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ABSTRACT: The control of pulsed-laser-induced deposition
was studied with the case of ZnO crystallization in a
hydrothermal reaction. Crystal orientation, morphologies,
and growth rate were observed to vary under different
pulsed-laser irradiation conditions. Different energy barriers
during nucleation and crystal growth processes were
determined by stepped changes of input energy levels of a
pulsed laser with the corresponding observations of the states
of the material. Therefore, by precisely adjusting the pulsed-
laser energy that overcomes a particular energy barrier, ZnO
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crystals with desired orientation and morphology could be obtained on a seedless substrate in a catalyst-free environment.
Crystals varied in morphologies showed different behavior in laser-induced growth, and growth rates were orders of magnitude
higher than those of other hydrothermal reactions. By analyzing crystal growth characteristics in the reaction/diffusion-limited
region, a set of guidelines were defined to tune the dimensions of ZnO crystals. Laser-induced crystal growth will benefit
nanomanufacturing by providing a practical tool to tune the morphology of nanomaterials in a precise and effective manner, and
it will bring deeper insight into the thermodynamic and kinetic mechanisms in hydrothermal reactions.

1. INTRODUCTION

Laser-induced chemical deposition could synthesize materials
in selected positions. Previous studies showed that it was
feasible for a great variety of nanomaterials to be produced
efficiently through solution-based reactions. SnO,, Fe;O,,
MnO,, ZnS, etc, were successfully deposited by a pulsed-
laser method in previous studies.'”* Conventional nanoma-
terial synthesis methods, such as chemical vapor deposition or
hydrothermal reaction, usually show a low growth rate. For
example, the typical growth rate of ZnO in a hydrothermal
process is in the range of a few hundred nanometers per
hour.”~” The growth rate in vapor depositions could reach a
few nanometers per second,” '’ but it usually requires high
temperature which demands a well-controlled environment
that is not always compatible with other nanofabrication
processes. Moreover, in a conventional hydrothermal reaction,
chemical methods are widely studied to control the crystal
growth, such as changing the precursor concentration,'’
adjusting pH values,'> adding capping agents,"” etc. However,
these methods are either less effective, since the intrinsic
features of a hydrothermal reaction such as slow rate could not
be changed signiﬁcantly,14 or easily out of control, such as
slightly different pH environment will lead to nanomaterials
product with dramatically different morphologies.'> Therefore,
if the deposited nanomaterials can be finely controlled, the
potential of laser-induced nanomanufacturing of high produc-
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tivity and high quality could be a potential method for
nanomaterials production in quantity.

The pulsed-laser method provides unique opportunities to
control the materials deposition processes and to investigate
fundamental mechanisms, due to its promising features in the
following aspects: First, the pulsed laser could input thermal
energy with high precision, so it provides the driving force of
crystal growth in a quantitative manner. Second, since the
pulsed laser could input a large dose of energy during a short
period of irradiation time, the thermodynamic and kinetic
mechanisms of crystal growth may change, and therefore, the
novel reaction pathways, such as nucleation and crystal growth,
may be observed.'® Recently, the pulsed-laser method was
applied to selectively initiate nucleation in a classical or
nonclassical pathway, which provided a deeper understanding
of crystallization processes.’” Third, a pulsed laser is a precise
tool with high resolution in special and temporal terms, so it
could selectively change the growth condition in a localized
region, which will benefit bottom-up integrated nanomanu-
facturing processes. Lastly, pulsed-laser control of the crystal
growth using through a thermodynamic and kinetic manner
can realize catalyst-free processes during nucleation and crystal
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Figure 1. (a—c) Nucleation (left) and corresponding crystal growth (right) under laser irradiation of (a) 0.5 mJ/pulse, (b) 0.25 m]J/pulse, (c) 0.1
mJ/pulse. (d) Schematic diagram of heterogeneous nucleation in (0001) plane with contact angle € = 90° and in {0110} planes with 6 = 120°. All

scale bars represent 1 ym in length.

growth. It will contribute to the fundamental understanding of
crystallization processes.

In this study, the pulsed-laser method was used for the first
time to control the crystal growth in solution-based synthesis
by hydrothermal deposition of ZnO, and mechanisms were
investigated in thermodynamics and kinetics aspects. ZnO was
chosen as the model material because it is a promising 1D
nanomaterial in photonics,'® solar cells,'” and piezoelectric
energy conversion,”’ and it is readily produced by hydro-
thermal reaction. Morphology, orientation, and dimensions are
critical factors for nanowires (NWs)-based devices. For
example, the aspect ratio of NWs will affect piezoelectric
properties of sensor devices,”' and the performance of dye-
sensitized solar cells is related to the length of ZnO NWs.” In
this study, the ZnO crystal growth process was investigated by
adjusting the laser energy in a stepped variation. By selectively
supplying input energy of the pulsed laser to overcome
particular energy barriers, crystals with desired orientation
morphology could be produced. Morphology related kinetical
mechanisms during laser-induced ZnO crystal growth was
analyzed by investigating diffusion/reaction-limited factors. On
the basis of different behaviors of crystal growth in diffusion- or
reaction-limited regions, a set of guidelines were developed to
tune the dimensions (diameter, length, and aspect ratio) of
NWs crystals.

2. EXPERIMENTAL SECTION

Laser-induced hydrothermal synthesis was carried out at a precursor
solution containing 1:1 zinc chloride to hexamethylene tetramine
(HMTA) (all chemicals from Sigma-Aldrich) ratio in 20 mM for
nucleation process and 5 mM for crystal growth. Additionally, the
supersaturation of the precursor solution was set in a low value by
adding acid (0.5 mL of dilute nitric acid (HNO;), pH = 2.3) to the
precursor solution to prevent spontaneous reaction at room
temperature. The reason to lower the concentration of the precursor
solution for crystal growth is to eliminate the additional nucleation
that may compete to consume the precursor and therefore inhibit the
crystal growth process. Chemical reactions were induced by the
thermal decomposition of HMTA, which is only activated by
irradiation of a pulsed laser. The reactions referring to the general
hydrothermal route are*’

(CH,),N, + 6H,0 — 6HCHO + 4NH,

NH, + H,0 = NH," + OH"~
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20H™ + Zn*" 2 ZnO + H,0

A substrate of Si(100) with a 300 nm SiO, layer in a size of 1 cm X
1 cm was cleaned with DI water and immersed in the 50 mL
precursor solution for hydrothermal growth. A ytterbium pulsed fiber
laser with a wavelength of 1064 nm, pulse width of 100 ns, and beam
size of 200 ym was used to irradiate the substrate to trigger
hydrothermal reaction. Pulsed-laser energy varied in a step of 0.05
mJ/pulse from 0.1 to 0.5 mJ/pulse. In the nucleation process, the
pulsed laser was set at a low repetition rate of SO kHz. The substrate
was exposed to the laser for 2 s (on time) to induce chemical reaction
and covered for 20 s (off time) to prevent the crystal aging induced by
heat accumulation. The total exposure time for ZnO nucleation was 2
min. In the NWs growth stage, the pulsed laser was set at a high
repetition rate of 200 kHz to provide energy in high frequency. After
growth, the substrate was rinsed with DI water and dry. Then
scanning electron microscopy (SEM, Hitachi 4800 Field-Emission)
was used to image both top-down and cleaved cross-sectional NWs.

3. RESULTS AND DISCUSSION

3.1. Laser Effect on Orientation Control. Orientation of
crystals could be controlled by laser-induced chemical
deposition in this study, without the need of predeposition
of the seed layer or specific crystal structure of substrates. NWs
with up-straight orientation were obtained based on hetero-
geneous nucleation with (0001) planes (c-planes) of the ZnO
crystal attaching the substrate. Pulsed laser was able to
selectively nucleate ZnO in the [0001] orientation by precisely
only overcoming the energy barriers required.

By changing the input energy in a step of 0.05 mJ/pulse, the
energy barriers of different nucleation processes could be
determined. It was observed in our experiment that a large
energy input of 0.5 mJ/pulse will lead to homogeneous
nucleation, and the crystal grown from the homogeneous
nuclei will be randomly oriented, as shown in Figure 1a. When
the laser power is decreased to 0.25 m]J/pulse, nucleation will
transfer from a homogeneous to a heterogeneous way. Only a
single layer of crystals formed on the substrate surface but
without orientation preference shown, so the crystals growth
afterward was also in a single layer but randomly oriented
(Figure 1b). If the laser power decreased to the level just above
the threshold of nucleation, below which nucleation will not be
triggered, as 0.1 mJ/pulse determined in our experiment, most
nuclei will have the c-axis perpendicular to the substrates, and
the corresponding NWs will have up-straight orientation
(Figure Ic).
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Figure 2. SEM pictures of ZnO crystals grown under laser power density of (a) 9.55 kW/cm? (b) 15.92 kW/cm?, (c) 22.29 kW/cm?, (d) 28.66
kW/cm? in 200 kHz for 5 min. (e) Schematic illustration of crystal growth in kinetically controlled (left direction) and thermodynamically
controlled (right direction) processes. All scale bars represent S00 nm in length.

According to the classical nucleation theory, the energy
barriers AGy,,, of homogeneous nucleation could be described

by

_ 167y’
3(AG,)?

hom

where y is the interfacial tension between the nuclei and
solution, AG, is the specific free energy change associated with
the liquid—solid phase change per unit volume. The energy
barriers for heterogeneous nucleation are AGy. = AGpp, f(6),
which is smaller than homogeneous nucleation due to the
structure factor f(6)**

f(0) = (2 = 3cos @ + cos’ 0) /4

where 6 is the contact angle between nuclei and substrate, as
shown in Figure 1d. Specifically, if ZnO heterogeneously
nucleated with the (0001) facet contacting with the substrate,
the structure factor would be f(#) = (90°) = 0.5. If it is
nucleated with the (0110) surface, the contact angle would be
120° and the energy barrier would be 0.843 AGy,,. So the
energy barriers under different conditions will have the
relationship of AGye, > AGhet random > AGhet (0001)- The
experimental results are corresponding to the classical
nucleation theory. By adjusting the laser energy input just
above the minimum energy barriers AGyg (go01), Which
corresponds to the heterogeneous nucleation with the c-
plane attaching to the substrate, NWs with an orientation of
[0001] perpendicular to the substrate could be obtained.
Although changing precursor solution could also control
crystallization by adjusting the nucleation energy barriers,”
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i.e, energy barriers are lower in solution with high
concentration and vice versa, fluctuations in bulk solution
make it hard to confine energy in a narrow range. Therefore,
homogeneous, heterogeneous nucleation, and crystal growth
process could hardly be isolated and studied independently in
conventional hydrothermal reactions. A pulsed laser, as a
precise tool to thermally trigger the crystallization process,
could input a large dose of energy in a short period of
nanoseconds range of time. In this unique condition, the
crystallization process could happen even when supersatura-
tion and kinetics for phase transformation were set at
sufficiently low values.'””® Therefore, the effect of input
energy dominates and the energy fluctuations caused by
nonuniformity of precursor solution could be ignored.

3.2. Laser Effect on Morphology Control. 1t is generally
believed that ZnO prefers to grow along the c-axis (the [0001]
direction), in which the total surface energy could remain
minimum during crystal growth.”” In this study, crystal
morphology could be controlled in a more precise manner.
Not only (0001) but also other surfaces with higher Miller
indices were selectively obtained by the pulsed-laser method.

Our experimental results showed that a specific crystal
structure occurs only if a certain input energy level was reached
by the laser. By selectively setting the laser power, the crystal
will grow with a desired morphology. When the input power
was below 9.55 kW/cm?, all crystal surfaces were activated at a
very low rate, and the crystal would undergo a homogeneous
growth and result in a spherical structure (Figure 2a). When
the power was increased from 9.55 to 15.92 kW/cm?, the
energy barriers for growth of prismatic planes (m-planes) were
overcome, resulting in a transformation from a cylinder to a
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Figure 3. (a) SEM cross-sectional pictures of NWs grown under power density from 9.55 to 28.66 kW/cm? (left to right) in 200 kHz for 5 min; all
scale bars represent 2 um. (b) Corresponding length and aspect ratio of NWs. (c) Arrhenius plot for the crystal growth process.

hexagonal shape (Figure 2b). It indicated that the energy
barriers of growth along (1011}, (1010} are overcome but not
[0001] (c-axis). Therefore, the growth rate of {1011} planes is
higher than (0001) and results in a flat surface on the crystal
tip. When the pulsed-laser power increased to 22.29 kW/cm?,
the crystal would grow along the preferred orientation of the c-
axis. It indicated that energy barriers of growth of (0001)
planes were overcome, so that the growth rate of (0001) planes
increased dramatically and led the crystal to grow longer. As
shown in Figure 2¢,d, when the pulsed-laser power increased
above 22.29 kW/cm?, the tip did not grow smooth but instead
was bounded by hillocks which were composed of faces of
higher Miller indices and tips of crystals tend to approach
{1011}. Faces of hillocks have lower specific surface free
energy than (0001), so that these higher Miller indices faces
predominate. When the pulsed-laser power was above 28.66
kW/cm?, the (0001) surface had the highest growth rate that
led to a pyramid-like crystal structure. It is worth noting that it
is the peak power rather than the accumulated energy that
overcomes the energy barriers. Evidence of this statement
could be found that the certain morphology grown under a
specific high power density that will not occur in the condition
of irradiation by lower power accumulated for a longer time,
even though the total energy input is the same. For example,
the total irradiation energy by a laser power density of 15.92
kW/cm? for 1.4 min is the same with 22.29 kW/cm?
irradiation for 1 min. However, the hillocks structure which
indicated the activation of burst growth along the [0001]
direction was not found in a laser condition of 15.92 kW/cm?,
even when irradiated for 40 min.

Two paths could be identified by laser-induced crystal
growth. In the kinetically controlled path, as shown in the
reaction in the left direction in Figure 2e, the crystal is
controlled by energy barriers of growth along specific surfaces.
The crystal growth is generally regarded as a process of 2D
nucleation of an island on the terraces, followed by lateral
motion of steps.”® The 2D nucleation of an island is similar to
initial heterogeneous nucleation, in which the free energy
barrier, E, relates to surface energy of the specific plane,

surface energy of prismatic planes {1010} is 1.15 _]/m, and
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1.37 J/m? for {1011} glanes, and for the basal plane surface
(0001), it is 2.0 J/m*>"*" Therefore, the energy barriers for
crystal growth of planes are in the order of {0001} > {1011} >
{1010}. Our experimental results showed that the occurrence
of crystal planes with increasing energy inputs followed the
sequence of {1010}, {1011}, {0001}, which was in the same
order of surface energy values cited above. When the input
energy is not large enough to overcome the energy barriers of
2D nucleation on all crystal planes, the certain planes with low
energy barriers will be formed first, and planes with higher
energy barriers not overcome will grow at a low rate. For
example, when the input power is below 22.29 kW/cm?, large
enough to induce growth along (1011) but not enough to
overcome the energy barriers of 2D nucleation on the (0001)
surface, the crystal growth process is limited by kinetic factors
of (0001), so that the growth rate of {1011} is larger than that
of (0001), and results in a hexagonal morphology with a flat
surface on the tip (as shown in Figure 2b and illustrated in the
left direction in Figure 2e). When the input energy increases
and is able to overcome the energy barriers of growth along all
planes, the surface reaction is not the limited factor and the
growth of (0001) is not inhibited anymore. In this circum-
stance, crystal growth will undergo a thermodynamically
controlled pathway, as illustrated in the reaction in the right
direction (Figure 2e), where the product with the largest Gibbs
energy AG will be preferred to form because it is the most
thermodynamically stable state. The Gibbs energy AG reaches
maximum when the total surface energy Y .cA of the crystal
remains minimum as the crystal grows. It could be measured
by the increase of surface energy per volume d) cA/dv. As
calculated, d) 0A/dv is 12.69]/m in a hexagonal structure and
10.63 J/m in a pyramid-like structure on the crystal tip. It
indicated that the pyramid-like structure is more stable than
the hexagonal structure in the thermodynamically controlled
reaction. Therefore, when the input energy is high enough
(above 28.66 kW/cm?), the ZnO crystal will have the
morphology of the pyramid-like structure on the tip (Figure
2d).

3.3. Laser Effect on Growth Rate. NWs usually grow at a
low rate and were thought to be limited by the mass- -transfer
process in the conventional hydrothermal reaction.’’ In this
study, the same slow growth habit of crystal particles was also
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observed when the laser power density is below 9.55 kW/cm?,
as shown in Supporting Information Figure S1. However, a
rapid growth rate of NWs could be obtained when increasing
the laser energy input, and different kinetic mechanisms were
observed. By tracking dimensions of NWs under different
conditions of laser irradiation, the kinetics mechanism in the
laser-induced hydrothermal reaction was revealed in a
comprehensive way.

ZnO crystals in this work begin to grow at a high rate, and
growth rate is sensitive to the temperature change induced by
laser input energy. Generally, c-planes have higher growth rate
than m-planes, and higher power density results in higher
growth rate. The anisotropic growth and the temperature-
related growth rate show the typical characteristics of reaction-
limited growth. SEM pictures in Figure 3a show the cross
sections of ZnO crystals grown under different laser power
densities for 5 min. ZnO crystals grow into nanorods with
different lengths. The anisotropic morphology could be
described by aspect ratio and length/diameter (I/d), as
shown in Figure 3b. When the laser power density is increased
from 9.55 to 28.66 kW/cm? the length of ZnO crystals
increases from 1.09 to 4.49 um, and the aspect ratio increases
from 1.40 to S5.01.

It is worth noting that the laser-induced method has a much
higher growth rate than conventional hydrothermal®~” and
other methods reported, such as electrochemically assisted”
and microwave-assisted growth.””” Different growth rates are
compared in Table 1. This remarkable fast growth rate may be

Table 1. Comparison of Growth Rate of ZnO NWs under
Different Hydrothermal Reactions

rate relative
reaction method (um/min) rate reference

conventional hydrothermal <0.02 <1 5=7
sonochemical 0.008 1 32

continuous flow reactor 0.033 4.125 13
electrochemically assisted 0.125 15.625 33
microwave-assisted 0.300 37.5 34

CW laser-assisted 0.333 41.625 35
pulsed-laser-induced 0.6.—6 75=750 36 and this work

reaction

attributed to (1) enhanced mass transport, which was reported
by another localized synthesis study,®® (2) suppression of

precursor depletion by additional nucleation, and (3) a rapid
heating process which could reduce the time needed for
reaching the crystallization temperature.”” According to
simulation results (Supporting Information Figure S2), the
temperature profile of the laser-assisted hydrothermal method
could reach equilibrium within a short period of time (<0.01
s).

In the reaction-limited region, increasing the intensity of the
laser power is an effective way to accelerate the growth rate.
The relationship between reaction rate constant and temper-
ature is then given by the Arrhenius equation

k= Ae B/RT

where E, is the activation energy, which is equal to the energy
barriers in the crystal growth process, R is the universal gas
constant, and A represents the pre-exponential factor, which is
a constant for the reaction. The activation energy E, could be
obtained from the slope of the Arrhenius diagram plotted with
the natural logarithm of the rate constants versus the inverse
temperature, as shown in Figure 3c. The obtained activation
energy E, is about 46.8 kJ/mol, which is in the range of
dehydration barrier values reported (40—80 kJ/mol), but
lower than those reported in a conventional hydrothermal
reaction of 65 kJ mol™".* It indicated that a pulsed laser may
also induce a lower activation energy, and therefore lead to a
high growth rate under the same condition with the
conventional hydrothermal reaction.

3.4. Laser Effect on Kinetic Mechanisms. When
continuing to supply laser power, the crystals with a hexagonal
structure and pyramid-like structure show very different
growth behavior, as shown in Figure 4a,b. The length and
aspect ratio change over time as shown in Supporting
Information Figure S3. Correspondingly, the growth rate of
the c-plane of the hexagonal crystal reached 250 nm/min in the
first 2 min, but slowed down after 20 min. The length of
crystals did not change much after 20 min, and ¢- and m-planes
almost have the same growth rate (Figure 4c).

The diffusion/reaction-limited analysis®" is applied to study
the kinetic mechanisms of crystal growth by considering the
relationship of consumption of precursor ions at the crystal
surface, and the diffusive transport in the bulk solution. The
ratio of surface reaction rate to reactant diffusion to the crystal
growth front could be measured by the Thiele modulus™
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Figure 4. SEM pictures of cross sections of crystals grown under (a) 15.92 kW/cm” and (b) 28.66 kW/cm? for 2, S, and 20 min, respectively. (c)
Corresponding growth rate of c-plane and m-planes of ZnO crystals shown in (a) and (b). All scale bars represent S ym.
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where D is the Zn>* aqueous tracer diffusion coefficient, & is
the stagnant layer thickness, and S is the modified factor
representing the c-plane area ratio. As the hexagonal crystal
grows along both c-plane and m-planes, the c-plane area ratio,
S, keeps increasing during the growth of hexagonal crystals.
Therefore, there will be a transfer from the reaction-limited
region, where ¢ < 1, to the diffusion-limited region, where ¢ >
1. The growth rate along the c-axis could be described by’

dh kC,,

dt  p(1 + 2)
where h represents the height of NWs, C, is the bulk solution
concentration of Zn**, and p is the ZnO molar density. The
hexagonal crystals grew under reaction limitation first (within 5
min), when the crystals grew faster along the c-axis and led to a
dramatic increase in aspect ratio. After 20 min, the crystals
grew homogeneously at a low rate, which indicated that growth
was limited by mass transfer.

Crystals with a pyramid-like structure on the tip show
different growth behavior. They grew faster than hexagonal
crystals, especially in the c-axis and resulted in a morphology
with higher aspect ratio. Specifically, the growth rate of the -
plane of the pyramid-like crystal could reach 660 nm/min in
the first 2 min, which is almost 3 times than hexagonal crystals
and even 30 times than the conventional hydrothermal
reaction. Although the growth rate of c-planes also decreased
with time, it always kept higher than the growth rate of m-
planes. The anisotropic growth indicated that the growth of
pyramid-like crystals was always reaction-limited. The rapid
growth may be due to two main reasons: First, the activated c-
planes are favored by 2D nucleation, and the large amount of
2D nucleation cited acts as high density kinks which kinetically
facilitate crystal growth along the c-direction. Second, as the
crystal tip shows a pyramid-like structure, the c-plane area
ratio, S, always remains in a low value. Therefore, the diffusion
of precursor ions is always enough to the tip and prevents the
crystal growth to be inhibited by mass transfer. In the reaction-
limited region, where ¢ < 1, growth rate is independent of the
NWs diffusion environment. The relationship of growth rate
with reaction kinetic factor could then be described by

dh  kCy
ar P

The surface reaction rate constant k of c-planes of the
pyramid-like crystal was determined to be 4.59 X 107> ms™},
which is 14.40 times than the conventional hydrothermal
reaction rate.”” The different growth behavior in two regions
provided guidance for dimension and aspect ratio control. As
reaction-limited growth results in an anisotropic morphology,
increasing the power density of the laser could differentiate the
growth rate of different crystal surfaces and lead to long NWs
with higher aspect ratio. Diffusion controlled growth typically
results in homogeneous growth, by which crystals grow
uniformly with a constant aspect ratio.

4. CONCLUSIONS

Laser-induced chemical deposition is a promising bottom-up
method to fabricate nanomaterials. It could effectively boost
growth rate and tune the orientation, morphology, and
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dimensions of NWs. NWs with up-straight orientation could
be obtained by setting the laser energy input to just overcome
the lowest nucleation energy barrier, which is corresponding to
the heterogeneous nucleation with c-planes attaching to
substrates. The mechanism of laser-induced morphology
control was studied kinetically and thermodynamically. Differ-
ent morphologies of crystals could be obtained by adjusting the
laser energy to selectively overcome the energy barriers of
different surfaces. After kinetic barriers are overcome, crystals
will stay in a thermodynamically stable state, which minimizes
the total surface free energy. By adjusting the laser power
density according to different mechanisms in reaction- and
diffusion-limited regions, NWs with desired dimensions and
morphology could be obtained. Laser-induced chemical
deposition is also a precise tool to investigate the mechanisms
of nucleation and crystal growth from thermodynamic and
kinetic points of view and provides guidelines for fabricating
nanomaterials with desired morphology for a wide variety of
specific device purposes.
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