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Abstract Femtosecond laser ablation based on two-photon
absorption was employed to cut ZnO nanorods into uniform
ZnO nanoparticles of deep subwavelength size. The fabri-
cated ZnO nanoparticles possess a shorter mean transport
length for photons at the emission wavelength and a much
smaller scattering cross section at the pump wavelength,
leading to highly efficient two-photon-pumped random las-
ing with a low threshold of ∼8 mJ/cm2. It was demon-
strated that the significant enhancement in two-photon lu-
minescence after the irradiation of femtosecond laser pulses
could also be utilized for realizing optical data storage.

1 Introduction

Random lasers made of randomly distributed scattering par-
ticles with appropriate gain have attracted great interest in
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the last decade due to their potential application in realizing
efficient light emitters [1–4]. In practice, one can employ
either scattering particles with gain or scattering particles
without gain that are immersed in a gain medium to real-
ize random lasers. In the former case, ZnO nanostructures
in various forms are utilized as the most popular scatter-
ing particles to achieve random lasing, including nanocrys-
tallites [5], nanocomposites (e.g., ZnO@mesoporous silica)
[6], nanorods [7], nanotubes [8], and nanoneedles [9], etc.
So far, the physical mechanism for random lasing has been
established based on different theoretical models and ex-
perimental observations [10–15]. Basically, random lasers
can be classified into two types according to the feedback
mechanism, i.e., random lasers with incoherent and coherent
feedbacks. From the viewpoint of device application, how-
ever, it is highly desirable to fabricate efficient random lasers
with low thresholds.

Physically, there are two ways to improve the perfor-
mance of random lasers. One is to increase the scatter-
ing strength of nanoparticles which is characterized by the
mean transport length of photons (lt ) in the media com-
posed of randomly distributed nanoparticles. The other is
to enhance the efficiency of the pump light which is also
affected by the scattering and absorption of nanoparticles.
In practice, random lasing can be easily realized by pump-
ing the disordered medium with nanosecond or picosecond
lasers. In contrast, there are few reports on the random lasing
achieved by femtosecond (fs) laser pumping because of the
very short pulse duration [5, 16]. In addition, it is quite diffi-
cult to realize random lasing with coherent feedback by us-
ing fs laser pumping. Although low-threshold two-photon-
pumped ZnO nanowire lasers have been reported recently
[17], how to realize two-photon-pumped random lasing (TP-
PRL) with a low threshold remains to be a challenge. For
ZnO nanoparticles whose emission wavelength appears at
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∼390 nm, it has been suggested by theoretical analysis that
random lasing with a lower threshold can be achieved by
using two-photon pumping instead of single-photon pump-
ing [18]. A detailed theoretical analysis reveals that the
thresholds of both cases are independent of the absorption
strength of the pump light [18]. Unfortunately, two-photon-
pumped random lasers with thresholds lower than single-
photon-pumped ones have not yet been realized.

In practice, most ZnO nanoparticles are synthesized by
chemical methods and the accurate control of particle size
during the fabrication process is a big challenge. In compar-
ison, it is relatively easier to fabricate ZnO nanorods whose
diameter can be accurately controlled to some extent. On
the other hand, the interaction between fs laser pulses and
various materials (including metals, semiconductors, and
dielectrics) offers us the opportunity to create micro- and
nanostructures on the surfaces of these materials whose fea-
ture size can be tailored [19]. It has been known that ripples
with a subwavelength period can be induced on the surface
of a material by fs laser pulses with an energy density just
above the ablation threshold of the material [20, 21].

In this article, we report on fs laser ablation of ZnO
nanorods and the highly efficient TPPRL from the result-
ing ZnO nanoparticles. It is found that ZnO nanorods can be
chopped into identical pieces (nanodisks) by fs laser pulses
whose energy density is above the ablation threshold. The
feature size of ZnO nanoparticles can be controlled by ad-
justing the laser wavelength. The uniform ZnO nanoparti-
cles obtained in this way function as an efficient random
laser medium that renders more than two orders of magni-
tude enhancement in two-photon luminescence (TPL). TP-
PRL with a threshold as low as 8 mJ/cm2 has been achieved
by using fs laser pumping. We show that the significant en-
hancement in TPL after irradiation of fs laser pulses may
find applications in efficient light emitters and optical data
storage.

2 Experimental

The ZnO nanorods used in our study were synthesized by us-
ing the method reported previously [22]. The synthesis pro-
cess for ZnO nanorods can be described in three steps. First,
250-mL aqueous solutions of zinc acetate (ZnAc2·2H2O)
and triethanolamine (TEA, N(CH2CH2OH)3) with molar
ratio of 1 : 2 were prepared and put inside two dropping fun-
nels. Then, the two solutions were dropped within 2 hours
into a three-neck flask filled with water and subjected to a
bath at 90◦C. Subsequently, the above suspension was con-
tinuously stirred for 1 hour. Finally, the suspension contain-
ing ZnO seeds was aged for 12 hours at room temperature.
After filtration, the residue was washed three times with a lot
of acidic and nonionic water and dried at 80°C for 24 hours

Fig. 1 SEM images of ZnO nanorods before (a) and after ((b) and
(c)) fs laser irradiation (47 mJ/cm2) of different times. (b) t = 30 s and
(c) t = 60 s

to obtain ZnO nanorods. The SEM image of the synthesized
ZnO nanorods is shown in Fig. 1(a). The average diameter
and length of ZnO nanorods are measured to be ∼250 nm
and ∼2 μm, respectively.

For the measurements of TPL, ZnO nanorods were
densely packed into a 100-μm-thick sample cell made of
two cover glass slides. The 720-nm laser light from an opti-
cal parametric amplifier (OperA Solo, Coherent) with a du-
ration of 100 fs and a repetition rate of 1 kHz was focused
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normally on the sample by using a lens with a focusing
length of 150 mm. The sample cell was placed 20 mm away
from the focus. The TPL from ZnO nanorods was detected at
45◦ with respect to the normal by using a fiber spectrometer
with a resolution of 0.37 nm (USB2000+, Ocean Optics).
The pump energy density was derived by accurately mea-
suring the intensity distribution of the laser spot at the sam-
ple position by using a laser beam analyzer (HV1300UM,
CDHC-Optoelectronics).

3 Results and discussion

3.1 Femtosecond laser ablation of ZnO nanorods

We irradiated an ensemble of ZnO nanorods with 720-nm fs
laser pulses (∼100 fs; 1 kHz) and observed for the first time
the ablation of ZnO nanorods. Due to the large scattering
cross section (SCS) of ZnO nanorods at 720 nm, the inci-
dent laser light will be randomly scattered by nanorods. In
experiments, it is interesting to find that uniform nanodisks
can be obtained provided that the irradiation time is suffi-
ciently long. The SEM images for the samples containing
ZnO nanorods irradiated by fs pulses (47 mJ/cm2) for differ-
ent times of 30 and 60 s are shown in Figs. 1(b) and 1(c). In
Fig. 1(b), we can find the coexistence of the formed nanopar-
ticles and few shorter nanorods. With a long irradiation time
of 60 s, only nanoparticles with uniform size are left, as
shown in Fig. 1(c).

A detailed investigation of the ablation of a single layer of
ZnO nanorods by fs laser pulses revealed that most nanorods
were chopped into nearly identical pieces with an average
length of ∼110 nm, as shown in Fig. 2. As a result, each
nanorod is cut into ∼20 shorter nanorods (or nanodisks)
with a diameter of ∼250 nm and a length of ∼110 nm. In
Fig. 2, the fs laser light is vertically polarized and nanorods
were cut along horizontal direction. This situation is quite
similar to that observed on the surfaces of various materi-
als where ripples perpendicular to the polarization of laser

Fig. 2 SEM image showing the cutting of ZnO nanorods into identical
nanodisks by fs laser pulses. The laser light is vertically polarized

light are formed [19–21]. In our case, the length of ZnO nan-
odisks appears to be much shorter than the laser wavelength.
It has been reported that high-frequency laser-induced pe-
riodic surface structures (HFLIPSS) can be created on the
surface of semiconductors that are transparent to the laser
light [23], including ZnO. It is suggested that the second
harmonic generation (SHG) by intense laser light plays an
important role in the formation of such HFLIPSS [24]. The
length of ZnO nanodisks obtained in our case is similar to
the period of HFLIPSS formed on the surface of ZnO films.
Therefore, we believe that the ablation of ZnO nanorods
is quite similar to that of ZnO films. In experiments, we
have investigated the relationship between the length of nan-
odisks and the laser wavelength. A linear dependence of the
length of ZnO nanodisks on the laser wavelength is clearly
observed, as shown in Fig. 3. It means that we can eas-
ily control the feature size of ZnO nanodisks by simply
adjusting the laser wavelength. Since the diameter of ZnO
nanorods is quite uniform, ZnO nanoparticles with control-
lable feature size and relatively uniform size distribution can
be obtained by using fs laser ablation of ZnO nanorods.

3.2 Scattering cross section of ZnO nanorods and
nanodisks

The SCS of ZnO nanorods (σrod) as a function of wavelength
can be calculated by using the discrete dipole approximation
(DDA) method [25]. In Fig. 4, we present the wavelength
dependence of σrod for three typical cases in which the an-
gles between the nanorod and the incident light are chosen
to be θ = 90°, 45°, and 0°, respectively. In the calculation,
the wavelength dependence of refractive index for ZnO is
also considered [26]. It can be seen that σrod is large when
the nanorod is perpendicular to the incident light (θ = 90°).
In the case when the nanorod is parallel to the incident light
(θ = 0°), σrod is small for wavelengths shorter than 700 nm
and it increases rapidly after 700 nm. Thus, nanorods ori-
ented randomly in space possess SCS in between these two

Fig. 3 Dependence of the length of ZnO nanodisks obtained by fs
laser ablation on the laser wavelength



64 Z.-C. Fu et al.

Fig. 4 Wavelength dependence of SCS for three typical cases in which
the angles between the nanorod and the incident light are chosen to be
θ = 90°, 45°, and 0°, respectively. The averaged value of SCS for these
three typical cases is also presented

Fig. 5 Wavelength dependence of SCS for ZnO nanorods before
(σrod) and after (σdisk) fs laser irradiation. The two arrows indicate the
changes of SCS at the emission and pump wavelengths

extreme cases. For simplicity, we use the average value of
these three typical cases to approximate the averaged SCS
of randomly oriented nanorods. At the emission wavelength
of ZnO nanorods (∼390 nm), the averaged value of σrod is
estimated to be ∼0.78 μm−2.

To estimate the SCS of nanodisks (σdisk) obtained by fs
laser ablation, we will use nanospheres whose volume is
equal to that of nanodisks to calculate their SCS. In our
case, the diameter of the equivalent sphere is estimated to
be ∼210 nm. In Fig. 5, we present the wavelength depen-
dence of σrod and σdisk and compare their values at the emis-
sion (390 nm) and pump (720 nm) wavelengths. It is noticed
that the SCS at 390 nm is reduced from 0.78 to 0.17 μm−2

when nanorods are changed into nanodisks. In addition, it is
remarkable that the SCS at 720 nm decreases dramatically
from 1.80 to 0.025 μm−2.

3.3 Two-photon-luminescence and two-photon-pumped
random lasing

Physically, the threshold for TPPRL (Ith) is determined by
both the mean transport length of photons in the disordered

Fig. 6 Calculated SCS of ZnO nanospheres at the emission and pump
wavelengths (σ(λe) and σ(λp)) as a function of the diameter of
nanospheres

medium at the emission and pump wavelengths (lt (λe) and
lt (λp)), i.e., Ith ∝ lt (λe)l

−1
t (λp) [18]. The value of lt is in-

versely proportional to the volume density (N ) and SCS of
scattering particles (σ), i.e., lt ∝ 1/(Nσ) [27]. When ZnO
nanorods are cut into nanodisks by fs laser pulses, it is es-
timated that lt (λe) is reduced by a factor of ∼4.3 because
the significant increase in N (∼20 times) and a slight de-
crease of σ(λe) (∼4.6 times). On the other hand, an in-
crease of lt (λp) by a factor of 3.6 is expected at the pump
wavelength because a dramatic reduction of σ(λp). Conse-
quently, one can anticipate a reduction of the threshold by
more than one order of magnitude or a significant increase
in TPL. In Fig. 6, we present the calculated σ(λe) and σ(λp)

as a function of the diameter of nanospheres. In order to
achieve TPPRL with a low threshold, one needs to get a
large σ(λe) but a small σ(λp). Since σ(λp) starts to de-
crease rapidly for nanospheres with a diameter of ∼300 nm
and the sharp reduction of σ(λe) occurs at a smaller diam-
eter of ∼150 nm, it is easily understood that an appropriate
diameter for nanospheres appears at around 220 nm.

A significant enhancement in TPL and efficient TPPRL
are experimentally demonstrated by comparing the TPL of
ZnO nanorods before and after the irradiation of fs laser
pulses, as shown in Figs. 7 and 8. For pump energy den-
sities smaller than 23.8 mJ/cm2, the TPL of ZnO nanorods
increases quadratically with increasing pump energy den-
sity, exhibiting a signature of TPL [28–30], as manifested
in Figs. 7(a) and 8(a). After that, a saturation and even a
reduction of TPL occur with a further increase in pump en-
ergy density, indicating that the laser energy density reaches
the ablation threshold of ZnO nanorods. At this time, we
raised the laser energy density to 143 mJ/cm2 and irradi-
ated 104 pulses on ZnO nanorods. After that, we lowered the
pump energy density and measured again the dependence of
TPL on pump energy density. The results are presented in
Figs. 7(b) and 8(a). It is noticed that a significant enhance-
ment in TPL is achieved after the irradiation by 104 fs laser
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Fig. 7 TPL spectra of ZnO nanorods before (a) and after (b) irradia-
tion by 104 fs laser pulses with an energy density of 143 mJ/cm2

Fig. 8 Comparison of pump energy density dependence of TPL inten-
sity (a) and FWHM (b) for ZnO nanorods before and after irradiation
by 104 fs laser pulses with an energy density of 143 mJ/cm2

pulses. More importantly, nonresonant random lasing [10] is
clearly manifested in the sharp increase of TPL and the dra-
matic reduction of full width at half maximum (FWHM) at
∼8 mJ/cm2, as shown in Figs. 8(a) and 8(b). An enhance-
ment factor as large as ∼200 is achieved at a pump en-
ergy density of 23.8 mJ/cm2. The evolution of the FWHM
with increasing pump energy density for ZnO nanodisks is
similar to those reported previously for two-photon-pumped
ZnO nanoparticles with an average diameter of ∼5 nm [5].
However, the threshold in our case is reduced by one or-
der of magnitude as compared to the previous report which
is ∼80 mJ/cm2 [5], demonstrating an efficient TPPRL. We
think that the reduction in threshold is achieved by deliber-
ately choosing the size of ZnO nanoparticles for TPPRL,
which has been interpreted in Fig. 6. In [5], the size of
ZnO nanoparticles obtained by pulsed laser deposition is too
small (∼5 nm), leading to a week scattering at the emission
wavelength and a large threshold.

3.4 Optical data storage by using ZnO nanorods embedded
in a PMMA film

The significant enhancement in TPL observed in ZnO
nanorods after the irradiation of fs laser pulses may find
applications in optical data storage. In order to demonstrate
the use of ZnO nanorods in optical data storage, we have
scanned the laser beam on the sample formed by densely
packing ZnO nanorods. The energy density and scanning
speed of the laser light were chosen to be 143 mJ/cm2 and
38.2 μm/s, respectively. Four straight lines were scanned on
the sample. After that, we lowered the energy density of the
laser to 38 mJ/cm2 and measured the TPL along a straight
line which is perpendicular to the four scanned lines. The
result is shown in Fig. 9. A significant enhancement in TPL
of more than 50 times is observed within the scanned lines,
implying that optical information can be recorded (or writ-
ten) into ZnO nanorods by irradiating fs laser pulses with a

Fig. 9 TPL intensity measured at an energy density of 38 mJ/cm2

along a straight line which is perpendicular to the four scanned lines
irradiated by fs laser pulses with an energy density 143 mJ/cm2 and a
scanning speed of 38.2 μm/s
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Fig. 10 TPL intensity of ZnO nanorods randomly distributed in a
PMMA film measured at an energy density of 38 mJ/cm2 before
and after irradiation by 104 fs laser pulses with an energy density of
285.6 mJ/cm2

high energy density. Since both the writing and reading pro-
cesses rely on two-photon absorption which is proportional
to the square of the laser intensity, the pixel for optical data
storage can be dramatically reduced by decreasing the laser
spot.

We have also fabricated PMMA films in which ZnO
nanorods were uniformly distributed by spinning coating.
In this case, the scattering strength of ZnO nanostructures
is reduced to some extent due to the increase in the back-
ground refractive index. However, an enhancement factor as
large as ∼16 can still be obtained at an energy density of
38 mJ/cm2 after irradiation of 104 fs laser pulses with an
energy density of 285.6 mJ/cm2, as shown in Fig. 10. This
contrast is large enough for optical data storage. Consider-
ing the capacity and speed of optical data writing and read-
ing, more experimental investigations are needed in order
to explore the application of ZnO nanorods in optical data
storage.

4 Conclusion

In summary, we have investigated for the first time the ab-
lation of ZnO nanorods by fs laser pulses and demonstrated
its application in TPPRL and optical data storage. It is re-
vealed that ZnO nanorods can be chopped into ZnO nan-
odisks with uniform size which can be varied by adjusting
laser wavelength. A significant enhancement of more than
two orders of magnitude in TPL as well as a low threshold
of 8 mJ/cm2 for TPPRL has been achieved by using the fab-
ricated ZnO nanodisks. The application of fs laser ablation
of ZnO nanorods in the fabrication of optical data storage
media is also explored.
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