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Raman scattering and photoluminescence of Fe-doped

ZnO nanocantilever arrays
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Single crystalline Fe-doped ZnO nanocantilever arrays have been synthesized by thermal evaporating
amorphous Zn-Fe-C-O composite powder. The characterizations of composition, structure and phonon
spectrum properties of the nanocantilevers have been performed. Arrays of uniform, perfectly aligned
and single-crystal nanowires have been observed by electron microscopy. The results of the X-ray
photo-electric spectra and the Raman spectrum provide the evidence that Fe is incorporated into the
ZnO lattice at Zn site. Abnormally, the room temperature UV emission band of Fe-doped ZnO nanocan-
tilevers disappears and the green one has a large red-shift, and the intensity of the green emission is
strongly quenched because the Fe** enters the ZnO crystal lattice.
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As a wide band gap (3.37 eV) semiconductor, ZnO is of
interest for low-voltage and short wavelength (green or
green/blue) electro-optical devices such as light emitting
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diodes and laser devices!' "> Up to date, quite a few

interesting nanostructure arrays of ZnO including
nanowires, nanonails and nanocombs have been synthe-
sized via a vapor-phase process. The arrays have be-
come an important issue for the more diverse range of
applications. However, fabricating arrays of nanostruc-
ture including nanocantilevers (NCs) and nanocombs is
a crucial step toward realization of functional nanosys-
tems, and still represents a significant challenge in the
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field of nanoscale sciences” 'l Recently, many papers

have reported fabrication of ZnO NC arrays or nano-
combs” ' For example, Yang’s research group*”
reported on room-temperature ultraviolet nanowire
nanolasers and dendritic nanowire ultraviolet laser array.
Wang and his co-workers'*”! synthesized ZnO nanocan-
tilever arrays. However, reports of Fe-doped ZnO NCs
and phonon spectrum properties have been limited
though our group has synthesized Cd-doped ZnO NCs”.
As far as we know, doping in semiconductor with selec-
tive elements offers an effective approach to adjust the
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electrical, optical and magnetic properties, which is cru-

cial for practical applications!"' *°!. Recently, our group

has reported on doping ZnO"'¢™ "1 GaN!"**" and CdS
nanowires[ls], as well as controlled their optical proper-
ties! "1 1921 Fe¥* as an excellent candidate impurity
for synthesizing diluted magnetic semiconductors, at-
tracts increasing attention in the physics, material and
chemistry fields. Due to its potential technological ap-
plications in emerging field of spin-based electronics,
many groups have studied the magnetic and optical

(227241 However, the

properties of Fe-doped ZnO films
manufacture and photoluminescence (PL) of Fe-doped
ZnO NC arrays have not been reported. In this work, we
synthesized Fe-doped ZnO NC arrays and studied their
phonon spectrum properties. The X-ray diffraction
(XRD) patterns and the Raman scattering spectrum of
the as-obtained samples reveal the contraction of the

lattice constants with Fe** entering ZnO crystal lattice.
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1 Experimental

Samples of Fe-doped ZnO NCs were synthesized via a
vapor-phase process using amorphous Zn-Fe-C-O com-
posite powder, obtained by a sol-gel method, as starting
materials. Zn(NO3),-6H,O and Fe(NOs);-9H,0 were
dissolved in deionized water (Fe/Zn=2%, mol), and then
appropriate amounts of citric acid, ethylene glycol were
added. This solution was stirred until it became trans-
parent, it was then allowed to form a sol at 353 K, and
polymerized to form a gel at 423 K. The solid resin was
pre-pyrolyzed at 673 K for 1 h in a crucible with a lid, in
order to decompose the organic materials, and to give
the amorphous precursor of Zn-Fe-C-O composite pow-
der. The resulting amorphous precursor was ground, and
then placed in a ceramic boat. Subsequently, the ceramic
boat was put into a horizontal tube furnace. Si substrates
were put on top of the ceramic boat to collect samples.
The Fe-doped ZnO NCs were finally synthesized under
N2 (99.99%) flow rate of 50 scem for 1 h at a tempera-
ture of about 1173 K. The products were studied and
analyzed by X-ray diffraction (XRD, X’pert MRD-
Philips diffractometer, Holland), scanning electron mi-
croscopy (SEM, JEOL JSM-5600LV, Japan), transmis-
sion electron microscopy (TEM, JEOL 2010, Japan),
X-ray photo-electric spectrum (XPS, Axis Ultra, U.K.),
Raman spectroscopy (Renishaw microscopic confocal
Raman spectrometer, RW-1000, U.K.), and room tem-
perature photoluminescence (RTPL, SPEX F212, USA).

2 Results and discussion

Figure 1(a) and (b) shows two typical SEM images of
the Fe-doped ZnO NCs. Unlike those NCs of previous

[3-5.8.9] : : .
, our nanowire arrays have uniform diame-

reports
ters and are evenly distributed on one side of the stem
with a periodicity of 50 nm. The typical diameters of the
teeth are in the range of 40— 50 nm and lengths up to 1
pum. As shown in Figure 1(a) and (b), each array usually
contains several tens of perfectly aligned and evenly
spaced nanowires with almost constant diameter and
spacing. Figure 1(c) shows a typical TEM image of the
as-synthesized Fe-doped ZnO samples. These hierarchi-
cally ordered nanowire arrays are monolithically single
crystalline as evidenced by selected area electron dif-
fraction pattern (SAED) (Figure 1(d)). The comb back-

bone grows along [2110], its top/bottom surfaces are

(0110), and these nanoteeth grow along [0001]. High-

resolution TEM (HRTEM) was applied to characterize
microstructures of a single NC (Figure 1(e)). In the
HRTEM image, perfect and continuous lattice fringes
reveal that Fe** jons were adulterated into the crystal
lattice of ZnO and formed a hexagonal single crystal
structure. Based on analysis of HRTEM, SAED, and
XRD, the lattice spacing (0002 for 0.26 nm) of the un-
doped ZnO NC is larger than that (0002 for 0.251 nm)
of Fe-doped ZnO NC, which is induced by doping Fe**
ion into the ZnO crystal lattice (the Fe ion (0.55 A) has
smaller ionic radii than Zn ion (0.74 A)).
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Figure 1 (a), (b) Representative SEM images of the ZnO NCs; (¢) TEM
image of Fe-doped ZnO NCs; (d) the corresponding electron diffraction

pattern, showing that the NC-stem direction is[2110], while the teeth
direction is [0001]; (¢) HRTEM image of the Fe-doped ZnO NC.

Figure 2(a) shows XRD patterns of the as-synthesized
Fe-doped ZnO NCs where the diffraction peaks can be
indexed to a hexagonal wurtzite structured ZnO. The
inset in Figure 2(a) presents two high-resolution XRD
spectra of Fe-doped (marked with gray) and un-doped
(marked with black) samples. The XRD peaks located at
34.4° and 34.52° (as shown in the inset) are for un-
doped and Fe-doped ZnO NCs, respectively. The shift of
XRD peaks of Fe-doped NCs is about 0.12°, indicating
that Zn cations have been successfully substituted with
smaller Fe cations (Fe'"), which is in good agreement
with the analysis of HRTEM.

We employed high-resolution XPS spectra for the
chemical composition analysis and electric structure
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analysis of Fe-doped ZnO NCs. XPS spectra were re-
corded using monochromatized Al Ko radiation (1486.8
eV) and Cls (E=284.8 eV) level served as the internal
standard (Figure 2(b)-4). In Figure 2(b)-1, two peaks of
Zn2p;3, and Zn2py, are exhibited at 1021.2 eV and
1044.4 eV, respectively. The main binding energy peak
of Ols (530.1 eV) is believed to be the lattice oxygen
whereas the high binding energy peak (531.7 eV) is the
absorbed oxygen (Figure 2(b)-2). As shown in Figure
2(b)-3, the binding energies of the Fe2p;, and Fe2p),
are about 704 eV and 717.3 eV, respectively. The two
peaks clearly separate, which indicates that all Fe is
typical of Fe’* in the oxidation state. The Fe content is
estimated to be about 3% (atom) from the analysis of
XPS spectra. The binding energy values of Zn2p and
Ols are well according with those of the bulk ZnO,

(a) - 002
= —
= =
002
+
— =
= | € WS
3 l 34.0 342 344 346 348 350
- [} o
=2 = = o
-
=
=
. N ) l ‘; AN
_bdl J l L‘_M
) L] )
30 40 50 60 70
26(°)
(b)
~ 2
e 2]
z .
=1 =
= =]
[=] 9
g 8
= =
= E
E 5
5 2
2 k|
1010 1020 1030 1040 1050 524 528 532 536 540
Binding energy (eV) Binding energy (eV)
= 3 Fe2p,, =4
% o Fe2p E Cls
g ]
g g
= =
7 ‘F
g g
695 700 705710 715 720 725 730 276 280 284 288 292 296 300

Binding energy (eV) Binding energy (eV)

Figure 2 (a) Full-range XRD pattern taken from the Fe-doped ZnO NCs
(gray line) and un-doped ZnO NCs (black line). The inset plots the (002)
peaks in a magnified scale, the (002) peak shift is around 0.12°. (b)
High-resolution (HR) XPS spectra of Fe-doped ZnO NCs. 1, Zn2p; 2, Ols;
3, Fe2p; 4, Cls.

which indicates that the valency of Zn is +2 in the Fe-
doped ZnO NCs.

The Raman scattering spectrum of Fe-doped ZnO
NCs is presented in Figure 3(a). For un-doped ZnO, the
330 cm ' and the 379 cm™' frequency are respectively
for the second-order vibration mode and A, (TO) mode.
The phonon frequency of E, (high) and E; (LO) modes
are 436 cm ' and 578 cm '. Compared with those of
un-doped ZnO, Fe-doped ZnO has the classical Raman
modes at 336, 384, 438, 538 cmﬁl, and an additional
mode at 634 cm . Up to now, there are many reports of
similar additional vibration modes in ZnO. Bundesmann
et al.”?! observed the vibration mode at 644 ¢cm ' in Fe-,
Sb-, Al-, Ga-, and Li-doped ZnO films and proposed
that this additional mode is related to intrinsic host-lat-
tice defects. In our experiment, the additional mode ap-
pears after doping, which may be due to Fe’" occupation
at Zn*" sites or defects in the NCs.
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Figure 3 (a) Raman scattering spectra of Fe-doped ZnO NCs using
He-Ne laser at 632.8 nm line; (b) two PL spectra of the as-produced un-
doping and doping ZnO NCs based on the Xe lamp (330 nm) as the exci-
tation light source.
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Based on the same wavelength scale, Figure 3(b)
shows room temperature photoluminescence (RTPL)
spectra of a bulk quantity un-doped and Fe-doped ZnO
samples. A broad green emission band centered (as in-
dicated with gray) at ~536 nm is from the Fe-doped ZnO
NCs. Compared with RTPL of un-doped samples (as
marked with black), the green emission band of the
Fe-doped ZnO NCs shows a large red-shift and its in-
tensity is strongly quenched with the Fe entering the
ZnO crystal lattice. The results are compatible with pre-
vious reports on Fe-doped ZnO nanocrystals and
Mn-doped ZnO thin films?*. In addition, for the red
shift, this is probably due to the increasing number of PL
centers of elemental iron'' .

Here, we believe the formation of the Fe-doped ZnO
NCs is controlled by a vapor-solid (VS) process. Ma et
al.”"! explained the growth processes of wurtzite CdSe
“forming nanoribbons first, teeth growing then”. We
suggest that the growth process can be divided into two
stages: firstly there form the NC-stems {forming nuclea-

tion and growing in [2110] direction}, and then the

NC-teeth are created (slower growth in [0001] direction
by a faceted epitaxial growth process)”’”. The detailed
growth process of Fe-doped ZnO NC is illustrated by
SEM images (Figure 4). As shown in Figure 4(a)—(f),
under Fe catalysis, the carbon atoms can directly reduce
composite oxides into Zn(Fe) and form vapors. Again,
these vapors can react with O, to form eutectoid of
ZnFeO nanoparticles, and then form like-wire or
like-rod nanostructures as demonstrated by Figure 4(a).
Due to the existence of diffusion gradient, thermal per-
turbation (on the surface of the nanowire) forms inho-
mogeneous nucleus. Once any sporadic prominencies
occur on the solid-vapor interface, the NC-teeth can
project toward preferential surfaces of (0001), which
results in the faceted epitaxial growth of the NC-teeth in
[0001] direction (Figure 4(b) and (c)). Continuous of-
fering with the evaporated Zn(Fe) source and elemental
oxygen, the teeth of NCs mentioned above become more
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and longer (Figure 4(d)), the adjacent teeth link together,
and ultimately the like-ribbon nanostructure forms, of
which the counterpart data are shown in Figure 4(e) and
(f). In the future, one of our focuses is to produce more
detailed and substantiated data to confirm the growth
mechanism of the NCs.
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Figure 4 SEM images of the Fe-doped ZnO NCs, showing its growth
process.

3 Conclusions

In summary, the Fe-doped ZnO NCs are synthesized by
a two-step routine. Such synthesized NCs in our ex-
periment may indicate a new way to assemble uniform
semiconductor nanowires into highly ordered one-di-
mensional nanoscale arrays. The growth mechanism of
Fe-doped ZnO NCs is believed to be conventional VS
mechanism. Microstructure analysis shows that Fe-
doped ZnO NCs are single crystalline phase. Detections
of XRD, HRTEM, XPS, and Raman spectrum indicate
that Fe’" substitutes into ZnO lattice at Zn*" site (not a
straightforward mixed compound). The simple friendly
environment doping technique can be used to fabricate
other morphology-controlled doping semiconductor NCs
or nanocombs and may be viable for large-scale applica-
tions of nanotechnologies.
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