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Photo-initiation of ZnO nanorod formation by femtosecond
laser irradiation
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A photo-initiated process via femtosecond pulse induced heterogeneous nucleation in zinc ammine complex (Zn(NH;)s**) based
aqueous solution without catalyst and surfactant, followed by thermal treatments for crystal growth into zinc oxide (ZnO)
nanorods, was investigated. Hexagonal ZnO nanorods of diameter < 100 nm with smooth planes and length < 1 ym were
grown with laser irradiation and successive thermal treatment. The studies show that pH value in the aqueous solutions
remarkably effect on morphology of the ZnO nanostructure. Due to the localized high supersaturation of precursor, the hex-

agonal nucleation was induced by laser irradiation.
©2010 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) nanostructures have attracted immense
attention as they offer a wide bandgap and a large exciton bind-
ing energy of 3.37 eV and 60 meV, respectively, at room
temperature” and ultraviolet emission.? In particular, ZnO 1D
nanostructure such as nanowires and nanorods have been suc-
cessfully synthesized for various applications ranging from
nanolaser,” gas sensor,” biosensor,? field-effect transistor,” solar
cell® to field emission.” A number of physical and chemical syn-
thesis processes have been employed for the growth of ZnO
nanostructures. Some of the physical methods include the ther-
mal evaporation and vapor transport approaches,”!” metal
organic vapor-phase epitaxial growth (MOVPE),'” molecular
beam epitaxy (MBE)'? and pulsed laser deposition (PLD),%
which are generally based on catalyzed vapor-liquid-solid
growth mechanism.'? In addition, the simple and low-cost chem-
ical aqueous solution methods with thermal treatment have also
been thoroughly studied."”'” However, these processes require
one or more of the following rigorous conditions; high tempera-
ture, low pressure, complex procedures, long growing durations
or the need for catalysts, which inadvertently get embedded on
the tips of the nanostructures, introducing undesirable impurity.
Although recent techniques for nucleation of organic®”*" and
inorganic®®?% materials with an intense femtosecond laser
pulses were proposed, the mechanism is not fully understood.
Here we present heterogeneous nucleation induced by the fem-
tosecond laser irradiation in zinc ammine complex (Zn(NH3),>")
based aqueous solutions at room temperature and pressure. Such
photo-initiated nucleation sites are evidently generated in
response to an increase in laser irradiation time and pH value,
and subsequently grow into nanorods during low temperature
thermal treatments, without the need for catalysts.
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2. Experimental

Aqueous mixture solutions of 0.02 M ZnCl, and 0.032-0.200
M NH4OH at pH value ranging from 8.5 to 10.5 alkaline envi-
ronments were initially prepared. We used femtosecond laser
pulses to focus in a liquid cell and efficiently transfer energy into
the precursor solution. The initial solution exhibits a slightly
white turbidity decreasing with a pH increase because the forma-
tion of zinc ammonia complex, which was subjected to femto-
second pulse irradiation at room temperature. The laser radiation
in Gaussian mode produced by a regenerative amplified mode-
locked Er-doped fiber laser (Cyber laser Inc., 230 fs pulse dura-
tion, 1 kHz repetition rate, pulse energy 0.5 mJ/pulse) operating
at a wavelength of 780 nm was focused via 20 X (numerical aper-
ture = 0.40) objective into a rectangular quartz vessel of 1 X 1 X
3.5 cm’ filled with the precursor solution, which was placed on
a magnetic stirrer and continuously stirred to maintain homoge-
neity. Irradiation was performed for 60 min and the solution
subsequently transferred into furnace for heat treatments at
80°C or 100°C for 120 min before being cooled down to room
temperature. Samples were prepared by drop-casting the solu-
tions onto silicon substrates and allowed to evaporate at room
temperature. The grown ZnO particles were analyzed by field
emission scanning electron microscopy (JEOL Ltd., JSM-
6705F) to study their morphologies. X-ray diffraction (XRD)
pattern was collected using Rigaku Rint2500HF to study the
crystal structure.

3. Results and discussion

The solid phase stability of Zn(OH) in the precursor solution
has been determined by the pH value and the concentration of
Zn(II) soluble species.” Figure 1 shows the phase stability dia-
grams for the Zn(OH),-NH3 systems at 25°C. The dashed lines
indicate the thermodynamic equilibrium between the various
Zn(II) soluble species, which are calculated by the following
equilibrium Egs.(1)-(3).
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Fig. 1. Phase stability diagram for Zn(OH),-NHj3 system at 25°C as a
function of pH. The points marked by A, B, and C represent the prepara-
tion conditions of precursor solution in this study. The dashed lines indi-
cate the thermodynamic equilibrium between the various Zn(II) soluble
species and the solid Zn(OH),. The red solid line represents the boundary
of the solubility of the solid Zn(OH),.

Zn* + iNH; <> Zn(NH3)** D
Zn(NH3)** + 20H™ <> Zn(OH), (s) + iNH; 2)
Zn(OH): (s) <> Zn(OH): (aq.) ©)

Values of standard thermodynamic data and stability constant
are taken from the literature.”?® The red solid line represents
the boundary of the solubility of the solid Zn(OH),. This diagram
reveals that the solid Zn(OH), is thermodynamically stable at
a pH value ranging from 7 to 12 in the precursor solutions
([Zn*] = 0.02 M). Typical three precursor solutions with dif-
ferent pH values of 8.5, 9.5, and 10.5 were prepared in the
present study.

Figure 2 XRD patterns of precipitates from mixed precursor
solutions of ZnCl, and NH4OH at pH 8.5, 9.5, and 10.5 without
(a) and with (b) the femtosecond laser irradiation for 60 min and
the successive thermal treatment at 80°C for 120 min. The
JCPDS standards of Zns(OH)sCl,(0H,O, Zn(OH),, and ZnO are
also shown in Fig. 2. The corresponding SEM micrographs are
shown in Fig. 3. No apparent diffraction peaks of ZnO were
observed in the case of the thermal precipitates from precursor
solutions at every pH condition without the laser irradiation (Fig.
2(a)). These patterns were assigned to Zn(OH), and
Zns(OH)sCl,-H>0, suggesting that the precursor solutions could
not become supersaturated at 80°C with respect to the homoge-
neous ZnO nucleation. On the other hand, the apparent diffrac-
tion peaks attributed to ZnO were observed in the samples which
the laser irradiation process was applied before thermal treatment
at the same temperature (Fig. 2(b)). This indicates that the photo-
initiated heterogeneous nucleation could be induced by the fem-
tosecond laser irradiation in the precursor solutions at room
temperature. The SEM images in Fig. 3 evidently indicate that
in contrast to the formation of the scale-like or amorphous pre-
cipitate after the thermal treatment at 80°C for 120 min, the ZnO
hexagonal nanorods with a diameter of 40—80 nm, which slightly
decreases with a pH increase, were obtained by applying the
laser irradiation (Fig. 3(d)—(f)). Based on these results, we spec-
ulated that the nucleations of ZnO nanorods were initiated by the
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Fig. 2. XRD patterns of precipitates from mixed precursor solutions at
pH 8.5, 9.5, and 10.5 without (a) and with (b) the femtosecond laser irra-
diation for 60 min and the successive thermal treatment at 80°C for 120
min. The JCPDS standards of Zns(OH)sCl,-H>O (4 ), Zn(OH), (@), and
ZnO (#) are also shown.
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Fig. 3. SEM micrographs of precipitates synthesized from mixed pre-
cursor solutions at pH 8.5 (a, d), 9.5 (b, e), and 10.5 (c, f) by the thermal
treatment at 80°C for 120 min (left column) and the additional laser irra-
diation before the thermal treatment (right column). Inset of (a) shows a
high magnification image of scale-like particles.

local supersaturation via femtosecond laser pulse irradiation even
at the room temperature.
In order to reveal the nucleation and growth mechanisms of
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ZnO nanorods with the additional femtosecond laser irradiation
process, the heating temperature during the successive thermal
treatment was changed to 100°C. ZnO nanoparticles were pre-
cipitated with or without laser irradiation (Fig. 4). The shape of
ZnO nanoparticles was changed from nanorods to flower-like
with increasing the pH in the thermal treatment (Figs. 4(a), (c)).
In addition, the smaller ZnO nanoparticles resulting from sec-
ondary nucleation were observed at the pH of 9.5 (Fig. 4(b)). It
is well known that the flower-like ZnO nanostructures are
formed via twinned ZnO nuclei along the (1122) planes in the
system with higher supersaturation of Zn(OH)s*>~.** On the other
hand, much smaller ZnO nanorods with a diameter of 20-70 nm
were formed by the additional laser irradiation compared to that
of the thermal process regardless of pH, about 4 times thinner
nanorods were especially formed at the pH of 8.5 (Figs. 4(a),
(d)). The size of ZnO nanorods obtained by the laser irradiation
increased with an increase in pH (Figs. 4(d)—(f)). Comparison of
the effect of temperature on the size of ZnO nanorods between
80°C and 100°C with the laser irradiation indicates that the size
decreases with increasing temperature at pH of 8.5 and 9.5,
although the size increases with increasing temperature at pH of
10.5 (Figs. 3(d)—(f), Figs. 4(d)-(f)).

Based on the difference in the shape and size of ZnO nano-
structures with and without the femtosecond laser irradiation
before the subsequent thermal treatment, we deduce the forma-
tion mechanism of ZnO nanorods below. The possible reactions
in our experiments can be summarized in the following Eqs.(4)—

).

Zn** + 20H" < Zn(OH); (s) @)
Zn(OH), (s) — ZnO + H,0 ©)
Zn** + 4NH; <> Zn(NH;)2* (6)
Zn(NHs),2* + 20H" — ZnO + 4NH; + H,0 ©)

In the experimental pH region, we could consider the soluble
species of the uncomplexed Zn** ions and the zinc-ammonia
complex ions of Zn(NH;3)s** at a much higher concentration of
NHj;. In addition, the insoluble compounds of Zn(OH), can be
formed in this system. The calculated concentration of
Zn(NH3)4** and solid Zn(OH), in mixed precursor solutions are
shown in Table 1. The size of obtained ZnO nanorods produced
by the femtosecond laser irradiation at 0.5 mJ for 60 min and the
successive thermal treatment at 100°C for 120 min are also
shown. The amount of such precipitation depends on the pH and
the concentration of NH3 in the solution based on the solubility
of Zn(OH); and the dissociation constants of Zn(NH;3)4>*. At the
pH of 8.5 and 9.5, the reaction of Eq.(4) is dominant and the
equilibrium moves to right, namely the nuclei of ZnO are pre-
dominantly formed from Zn(OH), by the laser irradiation. In
contrast, a large amount of the soluble complexes ions of
Zn(NH;)4** in addition to the precipitation could be consumed by
the formation of ZnO nuclei during laser irradiation, because the
reaction of Eq.(6) is dominant at the pH of 10.5. Indeed, the
energy absorption by the focusing of femtosecond laser pulses
was almost same of 66% regardless of the pH, although the scat-
tered light intensities at the pH of 8.5 and 9.5 was about 2.5 times
higher than that at the pH of 10.5. During the subsequent thermal
treatment after the laser irradiation, ZnO nuclei formed by the
different reaction path grow into ZnO nanorods along the c-axis
direction.>® In lower pH solution (pH 8.5), the smaller ZnO nan-
orods are formed by the secondary nucleation and growth during
the hydrothermal process (Fig. 4(d)). On the other hand, the

200 nm

Fig. 4. SEM micrographs of precipitates synthesized from mixed pre-
cursor solutions at pH 8.5 (a, d), 9.5 (b, e), and 10.5 (c, f) by the thermal
treatment at 100°C for 120 min (left column) and the additional laser
irradiation before the thermal treatment (right column).

Table 1. Calculated Concentration of Soluble and Insoluble Zn(II)
Species and the Corresponding the Size of Obtained ZnO Nanorods

ZnO nanorods

Zn(NH3)s**  Zn(OH), (s)
pH
[mol/L] [mol/L] Diameter [nm] Length [nm]
85 8.1x107 9.1x1073 38 ()¢ 164 (5)*
95  7.8x107 9.1x 107 44 (5)* 233 (3)*
105 24x107 6.6x107 68 (24)° 515 (46)*

* The numbers in the parenthesis show the standard deviation for 20
samples.

larger nanorods could be obtained because ZnO nuclei formed by
the laser irradiation grow dominantly during the thermal treat-
ment. It is noted that the standard Gibbs free energy changes of
Eq.(5) and (7) are -3.94 and -47.2 kJ/mol, respectively.

To discuss the dynamics of ZnO nuclei formation during the
femtosecond laser irradiation, we measured the evolution of
spectral extinction of the precursor solutions during the femto-
second laser irradiation (Fig. 5). The transmitted visible light
was detected by a photonic multi- channel analyzer (Hamamatsu
Photonics, PMA-11). The components of the extinction in Fig.
5 include the sum of light scattering and absorption by ZnO
nuclei formed by the laser irradiation. Assuming that the visible
absorption of ZnO is negligible, we could estimate the dynamics
of the photo-initiated nucleation process based on the Rayleigh
scattering theory. In the Rayleigh scattering regime, the scattered
light intensity is inversely proportional to the fourth power of
wavelength, indicating the shorter wavelength will scatter more
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Fig. 5. Evolution of visible extinction spectra of the precursor solution
at pH 8.5 (a), 9.5 (b), and 10.5 (c) during femtosecond laser irradiation.
The components of the extinction include the sum of light scattering and
absorption by ZnO nuclei formed by the laser irradiation.

than the longer wavelength. While the scattered light intensity in
the lower pH solution was substantially constant (Fig. 5(a)), in
the higher pH solution, the scattered light intensity in the shorter
wavelength region increases with an increasing in laser irradia-
tion time (Fig. 5(c)). The results clearly indicate that ZnO nuclei
are produced from the liquid phase, i.e. Eq.(6) and (7), in the
higher pH solution. On the other hand, the scattering light inten-
sity does not change dramatically because solid Zn(OH), already
exists in the lower pH solution (Eq.(4) and (5)). Finally, ZnO
nuclei produced through different reaction pathways grow into
ZnO nanorods during the successive thermal treatment even in
the higher pH solution.

In order to understand the origin of the observed phenomenon,
the following explanation of the heating mechanism is proposed.
Since the light intensity in the focus of the beam is of 10'® W/cm?,
the plasma is produced by multiphoton ionization in the focal
volume. Once a high free electron density is produced by mul-
tiphoton ionization, the material has the properties of plasma and
will absorb the laser energy via absorption mechanism of inverse
Bremstrahlung heating. Assuming that the electron temperature
is proportional to the pulse energy, the electron temperature can
be roughly estimated by a simple formula: Q = C.VT., where Q
(= mE) is the absorbed energy, 77 is the absorption coefficient, £
is the pulse energy, V is the volume interaction, T: is the electron
temperature, and C. is the electron heat capacity. Within the free
electron gas model, The electron heat capacity can be approxi-
mately calculated by Ce(T:) = yT., where y = Tne ks?21g,>Y
where n. is the electron number density, s is the Boltzmann
constant, /g is the ionization potential. The electron temperature
is estimated to be 1.3 keV (~ 1.5 x 107 K) by using the param-
eters in Table 2, which corresponds to the experimental
results.’® Based on this calculation, not only the optical break-
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Table 2. Parameter for the Calculation of the Electron Tem-

perature
Material Water -
Density, p 1.0 x 10° [kg/m’]
Molar weight, M 1.8x 1072 [kg/mol]
Ionization potential, /g 6.5 [eV]
Laser wavelength, A 7.8 %107 [m]
Pulse width, 7, 23x 1078 [s]
Pulse energy, E 50x 107 [J]
Absorption coefficient, 77 0.2 -
Electron density, n. 1.0x 10% [em™]
Numerical aperture, NA 0.45 —
3000 LA -
AT,=3000 K 4

D = 1.43x107 m%s 1
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Fig. 6. Calculated temperature distributions just after the femtosecond
single pulse irradiation as a function of the distance from focus. In this

calculation, the time after the laser irradiation were changed from 0 s to
100 us.

down, bubble formation, but also the dissociation of the pre-
cursor solution could occur within the focal volume during the
femtosecond laser irradiation. Such very high electron tempera-
ture decreases with an increase of the lattice temperature, then it
reaches to the same temperature as lattice temperature with a
time scale of several picoseconds. Assuming that the initial tem-
perature of focal volume reaches ATy = 3000 K after the electron-
phonon coupling, the thermal diffusivity can be calculated by the
following equation. For simplicity, we used the thermal diffusiv-
ity coefficient of distill water (Dy, = 1.43 x 107" m?s).

¥ 2
AT(r,t)zATo(zwo)exp(—zr] ®)
Wi +4 Dyt wi + 4Dyt

where ATy is the initial temperature just after the femtosecond
single pulse irradiation, wy is the laser beam waist, 7 is the time
after the irradiation, and r is the distance from the focus. Figure
6 indicates the calculated temperature distributions just after the
femtosecond single pulse irradiation as a function of the distance
from focus. In this calculation, the time after the laser irradiation
were changed from O s to 100 us. Since the repetition rate of 1
kHz, i.e. the interpulse time of 1 ms in the experiments, these cal-
culations apparently indicate that the heat induced by the first
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pulse can diffuse away from the focal region before the arrival
of the successive pulse. Indeed, no apparent temperature change
occurred after the femtosecond laser irradiation for 60 min. The
ZnO nucleation induced by the femtosecond laser irradiation
could occur at the instantaneous high-temperature region sur-
rounding the focal volume in precursor solution at room temper-
ature.

4. Conclusions

In conclusion, ZnO nanorods have been successfully synthe-
sized from heterogeneous nucleation initiated by femtosecond
laser irradiation in aqueous solutions with subsequent hydrother-
mal treatments. Due to the localized high supersaturation of pre-
cursor solution, the size of the obtained hexagonal ZnO nanorods
with femtosecond laser irradiation and the subsequent thermal
treatment is about 4 times thinner than that obtained by the
thermal treatment. Studies involving pH variation indicate that
ZnO nucleus produced through different reaction pathways
according to the pH value of the precursor solution. The size of
the obtained hexagonal ZnO nanorods is variable according to
the pH of the precursor solution. Apart from the fundamental
importance of the mechanism of ZnO nucleation, the photo-
initiated ZnO nucleation via femtosecond laser irradiation could
be useful for chemical reaction in liquid phase.
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