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A Simple Route to Porous ZnO and ZnCdO Nanowires
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Porous ZnO nanowires were obtained in an inexpensive and simple way by thermally oxidizing ZnSe nanowires
in air. The morphologies of the precursor and resulted nanowires are almost identical. X-ray diffraction and

energy-dispersive X-ray spectroscopy reveal that the zinc blende ZnSe nanowires were transformed into wurtzite
ZnO nanowires after oxidation. Transmission electron microscope measurements indicate that the ZnO
nanowires are polycrystalline and are composed of nanoparticles and nanopores. ZnCdO nanowires, which
were seldom reported previously, have also been prepared in this way. Just like the ZnO nanowires, the
ZnCdO nanowires also show the porous structure. Photoluminescence studies on both ZnO and ZnCdO
nanowires show intense near-band edge emissions at room temperature. The transition from one kind of
nanowires to another by simple thermal oxidization described in this paper may be applicable to some other

compound semiconductors and may open a practical route to yield nanowires.

Introduction Experimental Section

ZnO nanowires have attracted quite a large amount of The growths of the ZnSe and ZnCdSe precursor nanowires
attention in the near past because of both the unique propertieon Si substrate were carried out in an MOCVD system,
of ZnO materials and one-dimensional (1D) nanostructirés.  employing Au as catalysts. The detailed preparing conditions
Many methods have been employed to fabricate ZnO nanowires;can be found elsewheféFor the oxidation process, nanowires
these include metalorganic chemical vapor deposition (MOCVD), were placed in a quartz tube, which was in turn loaded into a
thermal evaporatiof, chemical vapor depositioh,etc. An furnace. Oxidation was carried out at 78D for 1 h. Afterward,
alternative method to obtain 1D nanostructures is the transfor-the color of the sample was found changed from yellow to white.
mation from one kind of nanowire to another, which is of The morphology of the nanowires was examined by an LEO
significance if the transformation can be achieved in a very 1450VP SEM, and their composition characterized by an energy-
simple and inexpensive way. However, only a few papers have dispersive X-ray (EDX) microanalyzer attached to the electron
demonstrated this fabrication route so ¥at2 Nanowires with microscope. The structure of the nanowires was determined by
a porous structure have a very high surface-to-volume ratio, a Rigaku X-ray diffractometer (XRD) and a Philips C120 TEM
and gas sensors based on porous nanowires have highesystem. The radiation source used in the XRD measurement
sensitivity than those based on single-crystalline df&s.  was the 1.5406 A Cu K line. PL studies were performed using
Furthermore, porous nanowires also find applications in the the 325 nm line of a HeCd laser as the excitation source.
fields of catalysis, environmental engineering, and photonic
crystals. However, they are much less explored up to gat. Results and Discussion

In this paper, we demonstrate the preparation of porous ZnO Fi 1 d1b sh he ol iew SEM i £ 7nS
nanowires by thermally oxidizing ZnSe nanowires. Scanning igure agg o S C?Wt € paF“V'e"TVh |mageslo d nh eh
electron microscope (SEM) analysis indicates that the morphol- precursor and ZnQ product nanowires. The as-synthesized, high-
ogy of the ZnSe precursor and the ZnO product is identical. density ZnSe_ nanowires are yeIIov_v in _color. The d'mef‘s"’”s
Transmission electron microscope (TEM) investigation shows |°f tht?] hanowires are Sbou.ttSOﬂ:lm mIW'dtI;] and o;/ewﬁ:l;)"l[n th
that the ZnO nanowires are polycrystalline with porous structure. ength on average. Despite the color changé fo whité, the
We also prepared ZnCdO nanowires in the same way by m(_)rph_ology and size of _the nanowires are nearly reta!neq after
oxidizing ZnCdSe nanowires. ZnCdO is an important band gap oxidation, as shown n Figure 1b. EDX spectra shown in Figure
engineering material to ZnO and has been studied in the thin L, parts ¢ and d, confirm the transformation from ZnSe to ZnO
film form,2° while in its nanowire form, only very few reports Nanowires. Th_e spectrum Of. the ZnSe precursors ShOWS (_)nly
can be f,oundﬂ*23 Optical properties'of the nanowires are signals from zinc and selenium, whereas after the oxidation

characterized by photoluminescence (PL) measurements, and'0c€ss: the corresponding spectrum shows signals from zinc

both the ZnO and ZnCdO nanowires show intense near—bandand oxygen. The Si signal in the spectrum is from the substrate,
edge (NBE) emissions at room temperature and the selenium signal is below detection limit. The appearance

of the Si signal in the EDX spectrum of ZnO nanowires while
- not in that of the ZnSe nanowires may be due to the lighter
h* Toh"k"h?jmh‘f(o"esf’ondence should be addressed. E-mail: skhark@ molecular weight of O compare to Se. The transformation was
P ¥'$ﬁe 'Cehiﬁ'ese' University of Hong Kong. also verified by XRD patterns, as shown in Figure 2. In both

*The Chinese Academy of Sciences. patterns, the diffraction peak located at 69.26mes from the
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Figure 3. TEM image of the ZnO nanowires, revealing their porous
structure.
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Figure 1. SEM images of the ZnSe precursor nanowires (a) and 1 1

resulting ZnO nanowires (b) after annealing in air. Panels ¢ and d are 25 3.0

the EDX patterns of the ZnSe and ZnO nanowires. Photon Energy (eV)
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Figure 4. (a) Room-temperature PL spectrum of the ZnO nanowires,
(b) PL spectra of the ZnO nanowires measured at different temperature.
The inset shows the spectrum taken at 20 K. The dot lines are guidance
to the variation of the two shoulder peaks with temperature.
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Figure 2. X-ray diffraction patterns of the ZnSe (b) and ZnO (a) discrepancy is only an apparent one, as it reflects the differences
nanowires, indicating the ZnSe nanowires are converted to ZnO after between these two experimental techniques in measuring the
the oxidation process. particle size. XRD measures an average particle size of a

Si substrate. All other diffraction peaks of the sample before distribution, whereas TEM tends to measure a selected narrow
oxidation cain be indexed to zinc blende structured ZnSe 'ange of sizes within a wide distribution. During TEM observa-

(JCPDS: 37-1463), revealing the crystal structure of the tions, t.here is an unaware natural tendency tp selgct the fine
precursor nanowires. After oxidation, no peaks from other nanowires and smgll partlcles. The electron .dlffractlon pattern
phases but only those from wurtzite ZnO (JCPDS: 80-0075) (not shown here) indicates the pol_ycrystallme nature of '_[he
were detected, indicating that ZnSe is totally transformed to N@nowire. The surface-to-volume ratio for the porous nanowires
ZnO. We remark that the widths of the patterns are dominated ough} to be much larger than t.hat.of single cryst.alllne nanowires.
by instrumental widths, which were checked by using a powder This is favorable in some app_llcatlons, such as in sensors, waste-
sample containing micrometer size silicon crystallites. Neverthe- absorbers, and catalyst carriers, etc.
less, a slight broadening of the peaks in comparison with those  Figure 4a shows a typical PL spectrum of the ZnO nanowires
of silicon powder is noticed. From the excess half width, we taken at room temperature. As frequently observed in ZnO thin
estimated a characteristic particle size of about 60 nm for the films, the spectrum consists of two emission bands: one intense
ZnSe precursor and 50 nm for the ZnO nanowires. peak at about 3.227 eV, and another weak, broad peak at 2.305
A typical TEM image of the transformed ZnO nanowires is eV. The intense peak is attributed to the NBE emissions of ZnO.
shown in Figure 3. The size of the nanowire is clearly revealed The energy of the second peak is lower than what is frequently
to be 66-70 nm, consistent with the data observed in SEM. observed for defect-related emissions in ZnO (about 2.38€V).
The nanowire consists of nanoparticles and nanopores, whoseThe origin of the red shift is not clear, it may be related to the
size is between 5 and 10 nm. The size of the particles revealedpossible incorporation of Se. Reynolds et al. reported that Se
by TEM is significantly smaller than the characteristic particle may incorporate into the ZnO lattice when grown from ZnSe
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the ZnCdO nanowires shows an intense emission at 3.199 eV,
which is about 28 meV smaller than the NBE of the ZnO
nanowires shown in Figure 4. It is accepted that doping can
effectively influence the band gap of a semiconduéfathe
red shift in this case is thus thought to be caused by the
incorporation of Cd into ZnO. Admittedly, the ZnCdO nanow-
ires obtained in our experiment may not be a monocomposition
alloy, since there appears to be a tail in the low energy side of
the PL spectrum revealing that Cd-rich regions may be included
in the nanowires. This phenomenon can be corroborated by the
fact that ZnCdO is easily phase-separated because of the
different crystal structures of ZnO and Cd®.

As for the mechanism of transformation from zZn(Cd)Se to

a

i Cu § Zn(Cd)O nanowires, we think that at the oxidation temperature
-‘g? " I‘ Zﬁ” 12 of 700 °C, the following reaction occurs:
& i Z
- ‘ﬂ\ | |I |ICu - 2Zn(Cd)Set 30,— 2Zn(Cd)O+ 2SeQ
I Cd Iz
L WA IDIILY

28 30 32 a0 2 4 8 8 1 in which the Q comes from air. The SeQs quite volatile and

Photon Energy (eV) Energy (KeV) will easily vaporize at about 31%C, leaving only ZnO as the
Figure 5. SEM (a) and TEM (b) images of the ZnCdO nanowires; Product of oxidation. ZnO plates have been obtained in a very
Panel c is the room-temperature PL spectrum of the ZnCdO nanowires,similar way3®> As for the formation of porous nanowire
and panel d is the EDX pattern of the nanowires, indicating the composed of nanoparticles and nanopores, we think the most
incorporation of Cd. rapid oxidation process occurs at the boundary or where there

) ) . . . are defects, just like that proposed by Kolmakov ef al.

starting materlals,. and the trace incorporation may influence Therefore, the continuous nanowires are broken into small
the optical properties of Zn&.Figure 4b shows the PL spectra  aricles, and where there are defects or boundaries, nanopores

of ZnO nanowires taken at temperatures ranging from 20 10 ghhear Consequently porous Zn(Cd)O nanowires are resulted.
200 K, and the inset is a magnified PL spectrum at 20 K. The

emigsion atlgo Kis dominatgd by two peaks at 3.316 and 3.355 cgnclusions
eV in addition to a steplike peak at 3.247 eV. Careful )
examination reveals a weak shoulder located at 3.370 eV, which N summary, porous ZnO and ZnCdO nanowires were
is labeledXa. The energy of the shoulder is close to the reported ©Ptained from ZnSe and ZnCdSe precursor nanowires in a very
A-exciton emission (3.378 eV at 4.2%,3.375 eV at 13 R®). simple oxidizing method. Compositional, structural, and mor-
Moreover, it gradually becomes more prominent with increasing Phological characterizations reveal that the morphology of the
temperature. Therefore, the shoulder is attributed to the free PrecUrsor nanowires was retained after the transformation,
exciton emission in ZnO. The peak at 3.355 eV is frequently d_esplte the chgnges in crystal structure and _chem|cal composi-
observed in ZnO, and is attributed to the emissions from the tion- The obtained ZnO and ZnCdO nanowires are polycrys-
neutral acceptor bound excitoA%( X).23 The origin of the talline, composed of nanoparticles and nanopores. Both kinds

peak at 3.316 eV is controversial, some attributed it to the Of nanowires show intense NBE emissions, a sign of good
exciton transition bound to neutral accept®&@while others ~ Optical quality. We think this simple method can be readily
thought it comes from doneracceptor pair (DAP) emis- ex@ended to t_ransformlng other nanowires to their corresponding
sions3:33We favor the latter, for there appears to be a shoulder ©Xide nanowires.

at the high energy side of this peak at 80 K, and it prevails
with increasing temperature, as shown in the temperature-
dependent PL spectra. This is a typical feature for DAP
transitions, and the shoulder originates from a band-to-impurity
emission?® The steplike peak at 3.247 eV can be attributed to
the phonon replica of the DAP emission, as their energy
difference (69 meV) is very close to the longitudinal optical
phonon energy of ZnO~ 72 meV).

We have reported growing ZnCdSe alloy nanowires in a (1) Zu, P.; Tang, Z. K.; Wong, G. K. L.; Kawasakki, M.; Ohtomo, A.;

previous publicatiod* This procedure enables us to obtain KOiQ;;“ﬁbon'; %e%"wg’lmﬁgsgréog 4i59' oS
ZnCdO nanowires by the same oxidation method. Figure 5a ggidi A2004 201, 2203. T '

shows the general morphology observed by SEM, and Figure  (3) Cheng, H. M.; Hsu, H. C.; Tseng, Y. K.; Lin, L. J.; Hsieh, W. F.
L . . : ; imbiemGissmey 2005 109 8749.

5bis a TEM image of a typlpal ZnCdO nanowire obtained by ) Dl 2 R Pan, 2. W.: Wang, Z. (2003 13
us. The width of the nanowires is about-8200 nm, and the ] I———
length is several micrometers. Just like our ZnO nanowires, the  (5) Park, W. I.; Kim, D. H.; Jung, S. W.; Yi, G. Giaimiitseisgt
ZnCdO nanowires are also polycrystalline and composed of 200(26§30é423% . Wana. 7 R002 106 12653

i iti i ao, P. X.; Wang, Z. Ll :
nanopartlgles and nanopores. Qomposmonal anaIyS|s.of the (7) Yang, P.D.; Yan, H. Q.. Mao, S.; Russo, R.; Johnson, J.: Saykally,
nanowire is shown in Figure 5d, in which the Cu and C signals Rr.; Morris, N.; Pham, J.; He, R. R.; Choi, | 2002
come from the TEM grid supporting the sample. The distinct 12, 323. _
Cd signals show unambiguously the incorporation of Cd into ggg E‘;rrga'ﬁ"f'wgﬁggjY',;:E'\l/rl,osskowts' Wtéggg 321171?2,3
the nanowire. PL measurement also confirms the incorporation,  (10) chen, z.; Shan, z. W.; Li, S. X.; Liang, C. B.; Mao, S. Seieid!
as shown in Figure 5c. The room temperature PL spectrum of Grguth 2004 265, 482.
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