This article was downloaded by:

On: 15 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Experimental Nanoscience
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t716100757

Raman and photoluminescence spectroscopy investigations of ZnO

nanostructures

Bin Chen?; Hou Tee Ng* Chonglin Chen®

@ SETI Institute, Moffett Field, CA 94035 ® Department of Physics and Astronomy, University of Texas,
San Antonio, TX 78249

Online publication date: 02 December 2010

To cite this Article Chen, Bin , Ng, Hou Tee and Chen, Chonglin(2007) 'Raman and photoluminescence spectroscopy
investigations of ZnO nanostructures', Journal of Experimental Nanoscience, 2: 1, 57 — 62

To link to this Article: DOI: 10.1080/17458080601013512
URL: http://dx.doi.org/10.1080/17458080601013512

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t716100757
http://dx.doi.org/10.1080/17458080601013512
http://www.informaworld.com/terms-and-conditions-of-access.pdf

11:19 15 January 2011

Downl oaded At:

Journal of Experimental Nanoscience, Taylor & Francis
Vol. 2, Nos. 1-2, March—June 2007, 57-62 Taylor & Francis Group
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We discuss Raman and photoluminescence (PL) studies of ZnO in solid, thin film and nanowire
samples. Resonant laser excitations ranging from near-infrared to ultraviolet are used in order
to observe and analyse ZnO nanostructures. The changes of optical emission and electronic
bandgap response to the vibration modes are studied simultaneously by PL and Raman
spectroscopy. Both Raman and PL spectroscopy analyses of nanostructure, electronic
bandgaps and photo-emission demonstrate that nanostructure geometry, including its aspect
ratio, and phonon-electron interactions play important roles in polar semiconductor structures
such as ZnO.

Keywords: Photoluminescence spectroscopy; Raman spectroscopy; Thin films; Zinc oxide
nanostructures

1. Introduction

ZnO is a polar semiconductor which exhibits important optoelectronic property such as
its lasing ability in blue light [1]. Since near-bandgap emission from an exciton is
sensitive to ZnO nanostructures, when the boundary condition changes from the
crystalline 3-D bulk crystal structure to a quasi-one-dimensional nanowire structure,
the surface phonon changes optoelectronic properties. For example, the efficiency
of the field enhancement waveguide can be greatly improved with a high aspect ratio
and the surface plasmon resonance of the nanostructural materials. The periodicity of
the phonon wave is related to the polarity of the excitation field, as well as the dielectric
media in which the nanosize material is embedded. The latter has been recently reported
in GaP nanowire studies [2]. The effect of the aspect ratio in the nanostructure domain
is the third possible cause for the symmetry change [3]. By comparing cylindrical high
aspect nanowire columns with presumably spherical nanocystalline particles in solids
and thin film, theoretical investigations of GaP nanowires reveal distinct Raman shifts
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due to induced polarity change in the samples. In addition to dielectric property of
the fabrication media, the aspect ratio of nanowires, which is typically controlled by the
growth condition, can similarly change the optoelectronic properties in the
semiconducting materials.

We preformed systematic Raman spectroscopy studies to investigate the vibrational
symmetry characteristics of ZnO solids, thin films and nanowires. The correlation
between the nanostructure and the optical properties provides us with a controllable
approach to tailor the nanostructure growth conditions for different device applications
and architectures.

2. Experiment

ZnO solids were purchased from Aldrich without further purification. The ZnO thin
films were produced by two methods with Ar ion sputtering on to three sapphire planes
as substrates A, R and C, and on to a semiconducting Si wafer substrate with laser
ablation. The ZnO nanowire was synthesized with the chemical vapor deposition
(CVD) method, which was reported elsewhere [4]. All the samples were studied without
further preparation.

Raman and photoluminescence spectra were taken with a UV system 1000
spectrometer (Renishaw Product Inc.) in back scattering configurations. A He:Cd
laser is used for excitations at 325 nm and an argon ion laser for 488 nm. In the 325 nm
excitation, the laser power on the 2 um focused sample spot is 4-5mW. A UV coated
40x objective from Leica was used for the incident and scattering light. A 2400
linesmm ' grating was used to achieve the optimized resolution and throughput in the
Raman analysis. The spectral resolution is 8 cm '. The photoluminescence measurement
is done with an 1800 linesmm ' grating for collecting the emission spectra. Similarly,
488 nm laser excitation was also used for Raman measurement with slightly higher laser
power, up to 8mW on the 2 um sample spot. The spectral resolution was 4 or 6cm !
depending on whether the 2400 or 1800 linesmm™' grating was used. Spectra were
taken in at least three different spots to ensure the reproducibility for peak intensities.
The spectrometer was calibrated with atomic emission from a neon lamp, and checked
by the silicon lines before the spectrum is taken.

3. Results and discussions

The bulk ZnO has the wurtzite structure and belongs to the C¢, space group, the zone
centre optical phonons are A; +2FE, + E;. Figure 1 shows Raman spectra of ZnO solid,
thin film excited by a 488 nm Ar ion laser. Since the collection volume of the ultrathin
nanowire film on the sapphire substrate is very small, the 488 nm excitation is used as
pre-resonant UV excitation for enhanced signal-to-noise ratio. 325 nm laser excitation
does not yield deep enough penetration depth to generate sufficient scattering intensity.
We thus have not been able to obtain the thin film spectrum with 325 nm excitation.
ZnO solids (both powder and window targets) and thin films (in different sapphire
planes) exhibit the predominant Raman modes in the vibrations of transverse acoustic
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Figure 1. 488 nm excitations on the ZnO nanostructures in various forms.

(TA) modes below 500cm ', and broader and weaker longitudinal optical (LO) modes
in the frequency region between 500 and 1300cm '. However, the vibration symmetry
of the solid is distinctly different from the thin film ZnO sample. The relative intensity
ratio of TO modes in the frequency region 380—430cm ' (for an example, the TO mode
is at 439 cm ! in solids while it is at 430 cm ! in the thin film), is possibly due to a more
polarized nanostructure domain ensemble in the thin film.

The enhanced TA modes below 300cm ™' are also likely attributed to the
enhancement with 488 nm pre-resonant excitation. We also observed a distinct intensity
ratio of TA to LO modes in the solids and thin film, respectively. Since both solids and
thin film consist of polycrystalline domains, the confined dimension in thin films
appears to play a significant role in the overall polarity through the orientation of
lattice packing. The broadening in LO modes is likely due to the excess Zn particles in
the thin film which can reduce the ZnO bandgap [5]. These LO modes, on the other
hand, are much more significant in the thin film than in the solids. LO modes become
the dominant peaks in the nanowires Raman spectra under 325 nm resonant excitation
conditions, in which the multiple phonon modes are observed up to fourth order of the
LO frequency, with negligible TA frequency. This can be explained with the strong
electron—phonon interactions present in polar semiconductors, such as ZnO. LO modes
appear to be more dominant in both nanowire and thin film than that in solids.

Figure 2 shows the photoluminescence emissions of the ZnO solids, thin film and
nanowire respectively. The onset emission show the same thresholds in both cases;
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Figure 2. Photoluminescence of ZnO in the solid, thin film and nanowire forms.

however, the nanowire shows discrete emission levels near the band edge while the
solid and thin film samples have broad bound exciton emissions. This is indicative
of possible bound-state and free exciton confinement in the nanowires. It is possibly due
to stronger phonon and electron interactions in nanowires as it has not been observed in
thin film and amorphous solids. This leads to an explanation to the trapped exciton
level or as quantized exciton level due to the confinement in the cylindrical nanowire. It
is also evident that the bandgap in the nanowire is blue shifted, consistent with the
confinement exhibited by the nanometre size nanowires. The green emission in PL is
believed to be due to the O, deficiency.

The resonant excitation can be further illustrated with bulk ZnO spectroscopy
analyses depicted in the next two figures. Figure 3 shows ZnO powder vibration
symmetry responses towards different laser excitation energies. The pre-resonant
scattering at 488 nm excition is again confirmed. It is interesting to note that
intensities of first and second order LO modes at 580 and 1152cm ™' increase at
this energy, which is lower than the bulk bandgap by more than 0.3eV.

Figure 4 shows the ultraviolet Raman and photoluminescence spectra of solids
and nanowires excited with 244 nm and 325 nm wavelength, respectively. The 244 nm
excitation energy is much higher than the bandgap, while the 325nm excitation
is slightly below the bandgap. Therefore, photon fluxes from exciton emission near
the band edge are much higher with 244 nm excitation than with 325nm excitation.
It is observed that the fourth and third orders of the electron—phonon interaction
are even stronger than that under resonant excitation at 325nm. We observed
four major bands, centred at 577, 1152, 1734, and 2319 cm !, with bandwidths at 30, 46,
55, and 53cm !, respectively. This result is consistent with the resonant excitations
at 325nm since different phonon vibration modes display different degrees of
enhancement with the resonant excitations. This is depending on their contributions
to the electronic polarizability via the electron—phonon interactions [6].
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Figure 3. Raman spectra of ZnO powder excited with different laser wavelengths. The multiphonon ZnO
nanowire resonant spectra are used for comparison.
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Figure 4. UV Raman and photoluminescence spectra of ZnO nanowires excited at 244 nm (red) and 325 nm
(blue) respectively, showing the multiphonon vibration modes. The inset is the photoluminescence spectra.
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4. Conclusion

We conclude that, with these Raman and photoluminescence spectroscopy observa-
tions, the electronic and optical properties of nanostructure ZnO materials can be
significantly affected by the aspect ratio and the orientation of the domain ensemble.
We observed a near-band-edge PL frequency shift with structure changes from a ZnO
nanowire to its corresponding solid simultaneously. We are able to tune the ZnO
bandgap, or electronic and optical properties, through the nanostructure geometry and
polarity control, and through the density of states of surface phonons. Resonant
Raman spectroscopy is a very sensitive technique to study nanowire electronic
structures in relation to nanostructure analysis. The simultanecous Raman and
photoluminescence investigations have the advantage of correlating the nanostructure
with the electronic bandgap and the optical property changes of the semiconducting
materials.
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