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Spatial Confinement of Laser Light in Active Random Media
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We have observed spatial confinement of laser light in micrometer-sized random media. The optical
confinement is attributed to the disorder-induced scattering and interference. Our experimental data
suggest that coherent amplification of the scattered light enhances the interference effect and helps the
spatial confinement. Using the finite-difference time-domain method, we simulate lasing with coherent
feedback in the active random medium.

PACS numbers: 71.55.Jv, 42.25.Fx
In a random medium, optical scattering may induce
a phase transition in the photon transport behavior [1].
When the scattering is weak, the propagation of light can
be described by a normal diffusion process. With an in-
crease in the amount of scattering, recurrent light scattering
events arise. Interference between the counterpropagating
waves in a disordered structure gives rise to the enhanced
backscattering, also called weak localization [2,3]. When
the amount of scattering is increased beyond a critical
value, the system makes a transition into a localized state.
Light propagation is inhibited due to the interference in
multiple scattering [4–7]. Theoretically, a localized state
is an eigenstate of an infinitely large random medium.
When the medium size is finite, light leakage from the
edges of the medium results in a finite lifetime of the lo-
calized state, and thereby a width dn of its energy level.
The Thouless number d � dn��dn�dN�, where dn�dN
is the level spacing. Anderson localization threshold is
given by the Thouless criterion, d � 1 [8,9].

It is well known that optical absorption destroys photon
localization because it suppresses the interference of scat-
tered light. Optical gain, which has the opposite effect of
absorption, should enhance photon localization. In the case
of weak localization, the amplification of the backscattered
light narrows the enhanced backscattering peak [10]. For
a one-dimensional random medium, photon localization
length is reduced in the presence of gain due to the amplifi-
cation of the coherent backscattering effect [11]. Recently,
we demonstrated that recurrent light scattering can pro-
vide coherent feedback for lasing in a three-dimensional
random medium [12]. In this Letter, we have further en-
hanced the scattering strength in zinc oxide (ZnO) powder
by reducing the particle size, and observed spatial confine-
ment of laser light in the disordered medium.

ZnO nanoparticles are synthesized with the precipitation
reaction. The process involves hydrolysis of zinc salt in a
polyol medium. Through the process of electrophoresis,
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ZnO powder films are made. The film thickness is about
30 mm. According to the scanning electron microscope
(SEM) image of the ZnO particles, the average particle
size is about 50 nm. The scattering mean free path l in the
ZnO powder is characterized in the coherent backscatter-
ing experiment [2,3]. To avoid absorption, the probe pho-
ton energy is slightly less than the ZnO band gap energy
(3.3 eV). From the angular width of the backscattering
cone, we estimate l � 0.5l.

In the photoluminescence experiment, the ZnO powder
film is optically pumped by the fourth harmonics (l �
266 nm) of a mode-locked Nd:YAG laser (10 Hz repeti-
tion rate, 20 ps pulse width). The pump beam is focused
to a �20 mm spot on the film surface with normal inci-
dence. The spectrum of emission from the powder film is
measured by a spectrometer with 0.13 nm spectral reso-
lution. At the same time, the spatial distribution of the
emitted light intensity in the film is imaged by an ultravio-
let (UV) microscope onto a UV sensitive charge-coupled
device (CCD) camera. The amplification of the micro-
scope is about 100 times. The spatial resolution is around
0.24 mm. A bandpass filter is placed in front of the mi-
croscope objective to block the pump light.

Figure 1 shows the measured spectra and spatial distri-
bution of emission in a ZnO powder film at different pump
power. At low pump intensity, the spectrum consists of a
single broad spontaneous emission peak. Its full width at
half maximum (FWHM) is about 12 nm [Fig. 1(a)]. In
Fig. 1(b), the spatial distribution of the spontaneous emis-
sion intensity is smooth across the excitation area. Be-
cause of the pump intensity variation over the excitation
spot, the spontaneous emission in the center of the exci-
tation spot is stronger. When the pump intensity exceeds
a threshold, sharp peaks emerge in the emission spectrum
[Fig. 1(c)]. The FWHM of these peaks is about 0.2 nm.
Simultaneously, bright tiny spots appear in the image of
the emitted light distribution in the film [Fig. 1(d)]. The
© 2000 The American Physical Society
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FIG. 1. (a) and (c) are the measured spectra of emission from
the ZnO powder film. (b) and (d) are the measured spatial
distribution of emission intensity in the film. The incident pump
pulse energy is 5.2 nJ for (a) and (b), and 12.5 nJ for (c) and (d).

size of the bright spots is between 0.3 and 0.7 mm. When
the pump intensity is increased further, additional sharp
peaks emerge in the emission spectrum. Correspondingly,
more bright spots appear in the image of the emitted light
distribution. Above the threshold, the total emission in-
tensity increases much more rapidly with the pump power.
Hence, laser action has occurred in the powder film.

The experimental fact that the bright spots in the emis-
sion pattern and the lasing modes in the emission spectrum
always appear simultaneously suggests that the bright spots
are related to the laser light. There seem to be two possible
explanations for the bright spots. One is that the laser light
intensity at the locations of the bright spots is high. The
other is that the laser light is not particularly strong at the
locations of the bright spots. However, there are some effi-
cient scattering centers at the locations of the bright spots,
and thus the laser light is strongly scattered. In the latter
case, these scattering centers should also strongly scatter
the spontaneously emitted light below the lasing thresh-
old, because scattering is a linear process. Hence, these
bright spots should exist below the lasing threshold. How-
ever, there are no bright spots below the lasing threshold.
Therefore, these bright spots are caused not by efficient
scatterers, but by strong laser light in the medium.

Next we present an explanation for our experimental
data. The short scattering mean free path indicates very
strong light scattering in the powder film. However, the
scattering mean free path obtained from the coherent back-
scattering measurement is an average over a large volume
of the sample. Because of the local variation of particle
density and spatial distribution, there exist small regions
of higher disorder and stronger scattering. Light can be
confined in these regions through multiple scattering and
interference. For a particular configuration of scatterers,
only light at certain wavelengths can be confined, because
the interference effect is wavelength sensitive. In a differ-
ent region of the sample, the configuration of the scatterers
is different, and thus light at different wavelengths is con-
fined. In other words, there are many resonant cavities
formed by multiple scattering and interference. When the
optical gain reaches the loss of a cavity, laser oscillation
occurs. The lasing peaks in the emission spectrum illus-
trate the cavity resonant frequencies, and the bright spots
in the spatial light pattern exhibit the positions and shapes
of the cavities.

To check the above explanation, we have reduced the
size of the random medium to approximately the size of
an intense laser radiation region in the powder film by ag-
glomerating ZnO nanoparticles to form clusters [13]. In-
deed, we have achieved lasing in micrometer-sized ZnO
clusters. The inset of Fig. 2 is the SEM image of a ZnO
cluster. Its size is slightly larger than 1 mm, and it con-
tains roughly 20 000 particles. The pump light is focused
by a UV microscope objective onto the cluster. Figure 2
plots the spectrally integrated intensity of emission from
the cluster as a function of the incident pump pulse en-
ergy. A threshold behavior is clearly seen. The incident
pump pulse energy required to reach the lasing threshold
is around 0.2 nJ. Below the lasing threshold, the emission
spectrum consists of a single broad spontaneous emis-
sion peak. The spatial distribution of the spontaneous
emission intensity is uniform across the cluster. Above
the lasing threshold, a sharp peak emerges in the emission
spectrum [Fig. 3(a)]. Its FWHM is 0.16 nm. After taking

FIG. 2. Spectrally integrated intensity of emission from the
ZnO cluster as a function of the incident pump pulse energy.
The inset is the SEM image of the cluster.
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FIG. 3. (a) The measured spectra of emission from the ZnO
cluster. (b) The measured spatial distribution of emission inten-
sity in the cluster. The incident pump pulse energy is 0.25 nJ.

into account the instrumental broadening, the actual width
of the peak is only 0.09 nm. Simultaneously, a couple of
bright spots appear in the image of laser light distribution
across the cluster [Fig. 3(b)]. By adjusting the microscope
objective, light distribution on different planes inside the
cluster is imaged onto the CCD camera. We find the emis-
sion pattern on different planes inside the cluster consists
of different bright spots. This suggests that the bright
spots are buried with different depth inside the cluster. The
spatial distribution of the laser light intensity exhibits the
spatial profile of the lasing mode. When the pump power
is increased further, a second lasing mode emerges in
the emission spectrum. Correspondingly, additional bright
spots appear in the image of the emitted light distribution.

Because of a large number of defects in the ZnO par-
ticles, the nonradiative recombination of the excited carri-
ers is significant below the lasing threshold. The lifetime
of the excited carriers is about 200 ps. Above the lasing
threshold, since the stimulated emission process is very
fast (less than 50 ps), the radiative recombination of the
excited carriers becomes dominant, leading to a rapid in-
crease of the total emission intensity (Fig. 2).

Several models have been set up in the theoretical study
of the stimulated emission in an active random medium,
e.g., the diffusion equation with gain [14,15], the Monte
Carlo simulation [16], and the ring laser with nonresonant
feedback [17]. However, these models cannot predict las-
ing with coherent feedback because the phase of the optical
field is neglected. We take a different approach: namely,
we directly calculate the electromagnetic field distribution
in a random medium by solving the Maxwell equations us-
ing the finite-difference time-domain (FDTD) method [18].
The advantage of this approach is that we can model the
real structure of a disordered medium, and calculate both
the emission pattern and the emission spectrum.

In our model, ZnO particles are randomly positioned in
space. The particle size is 50 nm. The random medium
has a finite size, and it is surrounded by air. To model the
situation that the random medium is located in infinitely
large space, we use the uniaxial perfectly matched layer
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(UPML) absorbing boundary condition to absorb all the
outgoing light wave in the air [19]. We solve the Maxwell
curl equations in the time domain after introducing optical
gain by the negative conductance s [20]. The randomness
is introduced to the Maxwell equations through the dielec-
tric constant ´, which varies spatially due to the random
distribution of the ZnO particles. The refractive index of
ZnO is about 2.3.

In our simulation, a seed pulse, whose spectrum covers
the ZnO emission spectrum, is launched in the center of the
random medium at t � 0. When the optical gain is above
the lasing threshold, the electromagnetic field oscillation
builds up in the time domain. Using the discrete Fourier
transform of the time domain data, we obtain the emission
spectrum. Figure 4 shows the calculated emission spec-
trum and emission pattern for a specific configuration of
scatterers. The size of the random medium is 3.2 mm. The
filling factor of ZnO particles is 0.5. When the optical gain
is just above the lasing threshold, the emission spectrum,
shown in Fig. 4(a), consists of a single peak. Figure 4(b)
represents the light intensity distribution in the random
medium. There are a few bright spots near the center. At
the edge of the random medium, the light intensity is al-
most zero. To check the effect of the boundary, we change
the spatial distribution of the scatterers near the edges of
the random medium. We find both the emission frequency
and the emission pattern remain the same. Their indepen-
dence of the boundary condition indicates that the lasing
mode is formed by multiple scattering and interference in-
side the disordered medium. When the optical gain is in-
creased further, additional lasing mode appears.

We conclude with some comment. Our experimental
data suggest that optical gain helps spatial confinement of
light in a random medium. The uniform distribution of
spontaneous emission intensity across the excitation area
in Fig. 2(b) indicates that the pump light is not spatially
confined in small regions in the medium. Otherwise, the
spontaneous emission from these regions with high pump
intensity would be much stronger than that from other re-
gions. We believe this is because the pump light experi-
ences strong absorption which suppresses the interference
of the scattered light. Furthermore, the emission patterns
in the ZnO powder films and the ZnO clusters illustrate

FIG. 4. (a) The calculated emission spectrum. (b) The cal-
culated spatial distribution of emission intensity in the random
medium.
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that the emitted light is not spatially confined at low pump
power, but at high pump power it is spatially confined.
This phenomenon suggests that coherent amplification of
the scattered emission (with the persistence of phase coher-
ence) enhances the interference effect and leads to spatial
confinement of the emitted light.

What is the relation of the spatial confinement of laser
light in an active random medium to the Anderson local-
ization of light? The SEM images reveal that there is no
local order in the ZnO powder. The spatial confinement of
laser light in the ZnO powder results from disorder-induced
scattering and interference. Anderson localization of light
is based on the same mechanism. However, all the study of
Anderson localization is conducted on passive random me-
dia. There is no criterion for Anderson localization in an
active random medium. If we extend the Thouless criterion
for Anderson localization to an active random medium,
we can calculate the Thouless number above the lasing
threshold. For the ZnO cluster shown in Fig. 2, the level
spacing dn�dN � cl2�8pn3V � 2.4 3 1011 Hz, where
n is the effective index of refraction, and V is the vol-
ume of the cluster. The linewidth of the lasing mode in
Fig. 3 is dn � 1.8 3 1011 Hz. Hence, the Thouless num-
ber d � 0.75 , 1. This seems to suggest that Anderson
localization occurs at the lasing mode.
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