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A CO; laser (A = 10.6 um) was used to heat a solution of water and alcohol saturated by Zn(AcAc), on a fused
quartz substrate in open air. After only a few seconds of irradiation, various zinc oxide (ZnO) nanostructures
including nanorods and nanowires are formed near the center of the irradiated zone, surrounded by a porous thin
film of ZnO nanoparticles. The type of structures produced and their localization on the substrate can be varied by
selecting adequate irradiation time and laser power ranges. The deposits have been analyzed using SEM, TEM,
EDS, XRD, and Raman spectroscopy, revealing that the nanorods (aspect ratio ~6) and nanowires (aspect ratio
~94) are single-crystalline structures which grow along the ¢ axis of wurtzite ZnO. The nanoparticles are also
single-crystalline and have an average diameter of 16 nm. A qualitative model for nanostructure growth is proposed,
based on previous studies of aqueous solution and hydrothermal processing.

Introduction alignment and simultaneous control over uniformity, mor-

Presenting very attractive engineering properties like large phology, and d|men3|qri’sNotany, this has been achle\{ed
exciton binding energy (60 meV), photoluminescence, and by vapor-phase tech_nlq_ues s_uch as thermal evaporation of
piezoelectricity while being easily synthesizable in a plethora POWders and vapor liquid solid (VLS) growth on patterned
of different morphologies in single-crystal form, nanostruc- catalyst surfaceThe temperatures used for the growth of
tured zinc oxide has become one of the most studied ZNO nanowires and nanorods by the evaporation of ZnO
semiconductor nanomaterials of the beginning of the 21stand Zn powder8 are between 700 and 130C** but can
century! Because of their great potential for the fabrication be lowered by using a metal catalyst such as ni¢kel.

of new devices, in particular for optoelectronic and gas-  Milder process conditions with lower decomposition
sensing applications, 1D ZnO nanostructures have attractedemperatures and nontoxic reagents are preferable for large-
much attentiort.For example, oriented ZnO microtube arrays  gcale industrial applications. The chemical processing route

have been grown by solution chemistfgr bio-/gas sensors o the production of nanostructured ZnO, be it hydrothermal
and by the microwave heating of Zn powders for field-

emission and selective UV light resporfsgV lasing has
. . . (5) Wang, Y. G.; Yuen, C,; Lau, S. P.; Yu, S. F.; Tay, B.®em. Phys.
been observed from ZnO whiskeed gas-sensing devicks, Lett. 2003 377, 329.
and UV photodiodeswere made from multipod-shaped  (6) Wang, T. H.; Gao, TAppl. Phys. A: Mater. Sci. Proces2005 80,
1451,
nanorods. . . ~ (7) Newton, M. C; Firth, S.; Warburton, P. Appl. Phys. Lett2006
The key process requirements for the successful integration 89, 072104.

i ; ; (8) Xia, Y.; Yang, P.; Sun, Y.; Wu, Y.; Mayers, B.; Gates, B.; Yin, Y.;
of 1D nanostructures in technological devices are structure Kim, £ yan H.Adv. Mater. 2003 15, 353,

(9) Jie, J.; Wang, G.; Chen, Y.; Han, X.; Wang, Q.; Xu,Appl. Phys.
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Fast Synthesis of ZnO Nanostructures

processing?!4 solution chemistry?® or sol-geli® has been

extensively traveled and allows low-temperature (between

95 and 250°C) and catalyst-free growth on flat substrates

with greater yields than other methods. The zinc precursors

generally used are zinc nitrate (Zn(h@'’ or zinc acetate

(Zn(CH305),) .18 Additionally, short-chain polymer$,min-

eralizers such as NaGMand KOH?! and additives such as

ethylenediamin® and hexamethylethylenetetramifbave

successfully been used to promote the 1D growth of ZnO

by hydrothermal reactions. The main drawback of these mild Figure 1. Schematic depiction of the synthesis process. (A) Laser-induced
methods is the long processing times. With metal organic decomposition of precursor solution. (B) Detail of the reaction zone with
chemical vapor deposition (MOCVD) taking from 2 to 4 h e different nanostructures obtained.

and solution or hydrothermal processing taking from hours  |aser Decomposition. A precipitate-covered substrate was
to days to complete, these methods remain mostly usefulplaced on a stainless-steel substrate holder, and the center was
for applied research. irradiated by an unfocused G@aser (coherent DEOS 1001,=

We propose here a new laser-assisted technique for thel0-64m. waist= 4 mm, aligned by beam injector from ULO) in
fast surface-bound growth of ZnO nanostructures. As a 2PN air T'=23°C, low humidity) with an incidence angle of 45
source of ZnO, we have chosen Zn(AcAdpr its low (see Figure 1 for an artistic representation of the synthesis process

d ition t t f toxicit dand its products). The laser was operated in the first transverse
ecomposition temperature, ease or use, nontoxicity, an electromagnetic mode (TEdd). The laser was turned on less

wide availability. Laser thermochemistry provides a swift s 5 s after the solution was placed on the substrate. The total
and simple alternative to the long processing times associatedypstrate area irradiated by laser light was approximately 12 mm
with conventional chemical processing without the need for The irradiation times investigated ranged from 2 to 10 s, and
the complicated multistep procedures and expensive vacuunthe laser power was varied from 5 to 30 W, providing
equipment necessary for MOCVD. The high synthesis light intensities between 40 W/én{5 W, 10 s) and 239 W/cth
temperature of VLS- or VS-type processes is also avoided. (30 W, 10 s).

Characterization. The samples were first observed using an
environmental scanning electron microscope (Quanta 200 FEG, FEI
Company) equipped with an energy dispersive spectroscopy (EDS)

Solution Preparation. A quantity of 0.4 g of zinc acetylacetonate ~ X-ray spectrometer (Genesis 2000, XMS System 60 with a Sapphire
hydrate (Zn(GH;0),+H,0, >95% purity, Gelest) was manually ~ Si:Li Detector, EDAX). A field-effect transmission electron mi-
mixed with 2 mL of deionized water and 2 mL of denatured ethanol croscope (FEG-TEM, Jeol JEM-2100F, 200 kV) with a Gatan
(EtOH 85.47%, MeOH 13.68%, EtOAc 0.85%, VWR) fob min, Ultrascan 1000 TEM camera was then used to obtain selective area
forming a slurry of 0.355 M of Zn(AcAg)H;0. The pH of the electron diffraction patterns (SAED) and high-resolution TEM
solution was measured to be 8.25 using a pHSpear calibrated by d HRTEM) images. The TEM samples were prepared by removing
NIST traceable pHTestkit (both Oakton). A few drops of the a partofthe depositin the center of the reaction zone using tweezers
solution was then transferred to a fused quartz substrate (k cm and by gently rubbing them on TEM grids covered by a carbon
1cmx 1.15 mm, Ted Pella) using a standard dropper. The averagefilm (400 mesh). SEM and TEM image analysis was done using
drop radius was 5 mm, the average drop height at the center wasthe ImagePrg version 5.1, AMS software (Mediacybernetics).
1.2 mm, and the average drop height at 2 mm from the center wasX-ray EDS spectra were also taken in the TEM (Inca detector,
1.06 mm (measured using a CCD camera coupled to a microscope)Oxford instruments) to obtain elemental information on the samples.
The substrate had previously been cleaned in a hot ultrasonic bathQuantification was done using the INCA microanalysis suite
using the following procedure: 15 min in ethanol, 15 min in DI (Oxford instruments), the Genesis Spectrum utilities (SEM
water, and 15 min in acetone. Finally, to remove the acetone, the Quant ZAF, Version 3.60, EDAX), and commercial ZnO
substrates were individually submitted to a heated air flow a*gn0 ~ Powder as a reference sample (200 mesh, Alfa Aesar, 99.9%
for 3 min. Since Zn(AcAg) is hydrophobic (solubility of 7 g/L in Zn0).

water), it partially precipitated on the substrate, remaining covered ~For more general crystallographic information, X-ray dif-
by a film of solution. fraction (XRD) patterns of the whole samples were taken using a

Philips X'PERT diffractometer equipped with a Cu oK
X-ray source f = 1.541 A). The acceleration voltage was 50 kV

Experimental Methods

(13) Iwasaki, M.; Inubushi, Y.; Ito, S1. Mater. Sci. Lett1997 16, 1503.

(14) Ma, X.; Zhang, H.: Ji, Y.; Xu, J.; Yang, DMater. Lett.2005 59, with a 40 mA current. The detector was scanned from tt8
3393. 70° (26) at a speed of 0.01sec in the grazing angle mode. The

(15) ?éj‘g);'é fhang, Z.:Wang, Y.; Zhu, M. Phys. D: Appl. Phys2005 source’s incident angle was®’.1Raman spectroscopy was per-

(16) Ahn, S. E.; Lee, J. S.; Kim, H.; Kim, S.; Kang, B. H.; Kim, K. H.;  formed using an InVia Raman spectroscope (Renishaw) with
Kim, G. T. Appl. Phys. Lett2004 84, 5022. a 25 mW Art laser ¢ = 514.5 nm) focused by a 50lens. With

(17 Llrl]l, B.; Zeng, H. CJ. Am. Chem-h30Q003 125, 4430. the use of this setup, the spectral resolution was T'cand

883 Ei azng,xﬁnla, YKa_lr;(gJi,eY\.(Slwgrrg.ghee%n.zzggg fg" élllgéi. the spatial resolution was Am. The peak fitting for the XRD

(20) Liu, B.; Zeng, H. CJ. Am. Chem. So@003 125, 4430. patterns and Raman spectra was done uSiHBE version 2.0,

(21) Dem'yanets, L. N.; Kostomarov, D. V.; Kuz'mina, |. org. Mater. software (Renishaw) with a mix of Gaussian and Lorentzian

©2) IZ_?SZB3_8'Zéﬁ4' H. CLangmuir2004 20, 4196 curves. Diffraction pattern and Raman spectra smoothing with a

(23) Greene, L. Eﬁ; Yuhas, %. D.; Law, M.; Zitoun, D.; Yang, IRorg. Savitsky-Golay polynomial was used to reduce noise and enhance
Chem.2006 45, 7535. peaks.
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Results and Discussion

Precursor Selection and Chemistry.Zn(AcAc), is a

proven single-source precursor for ZnO. It has successfully
been used in MOCVD processes to grow aligned hexagonal

nanorods and whiskef$2°nanotube array®¥,and thin filmg’
at temperatures between 500 and 630 on various

Fauteux et al.

than 5 s apowers superior or equal to 15 W, visible light
(yellow and orange) was emitted from the reaction zone,
which was apparently burning. This resulted in the appear-
ance of brown and black spots. For lower powers, the white
deposit became yellow after 8 to 10 s. After irradiation, the
deposit’s color changed back to white.

substrates. It has also been recently used in the controlled Liquid water absorbs the infrared (IR) radiation emitted

growth of ZnO nanocrystals in a solution of oleylamine and

by a CQ laser operating at 10,6m to a depth of 1625

ethanof® and the growth of ZnO whiskers in an oxidizing um 33 Ethanol does not directly absorb this wavelength,

atmospheré®
The thermal decomposition of Zn(AcAeh,O has been

although it can be dissociated in the /@n region3
Considering that the precursor solution droplet is around 1

studied since the 1960s when it was found that the main MM thick in the irradiated region, the solution will absorb

decomposition product when heated at 280was gaseous
acetylacetone (§£130,).%° Iwasaki et al® mentioned that the
addition of water in the solution promotes the ligand
exchange reaction between AcAcand OH and the

all the energy of the laser beam until it is totally evaporated.
If the irradiation time is longer than the evaporation time,
the laser will heat up the remaining Zn(AcA@nd anneal
what was deposited before evaporation for the remaining

condensation reaction to produce ZnO particles. Fiddes etifadiation time. The photons that are not absorbed by the

al 3 report that at a temperatufe< 200°C, the decomposi-
tion of Zn(AcAck-H,O in wet conditions is due to a
combination of exothermic intramolecular and intermolecular

spatially inhomogeneous deposit will be absorbed by the
substrate (90% absorption at 1@u®) and subsequently heat
the deposit/precursor from below. @@aser annealing of

processes (mainly nucleophillic attack of the carbonyl carbon ZNO films in air improves the crystalline quality, induces
by the oxygen in the coordinated and excess water) while at9rain growth, and relaxes stress in thin filifs.

T > 200°C, a water-enhanced pyrolysis mechanism is likely
active. Arii et al®? confirm that the decomposition temper-

Laser heating is a very rapid and complex heating event.
The laser's Gaussian intensity distribution has been known

ature is lowered in a high water vapor pressure environmentto induce a Gaussian temperature spatial distribution in a
and suggest that crystalline ZnO can be synthesized atsolid3® When a laser beam irradiates a thin layer of liquid,

temperatures as low as 110 via a two-step mass loss with
the following simplified thermal decomposition scheme:
Zn(CsH;0,),"H,0() = ZnOy) + 2CG;Hg0, Q)
The driving force behind the sudden formation of ZnO in
our experiment is probably the fast vaporization of acety-

lacetone (boiling point of 140C) in ambient air and water
vapor (solubility of acetylacetone in water is 16 g/100 mL),

two related phenomena occur because of the local rise in
temperature. The refractive index of the liquid will be
changed by the heat, inducing a thermal defocusing or
blooming effect which enlarges the beam and modifies its
shapée’” This optical effect is accompanied by a change in
surface tension of the liquid layer, which induces thermocap-
illary or Bénard—Marangoni convection currents. These two
effects result in a very fast liquid flow away from the center
of the laser beam and the formation of a depression

which moves the equilibrium of eq 1 to the right and causes surrounded by a ridge in the liquid lay®&rThis explains

an abrupt increase in ZnO.
Laser-Induced Decomposition Procesdn this experi-

the solution droplet’'s expansion. Additionally, since the
solvent is simultaneously evaporated, a concentration gradient

ment, the laser acted as a localized and very intense energys induced and convection will eventually change from
source for the decomposition of Zn(AcAgh a medium of  thermocapillary to concentration convecti&rMeanwhile,
water/ethanol. When the precursor solution droplet was the precursor crystals in solution and on the substrate surface
exposed to the laser beam, the droplet’s planar surface wageact, and ZnO starts to nucleate. The IR photons also induce
observed to roughly double its size and immediately started nondissociative multiphonon vibrational excitations that will

to evaporate. Solution evaporation was rapid: adbiis at
10 W and 2 s at 20 WFumes were also produced from the

reaction zone. A white deposit was visible on the surface of

relax through collisions in the molecular neighborhood’s
rotational and translational degrees of freed8m.

These very peculiar conditions set the solution/precursor

(24) Wu, J. J.; Liu, S. CAdv. Mater. 2002 14, 215.

(25) Yuan, H.; Zhang, YJ. Cryst. Growth2004 263 119.

(26) Shen, X.-P.; Yuan, A.-H.; Hu, Y.-M.; Jiang, Y.; Xu, Z.; Hu, Z.
Nanotechnology005 16, 2039.

(27) Kamata, K.; Nishino, J.; Ohshio, S.; Maruyama, X.Am. Ceram.
Soc.1994 77, 505.

(28) Liu, J. F.; Bei, Y. Y.; Wu, H. P.; Shen, D.; Gong, J. Z; Li, X. G.;
Wang, Y. W.; Jiang, N. P.; Jiang, J. Elater. Lett.2007, 61, 2837.

(29) Kubota, J.; Haga, K.; Kashiwaba, Y.; Watanabe, H.; Zhang, B. P;
Segawa, Y Appl. Surf. Sci2003 216, 431.

(30) Rudolph, G.; Henry, M. Cinorg. Chem.1964 3, 1317.

(31) Fiddes, A. J. C.; Durose, K.; Brinkman, A. W.; Woods, J.; Coates, P.
D.; Banister, A. JJ. Cryst. Growth1996 159, 210.

(32) Arii, T.; Kishi, A. J. Therm. Anal. Calorim200§ 83, 253.
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This nonequilibrium state promotes the fast decomposition
of precursor molecules to produce ZnO nanostructures, which
would not be formed in oven heating at the same temperature

(33) Wolbarsht, M. L.IEEE J. Quantum Electrorl984 QE-2Q 1427.

(34) Holbrook, K. A.; Oldershaw, G. A.; Shaw, C.lat. J. Chem. Kinet.
1993 25, 323.

(35) Hong, R.; Wei, C.; He, H.; Fan, Z.; Shao,Thin Solid Films2005
485 262.

(36) Lax, M.J. Appl. Phys1977, 48, 3919,

(37) Inaba, H.; Ito, HIEEE J. Quantum Electrorl968 QE-4, 45.

(38) Nizovtsev, V. V.J. Appl. Mech. Tech. Phy4989 30, 132.

(39) Danen, W. CJ. Am. Chem. Sod.979 101, 1187.



Fast Synthesis of ZnO Nanostructures

Figure 2. (A) Low-magnification view of deposit grown at 20 W, 2 s; (B) nanoparticle film; (C) nanowires; and (D) nanorods grown at the same
parameters.

unless the oven heating was prolonged for many h#urs. of other mounds. This morphology is found until the edge
Indeed, the constraints for chemical reactions to proceed areof the deposit, where a ring of large Zn(AcAcyystals can
often relieved under laser heating, allowing the reactions to be found.
occur at a much lower temperature than with standard If the magnification is increased, it is possible to distin-
heating*® The convection-induced fast transport of building guish different micro- and nanostructures (as indicated by
blocks to the growing ZnO crystals can also increase the corresponding letters on Figure 2A). As indicated on Figure
growth rate. 2A, nanoparticle aggregates (Figure 2B) arranged in the form
General Morphology of Deposits.Figure 2A shows a  ©f thin films, thick mounds, and distorted sheets forming
low magnification view of the center of a deposit (20 W, 2 holes (in the center) cover most of the deposited area. On
s). Mounds of indeterminate shape with a very rough surface "idges further away from the center, the mounds’ surfaces
have grown in the center. The convection-induced deforma- &re covered by dense areas of nanowires (aspectrai
tion and mixing of the solution droplet is most likely Figure 2C), nanorods (aspect ratid0, Figure 2D), and a
responsible for this type of morphology. The ridges and the mix of other nanostructgres such_as thin hexagonal-shaped
holes can also be created by bubbles of solvent and nanoplates and nanonails (see Figure 5).
acetylacetone trapped underneath the deposit surface that The appearance of different types of nanostructures in the
push and pierce the deposited layer. Around the center@rea roughly delimited by a circle of 1 mm near the center
mounds, a flatter film can be seen, accompanied by chainsOf the laser spot is symptomatic of the locally changing
experimental conditions created by the Gaussian beam profile
(40) Mengjia, S.: Wenggian, Y. Mingian, L. Xiaopeng,&ppl. Phys. B: and the random distribution of Zn(AcAckrystals in the
Lasers Opt1988 45, 83. over-saturated precursor solution. At the beginning of the
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Figure 3. Influence of laser power on deposit morphology at a constant irradiation time of 10 s: (A) 5 W, 4WB)mMO0 W, 80 W/cni; (C) 15 W,
119 W/cn#; (D) 20 W, 159 W/crA.

laser irradiation period, before the solvents are totally migrated toward the growing mounds to attach themselves
evaporated, the Zn(AcAg)n the solution is decomposed to ZnO crystals growing by homoepitaxy.
and ZnO is homogeneously nucleated. The droplet's thick-  |nfluence of Laser Parameters on Morphology and
ness quickly reduces, and the heterogeneous nucleation ofviicrostructure. Laser Power. IR laser light is the sole
randomly oriented nuclei starts on the glass substrate. ThiSSOUI‘CG of energy for precursor molecule dissociation, ZnO
is probably why we have relatively flat films of ZnO  nycleation, and subsequent assembly into various nanostruc-
nanoparticles grown on most of the substrate. tures. Laser intensity will thus have much influence on the
Conversely, since the solution was more a slurry than a final product morphology and structure. Representative SEM
clear solution, there were agglomerates of Zn(AcAowder pictures of the center region of samples grown at increasing
lying directly on the substrate. These precursor agglomeratedaser powers and a constant irradiation time of 10 s can be
also started to decompose into ZnO with a diminishing seen in Figure 3. If no laser light is shone on the solution,
thickness of absorbing liquid above them and probably the solvent eventually evaporates after a couple of hours and
formed the mounds observed on the substrate. Since it isleaves behind the characteristic crystals and precipitated
more energetically favorable than heterogeneous nucleationfilaments of Zn(AcAc) (not shown). At a power of 5 W
on a non-lattice-matched substratehe majority of nano- (Figure 3A), the substrate is covered by mounds of flat
structure growth occurred on these uneven mounds bycrystalline whiskers. The whiskers have an average length
homoepitaxy. Also, given that the small ZnO nuclei formed of 1.3 um (number of measurementll = 14, standard
by homogeneous nucleation in the first second of irradiation deviation,oc = 0.1 um) and an average width of 167 niN (
are more soluble than the bigger mounds, they probably = 9, ¢ = 25). The whiskers buckle under low acceleration
voltage (5 kV) in the SEM and contain approximately 46%
(41) Yoon, S.; Kim, D. JJ. Cryst. Growth2007, 303 568. C, 36% O, and 14% Zn according to EDS quantitative
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measurementst{5% accuracy). It is safe to say that these
whiskers are not ZnO but are recrystallized Zn(AcAa)
an intermediary compound.

With a power of 10W (Figure 3C), more randomly grown
ZnO whiskers can be seen (46% O, 54% Zn from EDS).
The whiskers are smaller (average lengtfr59 nm withN
= 8 ando = 111, average widtlh= 106 nm withN = 19
and o = 18), and this shrinkage can be explained by the
shedding of the AcAc ligand from the material, which has
been observed in the organic-to-inorganic conversion of Zn-
(AcAc); in superheated steathAt 15 W (Figure 3C), the
whiskers have a more defined shape (53% O, 47% Zn) with
an average width of 297 nnN(= 30, o0 = 50) and length of
852 nm (N = 6, 0 = 82). Finally, at 20 W (Figure 3D), we
see the appearance of well-defined ZnO nanorods on a large
area of the deposit (49% O, 51% Zn). The nanorods of Figure
3D have an average length of 470 niwh=€ 25,0 = 75) and
width of 80 nm (N = 450 = 12). According to these results,
surface Zn(AcAc) was transformed into ZnO at laser
intensities superior or equal to 80 W/Eifi0 W) but well-
formed films of nanorods can only be found at 159 W/cm

Irradiation Time. Samples were also grown at constant
laser power but at varying irradiation time. To minimize the
burning of the deposits, the samples were grown at lower
irradiation times. Figure 4 shows typical SEM pictures of
nanorods produced at a laser power of 20 W with two
different irradiation times2 s (4A) ad 5 s (4B). The
nanorods cover an area of several square micrometers. The
rods grown with an irradiation timef@ s are much shorter
(lengths between 100 and 200 nm) than the rods grown with
an irradiation time 65 s (lengths between 1 and2n).
The average widths of the rods growmr s (311 nmN =
31,0 =23 nm) and for 2 s (46 nm\ = 97,0 = 5 nm) are
also quite different. However, they both clearly have a
hexagonal cross section, which might indicate growth along Figure 4. SEM images of nanorods with different laser irradiation
the [0001] direction of the hexagonal lattice of zinc oxide. Parameters: (A) 20 W, 2:s; (B) 20 W, 5 s.
The rods of Figure 4A have better vertical alignment than hanowire derivations such as tapered nanowires and nano-
those from Figure 4B as the result of growth on a locally Nhails can be observed in Figure 5D. This is symptomatic of
more level surface on the mound. Some rods grown with an local variations in ZnO bUIIdlng blocks concentration during
irradiation time 6 2 s are also fused or branched. This is growth.
because they are very short and have just emerged from the A shorter irradiation time led to the appearance of
ZnO seed film or nucleation surface underneath. The scarcitynanostructures that had not been observed in the samples
of ZnO building blocks will promote the growth in only one  grown at 10 s. It would seem that even though a longer
direction or branch if it proceeds further. irradiation time improves the overall crystallinity of the
ZnO nanowires were observed further away from the samples, the ensuing flqme destroys or inhibits the growth
center of the reaction zone-(00 um). The length of the of longer and more defined nanostructures. As a general
wires grown at 20 W fo5 s can be appreciated in Figure trénd, the nanowires and nanorods grown3e are longer,
5A (average visible length of 44m, N = 24,0 = 0.6 m). more uniform (e.g., fewer. diameter and morphology varia-
Figure 5B allows the measurement of their width (average tions), and have more defined hexagional Cross sc'actlo'ns. than
width of 47 nm,N = 26, ¢ = 3.7 nm) and their average the nanostru;tures grown forgs. Ashght!y quger irradiation
aspect ratio (aspect ratis 94). The growth is much less time gives rise to a more uniform heating field, produces
uniform for shorter irradiation times, as shown in Figure 5C Moré ZnO building blocks, and allows for more laser
and D. Nanoplates (flat hexagonal plates) and nanonails (tipanneahng. All these factors contribute to the growth of longer

larger than body) with hexagonal tips between 100 and 300 Nanostructures. _ , _
nm wide are visible in Figure 5C while an assortment of  XRD Analysis. X-ray diffraction patterns were obtained
from two sets of samples. The first set of patterns shown in

(42) Shishido, T.; Yubuta, K. Sato, T.: Nomura, A.; Ye, J.: HagaJK. Figure 6A compares the structure of the ZnO films produced
Alloys Compd2007, 439, 207. at different laser powers (80 W) for a constant irradiation
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Figure 5. SEM images of nanowires and nanonails grown with different laser irradiation parameters: (A and B) 20 W, 5s; (Cand D) 20 W, 2 s.

time of 10 s. The as-is precursor and the air-dried solution organic precursor is monoclinic, these three peaks would
patterns are also presented for comparison purposes. Theorrespond to the (100), @1), and (101) planes for zinc
second set shown in Figure 6B compares the structure ofbis(acetylacetonate) hydrateSimilar features are present
three ZnO films produced at different irradiation times-(2  on the air-dried solution’s pattern. Indeed, the three strongest
10 s) with a constant laser power of 20 W. peaks occur at 182824.5, and 25.8. Three other peaks
The main peaks observed for most samples aredat2 become apparent at 32,734.3, and 36.2. At this stage,
32, 34,36, 48.0,57, 63, 67°, 68, and 69. By assuming  the precursor is structurally different, presumably due to the
that the ZnO films have a hexagonal wurtzite structure and evaporation of ethanol and water at room temperature and
by comparing the peak positions to the reference vafties, subsequent recrystallization from solution. Still, these peaks
the following Miller indices were assigned to each peak: can be associated to the (002)02}, and (011) planes in
(100), (002), (101), (102), (110), (103), (200), (112), and Zn(AcAc),.
(201), respectively. Overall, the recorded peak intensities As the solution is irradiated with a laser set at 5 W, the
slightly differed with those of the reference card intensities. peaks at 18.5and 24.5 are still present but are broader.
Yet, no significant preferred orientation along any one The three other peaks at 31,B4.3, and 36.2 intensify.
direction was found. Indeed, the XRD signal originates This indicates that we may have an unknown intermediary
from the whole sample, which is dominated by randomly compound or that small quantities of ZnO can be formed
oriented nanoparticles, as was confirmed with the SEM this low temperature. At 10 W, most of the characteristic
observations. Zn(AcAc), peaks within the 1830° interval disappear,
From Figure 6A, the three strongest peaks for Zn(AgAc) Wwhereas the peaks at 31.734.3, and 36.2 become
H,O are centered at 18.524.5, and 25.6. Assuming the  dominant. This would indicate that a ZnO film is formed.

(43) JCPDS card 36-1451, ZnO. (44) JCPDS card 41-1634, zinc bis(acetylacetonate) hydrate.
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Figure 7. Raman spectra of: (A) ZnO commercial powder; (B) ZnO
nanorods (20 W, 5 s); and (C) ZnO nanoparticles (20 W, 2 s).

Raman Spectroscopy AnalysisThe samples were thor-
oughly examined using a microRaman spectroscope to obtain
further information on their microstructure. The probing laser
was aimed at an area of the sample where, based on previous
SEM observation, it was known that specific types of
nanostructures had been deposited. Commercial ZnO powder
was first analyzed to provide a reference spectrum (curve in
Figure 7A). The majority of the reported features for bulk

Figure Gf- A) XRag’nitﬁfrg‘;;‘;gﬂeﬂi”eogf”TS Fs’fogucig St d;ftfg:r’;t Lﬁ;st?]’e ZnO are visible on the spectrum with the RO (transverse
Eﬁvc\gefrifmgrp?ogm:d at different irradiation timés(fo)r a conpstant power of Optical) mode at 380 crt, the & TO mode at 414 crt,
20 W, the & H (high) mode at 438 cnt, the A, LO (longitudinal
ptical) mode at 579 cm, and the £ LO mode at 585
m 14748 The other features, such as the peaks at 331*cm
(A1 acoustic overtone), 1106 cifA;, E; acoustic combina-
tion), and 1156 cm' (A; optical combination), are second
order in nature, resulting from various combinations and
overtoneg?

The spectrum taken in a ZnO nanorod-rich area (curve in
Figure 7B) is similar to the reference {AO at 381 cm?,
E; TO at 420 cm?, E; H at 436 cmt, and A LO at 578
cm™Y) but features slightly broader peaks. The high intensity
and low width of the & peak is symptomatic of a large
crystallite size. The ELO peak is absent or too small to be
detected, indicating that very few oxygen vacancies are
(Present along the axis#®5°Small defect-related peaks appear
at 505 and 870 cnt.5152There is also an additional peak at
471 cmt that can be attributed to the-SD—Si symmetric
stretch of the quartz substrafe.

These dominant peaks would represent the (100), (002), and’
(101) planes, respectively, in hexagonal ZnO. As the laser
power is further increased, the dominant peaks narrow,
indicating that larger crystallites are grown.

The average grain size of the ZnO films can be estimated
with Scherrer’s equation from the diffraction peak’s width
at half its maximum intensit§? The average crystallite sizes
were estimated to be 11.6, 12.2, 19.4, and 34.1 nm for the
10, 15, 20, and 30 W samples, respectively, using the (101)
peak at 38. Similarly, from Figure 6B, the main peaks
narrow as irradiation time is increased. The crystallite sizes
here were estimated to be 14.5, 16.0, and 21.0 nm for
irradiation times of 2, 5, and 10 s, respectively. The crystallite
size thus appears to increase with increasing laser power an
increasing irradiation time. Also, some patterns have their
main peak positions shifted by0.5°, such as the 30 W
sample in Figure 6A and the 2 drb5 s samples in Figure
6B. Strain in the crystal lattice has an effect on the diffraction 47y pamen, T. c.; Porto, S. P. S.; Tell, Bhys. Re. 1966 142, 570.
peaks. Uniform strain leads to a peak position shift whereas (48) Arguello, C. A.; Rousseau, D. L.; Porto, S. P.Fys. Re. 1969
nonuniform strain Cause_s peak br_oa_deri‘mglence, there (49) lvsénéssRlP Xu, G.; Jin, Rhys. Re. B: Condens. Matter Mater.
appears to be some uniform strain in some samples. The  Phys.2004 69, 113303.
strain, as the porosity of the deposits, is caused by the(50) Wei, X. Q. Man, B. Y.; Liu, M.; Xue, C. S.; Zhyang, H. Z.; Yang,

. L . C. Physica B (Amsterdam, Nett2p07, 388 145.
simultaneous vaporization of solvent, decomposition of (51) Xing, Y. 3.; Xi, Z. H.; Xue, Z. Q.; Zhang, X. D.: Song, J. H.: Wang,

precursor, and crystallization of ZnO during laser irradia- gbohg-ééuigé580ng, Y.; Zhang, S. L.; Yu, D. Pppl. Phys. Lett.
ian 46 d :
tion: (52) Dong, Z. w.; Zhang, C. F.; Deng, H.; You, G. J.; Qian, SMéter.
Chem. Phys2006 99, 160.
(45) Cullity, B. D. Elements of X-ray Diffraction2nd ed.; Addison- (53) Williams, Q.AGU Handbook of Physical Constantshrens, T. J.,
Wesley: Reading, MA, 1978. Ed.; American Geophysical Union: Washington, DC, 1995; Vol. 2,
(46) Ohyama, M.; Kozuka, H.; Yoko, Trhin Solid Films1997 306, 78. p 291.
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The spectrum taken in a ZnO nanoparticle-rich area (curve
C) is noisier and presents broader and less defined features
compared with those of the bulk and nanorod spectra. The
main peaks are present (AO at 388 cm?, E; TO at 418
cm, E; H at 437 cm?), but the two LO peaks are lost
behind defect-induced peaks at 505, 553, and 867'cm
Lower A; and B peak intensities confirm that the crystallite
size of the ZnO nanoparticles is lower than that for the ZnO
nanorods?>*The signal from the quartz substrate (wide peak
at 473 cnt) might hide other peaks since the particles are
smaller and do not cover the substrate as well as the nanorods
(porous thin film). The peak at 553 crhresults from
incomplete Zn oxidation or interstitial Zn atorfisThe peak
around 935 cm! probably arises from the -€C stretch in
Zn(AcAc), or one of its decomposition produétsThis
confirms the partial reaction in the periphery of the irradiation
zone because of a lower temperature.
Crystal Growth. Figure 8 shows a high-magnification
TEM image of the ZnO nanorods. A 130 nm wide rod grown
at 20 W for 5 s igresented in Figure 8A. The inset of Figure
8A is the SAED pattern of the rod, showing that the rod is
a single crystal. Indeed, threevalues (interplanar distances)
were measured on the diffraction pattedn= 5.12 A, d, =
2.78 A, andd; =2.46 A, which allowed three diffraction
spots on the pattern to be indexed using known values for
hexagonal Zn@2 With the [001] and [100] directions in the
pattern, the zone axis can only be [010]. The occurrence of
the 001 reflection is interesting, considering that it is normally
a forbidden reflection. Like the 003 spot, the 001 spot arises
from double diffraction, in this case, a combination of 011
and 0D diffraction3 If the [001] direction is transferred on
the image, it can be deduced that the rod has grown along
the [001] orc axis direction of the hexagonal wurtzite lattice.
This was expected, since the fastest growth direction for the
polar ZnO crystal is along the axis or [001] directiort:5”
The same can be said of the rod displayed in Figure 8B (30
W, 10 s) where the (001) lattice fringes can be distinguished
(interfringe distance= 5.23 A which corresponds to the
axis with an error of 0.4% from the reference vdfiend
are perpendicular to the growth direction. The corresponding _. . , ,
diffraction pattern (inset of Figure 8B) was taken in the same Zhgduzgf goT\,EMlgmﬁ ges and SAED patierns of nanorods: (A) 20 W, 5 s;
zone axis (010) as that of Figure 8A, and simitavalues
were measuredd{ = 5.15 A, d, = 2.79 A, andd; =2.46
A). The surfaces are remarkably flat, with only a few atomic commercial ZnO powder as a reference sample and by
layers of roughness on the hexagonal-shaped tip and sidescorrecting for absorptionu{p mass absorption coefficients
An EDS spectrum was taken on the tip of a nanorod during from Goldstein et at®) confirmed the ZnO 1:1 stoichiometry.
the TEM observations (not shown). Besides the signals from This indicates that if there are impurities or intermediary
the beryllium window near the origin and the copper grid (a compounds involved the early stage of the growth process,
shoulder on the L peak of Zn and a peak at around 8 keV), they are not present in the fully grown nanorods.
only Zn and O were detected. Quantification using the  There are two general models for the growth of crystals
. . . in a supersaturated medium: Ostwald ripening, where the
(54) Sﬁﬁ'g'(‘)%%mé%v'z';‘ﬁ‘g?ra' A. K Bendre, B. S.; Mahamuni,JSAppl. growth of larger crystals from smaller crystals is promoted
(55) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor- because of mass transport mechanisms and solubility dif-
dination Compounds: Part,Bth ed.; Wiley-Interscience: New York, ferences, and a more recently discovered mechanism called

1997.
(56) Hirsch, P. B.; Howie, A.; Nicholson, R. B.; Pashley, D. W.; Whelan,
M. J. Electron Microscopy of Thin Crystaldst ed; Butterworth & (58) Goldstein, J. ; Newbury, D. E.; Joy, D. C.; Lyman, C. E.; Echlin, P;
Co.: London, 1967. Lifshin, E.; Sawyer, L. C.; Michael, J. RScanning Electron
(57) Li, W. J.; Shi, E. W.; Zhong, W. Z.; Yin, Z. WJ. Cryst. Growth Microscopy and X-ray Microanalysis3rd ed.; Kluwer Academic/
1999 203 186. Plenum Publishers: New York, 2003.
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Figure 9. TEM images and SAED patterns of ZnO nanoparticles and assemblies produced with different laser irradiation parameters: (A) 15 W, 10 s; and
(B—D) 20 W, 2 s.

“oriented attachment” where small particles aggregate to responsible for the growth of the nanostructures presented
form a rodlike solid by self-assembty.According to the in this study®!

Iatte: mhoqlel, thed pl)grtlclle aggregattestha:cve the ap(g)eahr a”‘f{ﬁ of |ndeed, ZnO nanoparticles in different stages of crystal
peart chains and finearly aggregate 1o form a rod when egrowth and assembly cover most of the reaction zone. The

crystal surfaces have different surface energies such as i . ; . .
the wurtzite ZnO crystal. Once aggregated, the nanoparticleg_| RTEM pic ture of Figure g_A shows_the particles Wlt.h an
undergo spontaneous adjustment and the adjacent crystalfivera_ge size of 16 nmN(= 42, o = 3 nm) and with
lographic planes fus®.Since, according to recent modeling §pher|gal, polygpnal, or oblong s-hapes. Th.e SAED pattern
studies, coalescence by Ostwald ripening takes place on 4" the inset of Figure 9A can be indexed with tealues
larger time scale than that of oriented attachment, we believe®f Wurtzite ZnO and shows that the particles have many
that it is the latter growth mechanism which is mostly different crystal orientations, producing a pattern of incom-
plete diffraction rings. These randomly oriented but single-

(59) Pacholski, C.; Kornowski, A.; Weller, Angew. Chem., Int. E002 crystal nanoparticles appear to be the ZnO building blocks
41, 1188.

(60) Zhang, Y.; Lu, F.; Wang, Z.; Zhang, U. Phys. Chem2007, 111,
4519. (61) Ethayaraja, M.; Bandyopadhyaya, [Rangmuir2007, 23, 6418.
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and will assemble in larger structures to form the nanorods gradient in the reaction zone, which may contribute to the
and nanowires previously observed. instability of the heating process and the evaporation of the
Figure 9B shows a close-up view of two aggregated Solvents.
particles in the process of oriented attachment. The lattice As such, the precursor preparation methods will be
fringes are visible on both particles and feature the sameimproved in upcoming experiments in order to obtain
interfringe distance of 2.9 A, which corresponds to the 100 reasonable yield, efficiency, and selectivity. For example, a
interplanar distance. A dislocation is visible where the two homogeneous solution would allow the use of micropipettes,
particles merge. The diffraction pattern in the inset of Figure which would normally clog using the present solution,
9B confirms the previous assessment, vith= 2.74 A and ensuring that a specific volume of solution is dropped for
d, = 1.85 A, which are values near the reference values of every experiment. The problems related to the initial random
dhoo = 2.81 A anddip, = 1.91 A% The area selection distribution of precursor particles on the substrate could also
diaphragm was set mainly on the left particle, but part of be corrected. This could be done by fine-tuning the precursor
the right particle must have been covered by the diaphragmconcentration to avoid over-saturating the solution, by adding
since multiple faint diffraction spots are visible. Further acetic acid to the soluti§hor by choosing another solvent.
controlled inclining of the sample is required to identify the A beam homogenizer could also be used to obtain a flat-
zone axis. Figure 9C shows a small linear pearl-chain top-type intensity profile, but such equipment reduces the
aggregate of six particles connected to each other by a crystalaser beam power.
face which is attached to a larger aggregate of particles.
Similar linear pearl-chain ZnO particle aggregates have Conclusion

recently been observed by Yubuta et al., who were also  pg fast synthesis of ZnO nanostructures by the laser-
studyégg the water-enhanced pyrolysis of Zn(AcAby- induced decomposition of zinc acetylacetonate in a solution
dratef of water and ethanol has been demonstrated. Nanorods,
Rodlike structures approximately three particles wide are nanowires, and nanoparticles have been deposited on dif-
shown in Figure 9D as further evidence of the oriented ferent regions of a fused quartz substrate by the irradiation
attachment crystal growth. It is believed that the gaps of 3 CQ, laser for a few seconds. The occurrence of the
between the particles are filled and the crystal surfaces gifferent types of ZnO nanostructures was found to be
parallel to thec axis are smoothened by the conventional gependent on the laser power and irradiation time experi-
Ostwald ripening coalescence process, which assists oriente¢yental parameters, which will have a direct effect on the
attachment? This could be the case in our situation, butthe morphology and crystal structure of the final deposits. A
process is probably too fast for this to happen in the certain threshold laser power (10 W) was needed to produce
conventional mannét. Laser annealing and/or convection 4 suitably high temperature for the complete decomposition
must enhance building block mobility for long, smooth, and of the precursor molecules. Once the laser power is suf-
hexagonal rods such as those of Figure 4A to grow in 5 s. ficiently high, increasing the laser power enhances the
Improving Selectivity and Reproducibility. This type crystallite size of the samples. Conversely, increasing laser
of laser-assisted ZnO synthesis route is quite new. The aimirradiation time also increases crystallite size but can result
of this paper is to report the most recent results obtained in the destruction of the finer nanostructures because of laser
and to illustrate this techniques’ potential. To produce a annealing and combustion. Similarities were also observed
variety of nanostructures on the substrates shows the posbetween hydrothermal or aqueous chemical synthesis and
sibilities of the process and simplifies its parametric char- laser thermochemistry at the crystal growth level even though
acterization. For instance, because of the Gaussian-like laserthe processing times used here are shorter by several orders
induced temperature gradient and resulting convection of magnitude.
currents, different regions of the substrate are subjectedto a The lack of deposit homogeneity resulting from the
different heat flux, giving insight into what could happen at  Gaussian beam profile, although usually unwanted, remains
a lower temperature or laser power density. Once the processnteresting since it represents different deposition regimes
is sufficiently characterized, the experimental parameters that can be further investigated. From the experimental point
needed to produce specific nanostructure morphologies will of view, this allows the study of different growth regimes
be known and the selectivity improved. with a limited number of experiments. Combining the
Yet, using this method, reproducibility is limited. Indeed, advantages of conventional chemical processing and MOCVD,
many factors contribute to reduce control over the final with a low processing temperature and a cheap precursor,
product: The standard dropper used does not allow thewhile being a much more straightforward and rapid process,
delivery of precisely the same quantity of precursor solution laser-induced decomposition is thus a very promising
each time; the Zn(AcAg)powder aggregates in suspension technique for the deposition of a wide variety of ZnO
are randomly distributed in the reaction zone, causing growth nanostructures or other materials. Additionally, having the
to be localized on mounds and on a generally uneven surfacereaction occur in open air instead of in a reaction chamber
and the laser beam’s intensity profile induces a temperatureor an autoclave greatly reduces processing times and

(62) Yubuta, K.; Sato, T.; Nomura, A.; Haga, K.; Shishido,JT Alloys (63) Domansky, K.; Rose, A.; Grover, W. H.; Exarhos,JGMater. Sci.
Compd.2007, 436, 396. Eng. B200Q B76, 116.
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