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Thin film of ZnO nanoparticles with dimension of about 5–10 nm were fabricated by the pulsed

laser ablation method. By using a femtosecond laser beam at 700 nm to pump micrometer-thick

films the authors observed two-photon-induced lasing at 385 nm. Experimentally obtained

dependence of the threshold on the excitation spot radius r0 is closer to �1/r0
2� than to �1/r0�, thus

suggesting efficiency of the feedback by scattering-random lasing. The experimental data on

nonlinear transmission of the film at the wavelength of pumping are presented. © 2006 American

Institute of Physics. �DOI: 10.1063/1.2370879�

Based on the unique properties of nanoparticles different

from bulk material,
1,2

nanometer-sized structures have shown

potential applications in microfabrication,
3

information

technology,
4

and new laser technology.
5

Letokhov predicted

that the combination of multiple scattering and light ampli-

fication would lead to a form of laser action called random

lasing.
6

In that case, the highly scattered nanostructured

semiconductor materials with gain would be very attractive.

Due to the wide band gap of 3.37 eV and the large exciton

binding energy of about 60 meV at room temperature, ZnO

has been recognized as a promising semiconductor material

for numerous optoelectronics applications.
7,8

In addition, re-

cently it has been observed that nanostructured ZnO thin film

exhibits very high optical nonlinear properties.
9

Random la-

ser effect is well studied experimentally in colloidal and mi-

crosized media.
10,11

But studies in case of nanostructured

materials are not so well advanced because of lack of pure

and size controlled ZnO nanocluster materials. In this letter,

we report the lasing effect in nanostuctured ZnO thin films

under single or/and multiple photon excitation. There are

several advantages of two-photon ��=700 nm, h�=1.77 eV�
over single-photon ��=350 nm, h�=3.54 eV� pumping.

First, two-photon excitation allows pumping over all sample

thickness,
12

while the light penetration depth is very short

�labs�100 nm� for the single-photon excitation �the absorp-

tion coefficient is measured to be about

�350 nm�105 cm−1�.
13

Second, excitation and emission

wavelengths are too close and hard to separate in the case of

single-photon pumping �350 and 385 nm, respectively�,
whereas two-photon pumping wavelength is strongly distinct

from the emission wavelength.

Zinc oxide nanoparticles with sizes ranging from

5 to 10 nm have been synthesized by pulsed laser ablation

and deposited onto substrate heated up to 380 °C. A detailed

description of growth apparatus and structural characteriza-

tions is published earlier.
14

Both transmission and photolu-

minescence spectra demonstrated high optical quality of ZnO

nanoparticles. The fundamental absorption close to the edge

at 392 nm and exciton peak position were detected at

3.29 eV. The films have, under low intensity cw excitation,

an intense UV excitonic photoluminescence and a very weak

defect-related band that qualifies the film as having high

quality.

Optical pumping was carried out using the output �700

and 350 nm� of an optical parametric amplifier �OPA� and

Ti:sapphire laser system �800 nm�. Pulse durations were tp

=130 and 100 fs, respectively. The pumping laser beam was

focused by a spherical lens to form an excitation spot of

radius ranging from 50 to 700 �m. The laser fluence was

varied using either crossed polarizers or neutral filters. The

emission was collected in a plane of the film into a slit of a

spectrometer equipped with a charge coupled device detec-

tor. Lasing action was obtained using 350 nm �OPA� and

both at 700 nm �OPA� and 800 nm �Ti:sapphire� pumping.

At threshold pumping intensity we observed the broad

luminescence peak abruptly changing to a narrow lasing

emission peak �see inset in Fig. 1�. The emission intensity

increased from the lasing threshold up to thermal degrada-

tion of the sample.

The results of single- and two-photon pumping of the

same area of the film are shown in Fig. 1. The spot diameters

are 100 and 90 �m, respectively. In the two-photon case at

pumping fluences above 55 mJ/cm2, we see a rapid growth

of the emission peak at 3.23 eV ��=385 nm�. As the excita-

tion intensity is increased from lasing threshold to damage

level �121 mJ/cm2� the output intensity increases ten times,

the position of the emission peak shifted to 3.09 eV

�402 nm�, and the spectral width increased from

25 to 92 meV �full width at half maximum�. The intensity

dependence was approximated by an exponent function of

pumping fluence for the single-photon pumping and of the

square of the pumping fluence for the two-photon pumping.

This sharp dependence can be provided by stimulated emis-

sion of photons both without and with feedback through scat-

tering of emitted light.
6

The mechanism of emission at high

pumping fluence is combined from the exciton emission

�EE� and the emission due to recombination of the electron-

hole plasma �EHP�.
15

The coexistence of these two emission

regimes results probably from nonhomogeneous energy dis-

tribution in the pumping spot. At the highest excitation the

peak of EHP of lasing spectrum is dominant. Thus, the curve

in Fig. 1�b� can be divided into three regions: EE width

changing at low fluences, a superposition of EE and EHP ata�
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intermediate fluences, and EHP broadening at the highest

fluences.
15

The curves of emission peak width versus excitation flu-

ence demonstrate a well-defined threshold where the broad

photoluminescence spectrum changes to a narrow lasing

peak. Both the wavelength, at which lasing starts, and the

initial emission peak width are less for two-photon pumping

�Figs. 1�c� and 1�b�� than for single-photon pumping of the

same area on the film.

In both cases, as is shown in Fig. 1�c�, when increasing

the pumping fluence the spectral position of the lasing peak

shifts from exciton emission wavelength to longer wave-

lengths due to a band gap renormalization and EHP

emission.
16

Two-photon excitation provides a possibility to realize

transmission experiment in parallel to lasing. As pumping

pulse duration is much shorter than the characteristic time of

lasing emission,
17

thus lasing should not influence the trans-

mission. Figure 2 demonstrates the experimental dependence

of the ZnO nanocluster film transmission on pump intensity.

The spot diameter is 350 �m. The analytically obtained de-

pendence of transmission of two-photon absorbing film on

pump laser intensity is a hyperbolic function.
18

The fit be-

tween experimental and theoretical curves may be consid-

ered satisfactory only at low excitation intensities I0

�20 GW/cm2. The two-photon absorption coefficient � at

700 nm was adjusted to provide the best fit of the theoretical

curve to the experimental data. As a result, �700 is about

450 cm/GW; this value is higher than the ones measured

earlier under nanosecond and picosecond excitations.
19,20

In

the case of transmission measurements at 800 nm, the effec-

tive two-photon absorption coefficient was estimated to be

�800�110 cm/GW.

It should be noted, however, that along with the two-

photon absorption mechanism through a virtual level, the

two-step absorption through low impurity level can be con-

sidered. As is seen in Fig. 2, at high intensities, the saturation

of transmission occurs revealing, thereby, the saturation of

corresponding transition.

Figure 3 shows the experimental results of lasing thresh-

old dependence on spot size under single- and two-photon

FIG. 1. Comparison of lasing emission characteristics from the same excited

area of ZnO nanoparticle film for single- ��� and two-photon ��� pumping

as functions of pumping fluences: �a� lasing intensity, experimental points,

and approximations; and �b� the width of lasing peak. The transitions from

luminescence to lasing �solid line� and from exciton emission �dashed line�

to electron-hole plasma recombination emission �dotted line� are shown. �c�

Lasing peak position, whose evolution can be explained by band gap renor-

malization. Inset on �a� shows the narrow lasing emission peak superim-

posed on the broad luminescence peak. Pumping fluence was 55 mJ/cm2 at

700 nm.

FIG. 2. Experimental and theoretical nonlinear transmission curves at

700 nm. The arrow indicates lasing threshold.

FIG. 3. Lasing threshold vs pumping beam radius: ��� single-photon pump-

ing and ��� two-photon pumping. Ordinate shows a threshold volume den-

sity of absorbed energy per pulse. �, �, and tp are single- and two-photon

absorption coefficients and laser pulse duration, respectively. Fitting related

to light propagation in disordered media with gain and amplified spontane-

ous emission shown by continuous and dashed lines, respectively.
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pumping and the corresponding theoretical approximations.

It can be clearly seen that the threshold gain strongly in-

creases with decreasing excitation spot area.
11,21

However, it

should be noted that this behavior is typical for amplified

spontaneous emission whether or not the feedback through

scattering of emitted light is involved. In Fig. 3 we compare

the corresponding experimental data with theoretical predic-

tions for two limiting cases. It is seen that the dependence of

the threshold gain on the excitation spot radius r0 is closer to

the �1/r0
2� than to the �1/r0� approximation. The former func-

tion corresponds to a description of emitted light propagation

by the diffusion equation with gain �disordered media�. It is

shown, for instance, for a plain disordered film surrounded

by the media with other refractive indices for the case of

multiple-photon pumping.
22

If �1/r0� dependence is valid, it

provides no scattering at all. Thus the experimental results

suggest that the role of light scattering in our case is

significant.

Experimentally we observe that, at lasing threshold, the

increasing pulse duration of a pumping beam at fixed pulse

energy leads to the increase of spot radius. The gain is de-

termined by the population inversion, which is proportional

to the volume density of absorbed pump power.
12

In the case

of single-photon pumping it means that the gain is propor-

tional to laser fluence �gth��� f =�� I0� tp�. In case of

two-photon pumping only approximation gth� I0
2� tp but not

gth� I0
2� tp

2 provides experimentally observed decrease of the

pumping gain while increasing r0 �see Fig. 3�. The fact that

the volume density of absorbed pump power in this case is

proportional to I0
2� tp suggests a coherent nature of the cor-

responding two-photon transition.

In conclusion, high quality nanostuctured ZnO thin films

were prepared by the pulsed laser ablation method. We ob-

served the lasing effect under two-photon femtosecond laser

excitation of ZnO thin films. Our experiments show that the

feedback provided by scattering of emitted light is involved

in two-photon-induced lasing effect. This effect reveals that

the ZnO nanoparticles show useful properties and potential

applications in nanophotonics fields.
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