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Abstract A crownlike zinc oxide crystal composed of a

hexagonal cap and a towerlike shaft was synthesized by

vapor-phase transport method. Based on vapor–liquid–solid

and vapor–solid mechanism, the growth model of the

crystal was proposed. Under the excitation of pulse laser

with 1150-nm wavelength, strong ultraviolet emission at

388 nm was observed. The peak position and the relation-

ship between the emission intensity and excitation intensity

demonstrated that the ultraviolet photoluminescence was

induced by three-photon absorption. The photolumines-

cence characteristic of the sample was investigated.

Introduction

In recent years, nanostructural ZnO has attracted a great

interest because of its rich morphology and potential

multifunctional applications. A considerable endeavor has

been paid to obtain desirable ZnO nanostructures by con-

trolling growth condition, and various morphologic ZnO

nanostructures have been fabricated by different methods,

including chemical vapor deposition [1, 2], oxidizing

granular Zn films [3], template-oriented growth [4],

supercritical hydrothermal synthesis [5], metalorganic

vapor-phase epitaxy [6, 7], and low-temperature solution

method [8], etc. Meanwhile, various optoelectronic func-

tions of nanostructural ZnO have also been revealed, such

as UV laser [9, 10], field effect transistor [11], sensor [12,

13], and nanogenerator [14]. In addition, ZnO optical

nonlinearity effects, such as second and third harmonic

generations, two-photon absorption and photoluminescence

have been found in ZnO thin film [15–17], ZnO micro-

tubes, and ZnO nanowires [18, 19]. All these nonlinear

effects have shown potential applications of ZnO in optical

limiting [20], all-optical switching [21], and optical data

storage [22]. However, three-photon-induced photolumi-

nescence (TPPL) in ZnO nanostructures has rarely been

seen. In this article, a crownlike ZnO nanostructure com-

posed of a hexagonal cap and a towerlike shaft was syn-

thesized by vapor-phase transport method. Under the

excitation of pulse laser with 1150-nm wavelength, the UV

TPPL was observed, and the photoluminescence charac-

teristic of the sample was discussed.

Experimental methods

The ZnO sample was produced in a tube furnace. A small

quartz boat filled with high purity Zn powders was placed

in a slender quartz tube with both ends open. A strip of

silicon wafer with (100) plane was put into quartz tube

downstream from the boat as a deposition substrate. The

furnace chamber was heated at a rate of 20 �C/min after the

quartz tube had been inserted it. Meanwhile, a mechanical

pump was installed to exhaust air in the chamber, and the

vapor pressure was maintained 50 kPa during the whole

growth process. When the source region was raised to

750 �C, nitrogen was introduced into the furnace chamber

with a flux rate of 200 sccm (standard cubic centimeter per
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minute). During 30-min growth time, the source region

temperature was kept at 750 �C, and the substrate tem-

perature at about 500 �C. A scanning electron microscopy

(SEM) was employed to examine the sample morphology.

The sample microstructure was characterized by X-ray

diffraction (XRD) and the high-resolution transmission

electron microscopy (HRTEM). A femtosecond pulse laser

at 1150 nm generated from an optical parametric oscillator

(repetition frequency 1000 Hz, pulse duration 150 fs) was

used as excitation light source. The excitation beam was

focused into a spot with a diameter of about 100 lm by a

convex lens, and the emission signal was recorded by a

fiber-coupled optical multi-channel analyzer (OMA). All

the measurements were carried out at room temperature.

Results and discussion

The XRD pattern of the sample is illustrated in Fig. 1. All

diffraction peaks match the indexes of the wurtzite ZnO

with lattice constants a = 0.325 nm and c = 0.521 nm.

The strongest (0002) peak of the sample shows a preferred

growth orientation along the c-axis.

The low-magnification SEM image of the sample in

Fig. 2a indicates its high yield. The SEM images with

medium and high magnification in Fig. 2b and c illustrate

that each product presents a novel crownlike morphology

composed of two parts: (1) a towerlike shaft with a hexa-

gram cross section and a varied diameter of several

micrometers to several hundred nanometers from the bot-

tom to the top, and (2) a hexagonal disk with about 1-lm

diameter capping on the shaft top. Figure 2d is the field

emission SEM image of a selected product. A dark

hexagonal spot can obviously be seen on the disklike cap.

The HRTEM image of a shaft in Fig. 3a clearly shows the

lattice fringes. The 0.26-nm d-spacing matches (0001)

interspacing of the wurtzite ZnO; this indicates that the

shaft grew mainly along [0001] consistent with the XRD

pattern. Figure 3b is the HRTEM image of a disklike cap

viewed from [0001] direction. It can be seen that the atoms

arrange regularly to form a sixfold symmetric projected

structure. The 0.28-nm d-spacing between any two adja-

cent lattice fringes along six symmetric directions corre-

sponds to the interspacing of f10�10gof the wurtzite ZnO.

This indicates that the disklike cap is formed by (0001)

plane closed by six symmetric f10�10g similar to the ZnO

nanodisks as reported by Xu et al. [23].

The ZnO nanostructures—similar to our crownlike ZnO,

such as nanonail and crown-capped nanotrapod—have

been synthesized [24–26], and the corresponding growth

mechanisms were proposed. For example, Lao et al. [24]

attributed the ZnO nanonail formation to a preferential

growth chance of the nanorod top relative to the bottom,

while Zhang et al. [25] proposed that the nanonail forma-

tion originated from an abrupt variation of Zn–O concen-

tration at the last growth stage. In the case of this study, the

crownlike ZnO shape distinguishes from above nail-like

nanostructures, and so the growth mechanism of the latter

should also be different. From the SEM images in Fig. 2, it

can be seen that the ZnO products growth involved two

stages: (1) the towerlike shaft growth and (2) the disklike

cap formation.

Because no catalyst was introduced in this experiment,

the shaft growth along [0001] should be controlled by self-

catalyst vapor–liquid–solid (V–L–S) mechanism. The

vapor-phase Zn atoms from the source region are first

liquefied into zinc droplets on the substrate. These droplets

absorb vapor-phase growth units such as zinc and oxygen

atoms or zinc suboxide in the atmosphere to form ZnO

nucleus from which the shafts begin to grow along [0001].

It is interesting to note that the shaft exhibits hexagram,

which is not often observed in rodlike ZnO. The ZnO

nanorod generally presents hexagon with f10�10g as six

sides at a lower supersaturation ratio, because the growth

velocity along h1120i is larger than that along h1010i in

this case. However, at a higher supersaturation ratio, ZnO

nanorod possibly grows more rapidly along h1010i than

along h1120i, which has been confirmed by another

experiment of the authors. Figure 4a is the SEM image of

the ZnO nanorods fabricated by carbon thermal reductive

reaction with ZnO powders and graphite powders as source

materials at 1150 �C temperature in air, and the corre-

sponding growth temperature is about 700 �C. It can be

seen that the upper part of a nanorod presents hexagon, but

its lower part exhibits hexagram, and the six sides of the

hexagon are clearly formed by flattening of the six edges of

the hexagram. Because the upper part of the nanorod grew

in the last stage, the six sides of the hexagon should be

f10�10g because of a lower supersaturation ratio. The
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Fig. 1 The XRD pattern of the crownlike ZnO
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schematic variation process of the nanorod shape is shown

in Fig. 4b. At the early growth stage, owing to a higher

supersaturation ratio, the nanorod grows faster along

h1010i than along h1120i, and this results in a hexagram

cross section of the nanorod, in which the six angles

correspond to h1010i directions. With decrease of super-

saturation ratio in growth region, the nanorod growth

velocity along h1010i relative to h1120i will reduce, and

thus its six angles will become blunt. When the supersat-

uration ratio lowers to a proper level, the growth velocity

Fig. 2 The SEM images of the crownlike ZnO with low (a), medium (b, c) and high (d) magnifications

]0110[

]1010[

]1001[
]0101[

]0101[

]0011[
nm28.0

nm2

][0001

nm.260

(a) (b)
Fig. 3 HRTEM images of the

shaft and the disklike cap of a

crownlike ZnO
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along h1120iwill exceed that along h1010i, and the six

angles of the nanorod will gradually flatten and finally form

a hexagonal cross section with f10�10g as six sides. Based

on above discussion, the hexagram shaft formation of the

crownlike ZnO can be attributed to a higher supersaturation

ratio.

It is noted that the shaft presents a clear towerlike

structure, and each layer has a height of about 20 nm. The

ZnO nanostructures with similar morphology have been

reported [27–29], but the growth mechanism is still unclear.

The towerlike shaft was impossibly formed by pure V–L–S

mechanism. In that case, the shaft should have near same

diameter with the catalyst liquid droplet from bottom to top,

so the towerlike structure should be caused by transverse

growth of the shaft controlled by vapor–solid (V–S)

mechanism. In vapor-phase condition, the V–S-controlled

crystal growth is generally difficult if no defects (such as

screw dislocation or twin-crystal) provide growth steps.

However, in our case, no screw dislocations or twin-crystals

are observed from the HRTEM image in Fig. 3a, and so it is

believed that the growth steps can first be provided by the

corners formed by the substrate and nuclei (shown in

Fig. 5). In ZnO nucleation process, the growth step is

simultaneously generated by the nuclei and the substrate.

Thus, when the shaft grows, the growth units falling on the

substrate will transfer to the steps and move upward along

the shafts, and some of them will be adsorbed and enter

crystal lattice sites. Because the transfer distance of growth

units is limited, the first-order step will be formed on the

shaft when the shaft grows to a certain length. Similarly, the

second-order step will be formed by the first-order step on

the shaft. Owing to a gradually decreasing transverse

growth time of the steps from bottom to top, the shaft finally

will present a towerlike morphology.

The second growth stage is the cap formation. It is well

known that the supersaturation ratio is most main factor of

crystal growth, so the system should still have an appro-

priate vapor pressure to supply the cap growth in this stage.

This also implies that the longitudinal growth stop of the

shaft was not mainly caused by the decrease of supersat-

uration ratio. Based on above discussion, and combining

the SEM image of the cap in Fig. 2d, we believe that the

change of catalyst shape can be main factor suppressing

the [0001] growth of the shaft. In the first growth stage, the

area of the shaft top will gradually increase because of

transverse growth. In this situation, the curvature of cata-

lyst droplet will become smaller and smaller because of

surface strain between it and the shaft top; therefore, its

adsorbability to the growth units will generally reduce.

When the catalyst droplet finally gets flat enough, it can no

longer adsorb sufficient growth units, and the shaft growth

along [0001] will stop (shown in Fig. 5). The dark spot

covering the cap (Fig. 2d) implies the existence of the

liquid-phase catalyst during the growth process. However,

the sides of the top can still grow to some extent, and this

will lead the growth units to diffuse from the shaft top to

the sides. This transfer will lead to a preferential transverse

growth of the shaft top relative to other parts. As a result, a

disk will be formed from the shaft top. Because the

supersaturation ratio is smaller in this growth stage, the cap

presents hexagon with f10�10g as six sides.
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Fig. 4 a The SEM image of ZnO nanorods, b the evolvement of the

ZnO nanorod cross section with growth process

Fig. 5 The diagram illustrating the towerlike shaft formation
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Under the excitation of 350-nm light from Xe lamp, the

photoluminescence (PL) spectrum of the ZnO products is

shown in Fig. 6. It is composed of two emission bands: a

stronger narrow UV band at 388 nm, and a weaker broad

green band peaked at 510 nm. The UV emission of ZnO is

generally attributed to near-band edge emission, but the

origin of green emission is still controversial. Jayakumar

et al. investigated the green emissions of the ZnO nanorods

fabricated by solvothermal method and treated in hydro-

gen, vacuum, and in air at 400 �C and room temperature,

and attributed the green emission to Zn vacancies [30].

Djurišić et al. observed the green emission in tetrapod

structures fabricated by thermal evaporation of zinc pow-

ders in air, dry, and humid argon flow as well as nitrogen

flow, and proposed that the green emission could originate

from surface defects [31]. In addition, other mechanisms,

such as singly ionized oxygen vacancy [32], copper

impurities [33], antisite oxygen [34], donor–acceptor

complexes [35], and zinc interstitials [36], were also used

to explain green emission by some authors. These different

explanations indicate that the green emission is likely to

originate from more than one defect, these defects can

depend on the given preparation methods and post-treat-

ment process.

Figure 7a shows the PL spectra of the products excited

by 1150-nm femtosecond laser under a different power. It

can be seen that all spectra contain a UV band peaked at

388 nm, and a visible band centered at 575 nm. Because

the excitation wavelength is more than two times but less

than three times of the peak wavelength, it is believed that

the UV emission can be generated from TPPL process

(shown in the inset of Fig. 7a).

The TPPL originates from three-photon absorption. An

electron excited by intense light field probably transits

from a lower energy level to a higher energy level by

simultaneously absorbing three photons. When this elec-

tron transits to low energy levels, it can generate sponta-

neous emission, namely TPPL. The TPPL probability

mainly depends on the three-photon absorption probability,

which mechanism can be explained by solving the time-

dependent Schrödinger equation using the third-order per-

turbation theory. For a semiconductor in light field, the

time-dependent Schrödinger equation of an electron is

expressed as follows:

Ĥw ¼ i�h
o

ot
w ð1Þ

where Ĥ is the Hamilton operator of the electron, and
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Fig. 6 PL spectrum of the crownlike ZnO excited by Xe lamp

at 350 nm

0 250000 500000 750000

In
te

ns
it

y 
(a

.u
)

33P (mW )

1    42 mW
2    58 mW
3    75 mW
4    84 mW

4

3

2

1

4

3

2

1

In
te

ns
it

y 
(a

.u
)

Wavelength (nm)

400 450 500 550 600

350 400 450 500 550 600 650

1150 nm
1100 nm

:
:

2
1

21

In
te

ns
it

y 
(a

.u
)

Wavelength (nm)

PLUV

CB

ω

VB

ω
ω

(a)

(b)

(c)

Fig. 7 Three-photon-induced PL spectra excited by 1150-nm femto-

second laser with various powers (a), the UV PL spectral at the

different excitation wavelength (b), and UV emission intensity

variation vs the cube of excitation power (c), the inset of a is the

schematic diagram of TPPL process
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Ĥ ¼ 1

2m
p̂~þ e

c
A~ � A~

� �2

þVðrÞ � eu ð2Þ

p̂~ is momentum operator of the electron, A~ and u are,

respectively, the vector and scalar potentials of electro-

magnetic field, and V(r) is the electron potential energy in

crystal field.

Using coulomb criterion r � A~ ¼ 0, and u = 0, Ĥ can

be expressed as

Ĥ ¼ Ĥ0 þ Ĥ01 þ Ĥ02 ð3Þ

where

Ĥ0 ¼
1

2m
p̂2 þ VðrÞ ð4Þ

is the Hamilton operator of the electron without perturbation

of light field, and

Ĥ01 ¼
e

mc
A~ � p̂~ ð5Þ

Ĥ02 ¼
e2

2mc
A~ � A~ ð6Þ

are, respectively, the interactional Hamilton operators of

the light field and the electron, Ĥ01, Ĥ02 is far less than Ĥ0,

and H02 � H01. In the case of third-order approximation, H02
effect in Eq. 1 can be omitted.

Using the third-order time-dependent perturbation the-

ory to Eq. 1, the total three-photon transition probability of

the electron from a valence band v to a conduction band c

can be written as follows [37]:

W3 ¼
2p
�h

Z
d3k

ð2pÞ3
�
X

n

X
m

H0vmH0mnH=
ncd½Evcðk~Þ � 3�hx�

½Emvðk~Þ � �hx�½Emnðk~Þ � 2�hx�
ð7Þ

where

H0nm ¼
Z

w�nĤ01wmdv ¼
Z

v

w�n
e

mc
A~ � p̂~

� �
wmdv

and the indices m and n refer to the intermediate bands, wm

is the Bloch wave function of m band, Enm is the energy

difference between band n and band m, and k~ is wave-

vector. From Eq. 7, it can be deduced that three-photon

absorption is usually realized by a series of intermediate

state, and only when Ec � Ev � 3�hx, the absorption has a

larger probability. The most main characteristic of three-

photon absorption is that its transition probability is pro-

portional to cube of excitation light intensity.

According to discussion, the TPPL mechanism in the

case of this study case is explained as follows: an electron

in the valence band (VB) simultaneously absorbs three

photons by intermediate energy bands and transits to the

conduction band (CB), then relaxes to an exciton state near

the band edge, and finally generates UV emission by

exciton recombination.

The visible peak at 575 nm is attributed to the second

harmonic generation (SHG) of the excitation light. In order

to further confirm it, we compared the two PL spectra

(shown in Fig. 7b) at different excitation wavelengths

(1150 and 1100 nm) under 84-mW excitation power. It is

clear that the UV peak still keeps at 388 nm for 1100 nm

excitation wavelength, but the visible peak shifts to 550 nm.

This indicates that the UV peak is undoubtedly TPPL (it can

also be demonstrated by the approximately linear relation

between the UV emission intensity and cube of excitation

power in Fig. 7c), and the visible band originates from SHG

of the excitation light. It is noted that the UV emission

intensity increases more rapidly relative to the visible

emission with excitation power increase as can be seen from

Fig. 7a. This can be attributed to the difference in the

dependencies between TPPL intensity and SHG intensity on

the excitation intensity. TPPL intensity is proportional to

cube of excitation intensity, whereas SHG intensity depends

on square of excitation intensity. It is necessarily mentioned

that the SHG linewidth (about 28 nm) is far more than the

excitation light linewidth (about 14 nm)observed in this

study, which can be caused by the broadening of the visible

TPPL that originated from defect emission.

Recently, Dong et al. [38] reported two-photon-induced

luminescence of ZnO nanowires with 800 nm fs laser as

excitation light source under detuning condition. In their

experiment, the threshold of two-photon luminescence is

about 0.1 TW/cm2. In this study, according to the pulse

duration, the repetition frequency of the laser, and the size

of excitation light spot, it can be calculated that the TPPL

threshold is about 0.22 TW/cm2, which is in the same order

of magnitude with the threshold reported by Dong et al.

Considering that the efficiency of three-photon absorption

is about one order lower than that of two-photon absorption

in the same material, we believe that the crownlike ZnO

should have higher three-photon absorption efficiency than

Dong’s nanowires. According to Mavi et al. [39], the large

nonlinear optics effect in nanocrystal is attributed to a large

charge density gradient of the crystal interface, which is

related to the nanocrystal aspect ratio. In our experiment,

the special morphology of the ZnO crystal and the small

steps on the shaft can efficiently increase the surface of the

crystal. Therefore, the large three-photon effect in crown-

like ZnO can be attributed to its large aspect ratio.

Conclusion

In conclusion, the crownlike ZnO crystal was prepared by

vapor-phase transport method. Based on V–L–S and V–S

1882 J Mater Sci (2011) 46:1877–1883
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mechanism, the growth model of the crownlike ZnO was

proposed. The hexagram cross section of the shaft was

attributed to a more rapid growth velocity along h1010i
relative to h1120i because of a higher supersaturation ratio,

and the steplike figuration was believed to be resulting

from the shaft transverse growth controlled by V–S

mechanism. The disklike cap formation was assigned to the

reduction of the catalyst curvature, which resulted in the

stop of the shaft growth along [0001] and a longer-time

lateral growth of the shaft top due to the diffusion of

growth units. Under the excitation of the infrared femto-

second pulse laser, the strong UV TPPL and SHG signals

were obtained. The UV spectra and the linear relationship

between emission intensity and cube of the excitation

power clearly demonstrated TPPL process generated in

crownlike ZnO.
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