Fig. 4A and B show the resulting intensities for the
ZnO NR oriented parallel and perpendicular to the incident
polarization, respectively. The 3D slices are displayed in color
gradients ranging from red (high intensity) to blue (low). Each
slice in the series of Raman maps presented in Fig. 4A and B
represents the scattering signals associated with the E,p,
Esno1, Airy E1my and E,py mode as indicated next to each map.
When inspecting the slices corresponding to the major modes
of Eynpr, and A;r in Fig. 4A, their scattering intensities were
present continuously along the entirety of the NR. This trend
can be seen by the green and sky blue region in the E,y 5, and
A7 slice, respectively, spanning the whole length of the NR. A
similar effect is seen in Fig. 4B for the same NR in the horizon-
tal orientation for its major modes. Raman signals from the
E,n and E,; were continuously observed along the entire
length of the NR, as displayed in the topmost and bottommost
slices in Fig. 4B.

In ensuing examination of the minor modes for each orien-
tation, their scattering intensities were largely absent from the

Nanoscale

NR main body but appeared as highly enhanced and spatially
localized signals at the two ends of the NR. For the NR||Ej;.
geometry in Fig. 4A, the signals from the E,;; and E,;, modes
were suppressed along the NR main body as expected. Yet, the
Raman maps for these two minor modes clearly resolve the
highly intense scattering at the two NR ends. This phenom-
enon can be further evidenced by the NR position-specific
Raman scattering data presented additionally in ESI, Fig. S1
(B).t The two spectra obtained from a vertically oriented ZnO
NR (NR||Ej,¢) clearly show that, in addition to the dominant
modes of E,y; o, and A, peaks in both the NR end and middle
spectra, the forbidden modes of E,; and E,y peaks were
detected in the NR end spectrum. In contrast, the Raman spec-
trum of the NR middle position of the same ZnO NR did not
show any scattering from these forbidden modes. Similarly,
this unusual NR end behavior was also observed from the
NR.LE;,. orientation. In this case, the modes of E,y_,; and E;p
with negligible scattering along the NR main body yielded
noticeably high scattering intensities at the NR ends.

This journal is © The Royal Society of Chemistry 2017
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This intriguing Raman scattering phenomenon at NR ends
can be seen more clearly in the 2D intensity profiles in Fig. 4C
and D. In these heat maps, the 2D projected views of the
mapped Raman data for the E,y, Eyr, and E,y_p;, modes are
presented side by side, comparing the different scattering
behaviors from the same mode under the NR|Ei,. versus
NRLE;,. orientations. For the same phonon mode, the con-
tinuous scattering profile along the NR, when the modes are
allowed, switches to intense, NR end-confined scattering
profile when the light interaction geometry changes such that
these modes become forbidden. Data in Fig. 4C and D show
the scattering profile of highly intense NR end and largely sup-
pressed main body from the E,; and E,; modes under
NR||Ej,e and from the E,y ,;, mode under NRLE;,.. The 2D
heat maps also show that, when the NR orientation with
respect to the incident light is such that the given mode
becomes a dominant transition, the corresponding Raman
signal is continuously present along the length of the NR. This
corresponds to the NRLE;,. geometry for E,y and E,;, and to
the NR||Ei,. geometry for E,y ,;. In brief, our observations
indicate the NR end-exclusive Raman scattering effect occurs
for the minor modes per given light-matter interaction geome-
try. Major phonon modes exhibit NR position-independent
scattering whose signal presence followed the predictions
from the Raman selection rules. In contrast, minor modes
produce the unexpected, NR end-related, Raman scattering
characteristics. Possible origins of the NR end-related abnorm-
alities will be discussed later, following the measurement out-
comes of cross polarizer configurations.

We continued to investigate the Raman scattering behavior
of individual ZnO NRs by additionally controlling the polariz-
ation state of the scattered signal (Es.,) and subsequently
examining agreements and deviations from the Raman selec-
tion rules. We accomplished this by placing an analyzer prior
to the detector and altering its angle from 0 to 90 degrees (°),
while probing the middle position of the ZnO NRs. As the ana-
lyzer angle is changed from 0° and 90°, the cross polarization
setting changes from E;,¢||Esca tO EincLEgea. These cross-polar-
ized Raman scattering data were systematically collected for
the NR orientation of NR||E;,. as well as for NRLE;,. and
changes in Raman intensities associated with the dominant
phonon modes per light interaction setting were inspected. In
addition, E;y was included in the evaluation since the Raman
selection rules suggest E;r as the only allowed mode when the
polarization state of Eg., is perpendicular to that of Ej.
Fig. 5A displays the different tendencies observed for the polar-
ization states of the scattered signals corresponding to the two
dominant (A;p and E,y ;) and E;r modes measured under
NR||Einc. In both the scatter plot and the bar graph for E;r in
Fig. 5A, it can be seen that E; exhibits a very steep rise in
intensity when the analyzer rotation becomes close to
EinclEsa. The Raman intensities belonging to the A;r and
E,po1 peaks either decrease or only show a slight increase for
EinclEgca- Fig. 5B displays the scattering intensity of the two
dominant (E,y and E,;) as well as the E;r modes under
NRLE;,. for the same NR. Similar to the NR||E;,. case, the E;y
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intensity showed a considerable increase as the analyzer angle
changed to the E;,.lEs, condition whereas the intensities
from the E,; and E,;, modes decreased as the analyzer rotation
was changed towards EincLEgca.

According to the selection rules in Table 1, the allowed
Raman mode for wurzite ZnO NRs probed in the x(zy)x or x(yz)
X configuration is the E;+ mode, and under these configur-
ations, other modes become forbidden. Hence, our obser-
vation of higher E;r intensities with increasing analyzer
rotation towards Ei,.LEg., is consistent with what is predicted
for NR||Ein. and NRLE;,.. Yet, forbidden modes such as the A;
and E, modes were also observed with weak intensities. The
nonvanishing peaks of forbidden modes in the ZnO NR
spectra may be attributed to potential deviations in the NR
placement with respect to the light polarization. In ZnO, the
transverse optical (TO)-longitudinal optical (LO) splitting is
much larger (hundreds of cm™") than the A,~E, splitting (tens
of em™"). Mixing of A; and E; modes can occur if the phonon
propagation direction is not perfectly in parallel or perpen-
dicular to the crystal axis.*! Therefore, slight errors in the ZnO
NR alignment with respect to the polarization direction may
be enough to produce this intermediate phonon propagation
situation, resulting in the weak presence of the forbidden
modes.

However, this does not explain the unique findings pertain-
ing to the NR end-confined abnormalities detailed earlier. The
unusual phenomena summarized in Fig. 4 differ from what
were reported in previous works for explaining the non-vanish-
ing forbidden modes.**! In those studies, the weak to moder-
ate signals of forbidden Raman bands were generally attribu-
ted to the defects such as O or Zn vacancy in the ZnO crystal-
line lattice as well as to the physical disorder in ZnO.
Examples of the latter include non-uniform crystal growth
along the c-axis and small grains found on the surface of ZnO
nanostructures. ZnO nanostructures in these previous studies
were synthesized via hydrothermal methods and the presence
of chemical and physical defects were confirmed by photo-
luminescence and electron microscopy.*®*" However, ZnO NRs
in this work were synthesized via a gas phase approach which
has shown to yield highly crystalline and atomic defect-free NR
crystals.”>** The X-ray diffraction data and additional lumine-
scence data of the ZnO NRs used in this study are provided in
ESI, Fig. S2.7 The data clearly demonstrate that the ZnO NRs
are optical quality materials whose luminescence image and
spectra, taken by using both the below- and above-bandgap
excitation, showed no visible emissions characteristic of
atomic defects. Only an intense UV photoluminescence peak
associated with the ZnO bandgap appeared at 388 nm when
the NRs were excited with 337 nm light.

Therefore, the same explanation for non-vanishing forbid-
den modes described in previous works do not apply to the
polarization- and position-dependent Raman outcomes of ZnO
NRs discussed here. In addition, we reveal that only forbidden
modes produce the high scattering signals localized at the two
NR ends. Their signals on the NR main body, on the contrary,
follows the general behavior of the forbidden modes as

Nanoscale


http://dx.doi.org/10.1039/c7nr02672b

Published on 06 June 2017. Downloaded by University of California- San Diego on 12/06/2017 22:14:28.

Paper

(A) NR Il Eine

o E2H-2L
41 AT .
~ 1L E1r
3 ]
=
Z
= -
Z |
o °
-
= 4
el -
g ] .
g
4 ®
SR IR B
L]
= L]
N | T T T T T T 1
0 30 60 90
Analyzer Angle (deg)
(B) NRLE;.
] e E2L
A ® E1T
e 8 W ° E2H
=
<
Pl - L] L] =
b = o
= -
5
£ < .
-
g .
- . °
E L] [
m -—1 e [ ] ° ° [ ] °
2
_- Ld (]
A T T d T T T 1
0 920

View Article Online

Nanoscale

E1r

PR TR S ST T |

Raman Intensity (a.u.)

0 30 60 90
Analyzer Angle (deg) /
Elnc" Esca Elm:J' Esca
1 Ear
[l
E
f<
£
2
=
s
<
£
~
&~
30 60 90
Analyzer Angle (deg) /‘
Eincl Egca EinctEsca

Fig. 5 The Raman scattering behaviors of the E;+ mode as well as the major modes for given light—matter interaction geometry were examined
from the same ZnO NR while varying the analyzer rotation under the vertical and horizontal NR orientations. The linearly polarized laser was cen-
tered at the middle of the NR and the scattered Raman signals were probed in a cross polarized setting for different polarization states, ranging from
0° (Einc||Esca) to 90 deg (EincLEsca). (A) Under NR||Einc, the E;r intensities became highly pronounced relative to the major peaks of E,p—E; and At as
the cross polarization condition was changed towards E;,.LEsc,. (B) The intensity of the E;+ mode also increased for the NRLE;,. case when the
EincLEsca setting was reached. The signals from the major peaks of E,_and E,y tended to decrease as E;,. became perpendicular to Egc,.

reported previously. Hence, our finding signifies that the
Raman scattering behaviors from individual ZnO NRs become
highly position-dependent when the forbidden modes of ZnO
are evaluated, and should be interpreted accordingly as a func-
tion of the position along the NR.

From the electromagnetic enhancement point of view, a
greater E;,. field can be assumed at the NR termini relative to
the main body similar to the lightning rod effect seen in
surface enhanced or tip enhanced Raman scattering.** ™
More recently, similar Raman enhancement effects were
reported for other systems beyond the commonly known,
noble metals of Au and Ag. Metal oxide nanomaterials such as
iron oxide and vanadium oxide were exploited in nonplasmon-
based, Raman enhancement.*”"*® These studies also indicated
that the metal oxide-based enhanced Raman scattering can be

Nanoscale

applicable to a variety of systems such as TiO,, WO;, and
Zn0."”*® Hence, higher Raman scattering observed at the ZnO
NR ends in this study could be considered to arise potentially
from this enhanced E;,. field. Yet, this consideration cannot
still account for the fact that not all Raman modes were
equally affected under the same E;;,. condition. In fact, a much
more significant increase in Raman intensities were detected
at the NR ends for the minor modes, but no distinct increase
in scattering intensities were noted for the major phonon
modes. And this trend persisted regardless of the light-matter
interaction geometry. These results indicate that the origin of
the unusual Raman behaviors associated with individual ZnO
NRs lie elsewhere.

Although not specifically pertaining to Raman transitions,
we have previously observed unusual optical phenomena simi-

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7nr02672b

Published on 06 June 2017. Downloaded by University of California- San Diego on 12/06/2017 22:14:28.

Nanoscale

larly occurring at the end positions of individual ZnO NRs. For
example, the elastic scattering behaviors of single ZnO NRs
under certain light-matter interaction geometry led to intense
signals only at the two NR ends.””">* In another instance,
fluorescence signals emitted from biomolecules such as pro-
teins and DNA exhibited much greater intensities at the two
ends of ZnO NRs relative to those from the NR main
body."'®2% Factors such as shape anisotropy, crystalline
quality, and light-matter interaction orientation were crucial
in controlling the NR position-dependent elastic scattering
signals in the former case. For the latter, factors such as
fluorophore spectroscopic characteristic, NR dimension, and
shape anisotropy were important in enhancing the degree of
fluorescence intensification at the NR ends whose process was
based on the NR’s subwavelength guiding and surface evanes-
cent wave propagation of visible light. Specifically, the high
shape anisotropy inherent to ZnO NRs played an important
role in both circumstances."”*>'%?%%% We hypothesize that,
similarly for Raman, the high shape anisotropy of 1D ZnO
nanomaterials may cause the NR position-dependent abnorm-
alities in Raman scattering.

(A) Random orientations, many MPs

Linearly Polarized Excitation

Raman Intensity (a.u.)

prismic basal

(C) Prismic plane exposing MP

EaL Ez2n
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To further evaluate this potential influence of the high
shape anisotropy of the ZnO NRs, we performed control
Raman measurements on isotropic ZnO MPs, exhibiting an
average aspect ratio of approximately 1:1 (width:length).
Fig. 6 shows the summary of the Raman data obtained from
these control experiments. Upon synthesis, ZnO MPs are
found to expose two different crystalline planes as shown in
Fig. 1(C), the hexagonal basal plane and the rectangular
prismic plane facing up. 40 and 24 ZnO MPs of random orien-
tations, exposing their basal and prismic planes, respectively,
were examined in the control experiments. We observed the
same Raman intensity trend from the five peaks consistently
on all ZnO MPs examined, showing the E,y; and E,;, modes as
the predominant transitions regardless of the crystal planes,
as shown in Fig. 6A. We then acquired position-resolved
Raman spectra on the ZnO MPs. Fig. 6B shows subsequent
Raman data taken from both the middle and edge areas of a
single ZnO MP exposing its basal plane. From the intensity
comparison between the five Raman modes, it is evident that
there is no discernable difference in signals measured in the
middle versus at the edge of the MP, both showing E,y and E;,

(B) Single MP with Basal Plane Facing Up

Linearly Polarized Excitation

Raman Intensity (a.u.)

End Middle

(D) Basal plane exposing MP

EaL Ez2n

Fig. 6 Raman data collected from isotropic ZnO MPs are summarized. (A) The five phonon modes were compared for their intensities measured on
the prismic versus basal facets of ZnO MPs using a linearly polarized incident light and no analyzer. Regardless of the crystalline facets and their
orientations with respect to the incident polarization, the E;; and E, modes exhibited dominant intensities. (B) The same trend in the Raman mode
intensities were observed regardless of the different positions on each facet examined. In all cases, the strongest signals were produced by the E;_
and Ezy modes. (C and D) Raman intensity maps of the two dominant of E,_ and E,y modes are displayed for a ZnO MP presenting a prismic facet in
(C) and a basal facet in (D). In both panels, Raman signals were stronger at the center and weaker at the edge due to better overlap of the incident
beam with the MP at the center which decreases as it moves towards the edge of the MP.
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peaks as the dominant ones. In addition, Raman intensities
from individual ZnO MPs were mapped by rastering the beam
across the MPs. Fig. 6C and D display representative raster
results for the dominant, E,y and E,;, Raman modes after
mapping individual ZnO MPs exposing the prismic and basal
plane, respectively. In both cases, Raman signals for the E,y
and E,;, modes were strongest in the middle of the MPs and
their intensities decreased near the MP edges. The stronger
intensity of the Raman signals at the center of the MPs is due
to this position maximal overlap of the incident beam with the
MP mass. As the incident beam was placed closer to the edges,
Raman intensity gradually decreased since the effective illumi-
nation area on the ZnO MPs relative to the Si substrate
reduced at the particle boundaries. Regardless, the mapped
Raman data in Fig. 6C and D reveal that the position-depen-
dent scattering effect tends to decrease as the ZnO becomes
isotropic in shape. The scattering profiles from the isotropic
MPs in Fig. 6 are contrary to the Raman scattering character-
istics identified from the highly anisotropic ZnO NRs. As dis-
cussed earlier for the NRs, Raman signals were generally
higher at the NR ends than the NR middle (i.e. main body). In
particular, even forbidden modes could yield very intense,
spatially confined scattering signals at the NR ends.

The ZnO NR and MP results combinedly demonstrate that
the high shape anisotropy of the 1D nanomaterials plays a
critical role in the unique, NR position-sensitive, Raman scat-
tering characteristics of single ZnO NRs. The key significance
of our study is that ZnO NR-position specific scattering beha-
viors were thoroughly examined for all five fingerprint Raman
modes, which subsequently resulted in the identification of
unique NR end behaviors depending on the light-matter inter-
action geometry. By validating with a large number of NRs,
various NR positions, and five different phonon modes, our
results systematically show that Raman behaviors of the NR
ends are indeed drastically different than those of the NR
main body. Hence, it is not always suitable to assume that the
scattering intensities of allowed or forbidden modes are uni-
formly and equally present on all positions of highly isotropic
nanomaterials such as ZnO NRs and, hence, any generaliz-
ation of the Raman behaviors from NR position-averaged data
should be done in caution. Our findings in this study may
promote novel applications of polarized Raman scattering
whose optical outputs can be selectively modulated along the
various positions on individual ZnO NRs. The position-
resolved understanding of the polarized Raman responses
from individual ZnO NRs provided in this work may also facili-
tate the accurate correlation of Raman scattering data with the
NR properties pertinent to their optical and optoelectronic
applications.

Conclusion

We have elucidated polarization-controlled Raman scattering
behaviors of wurtzite ZnO NRs and MPs by explicitly determin-
ing their spatially distinct scattering profiles from individual
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nanomaterials. We have examined the five fingerprint Raman
modes of ZnO NRs (E,r, Exyor, Ay, Eqp, Eoy) and identified
polarization-specific, major and minor modes. We have sub-
sequently ascertained polarization-specific behaviors of each
phonon mode as a function of the position on the NR, consist-
ent and incongruous with the Raman selection rules. In par-
ticular, we have reported a unique position-sensitive Raman
scattering effect observed only from the NR ends which is
related to the highly intense, NR end-localized scattering
signals exhibited by the minor modes for given light-matter
interaction geometry. By systematically comparing scattering
features of individual ZnO NRs to the profiles of individual
MPs, we have shown that the polarization- and position-depen-
dent Raman characteristics of ZnO NRs are absent in Raman
profiles from the isotropic MPs. Consequently, we confirmed
that the very strong, NR end-localized Raman scattering from
the minor modes in ZnO NRs originates from the large shape
anisotropy inherent to the NRs.
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