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Abstract. We have demonstrated lasing with resonant feedback in active random
media. Recurrent light scattering provides coherent feedback for lasing. A detailed
experimental study of laser emission spectra, spatial distribution of laser intensity,
dynamics, and photon statistics of random lasers with coherent feedback is pre-
sented. The fundamental difference and transition between a random laser with
resonant feedback and a random laser with nonresonant feedback are illustrated.
We have achieved spatial confinement of laser light in micrometer-sized random
media. The optical confinement is attributed to disorder-induced scattering and in-
terference. Using the finite-difference time-domain method, we simulate lasing with
coherent feedback in active random media.

1 Introduction

Optical scattering in a random medium 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 increase 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 interference in multiple scattering [4,5,6,7,8,9]. This phenomenon is called
Anderson localization of light. It is an optical analog to Anderson localization
of electrons in solids [10].

Apart from the remarkable similarities, there are striking differences be-
tween electron transport and photon transport in a disordered medium. For
example, the number of electrons is always conserved, whereas the number
of photons may not be. In an amplifying random medium, a photon may in-
duce the stimulated emission of a second photon. A fascinating phenomenon,
which would never occur in an electronic system, is the lasing action in a dis-
ordered gain medium. Such lasers are called random laser. There are two
kinds of random lasers: one has nonresonant (incoherent) feedback, the other
has resonant (coherent) feedback. I will first introduce the two kinds of ran-
dom lasers and explain the difference between them. Then, I will focus on
our study of random lasers with resonant feedback.
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2 Two Kinds of Random Lasers

Lasing with nonresonant feedback occurs in the diffusive regime [11,12,13,14].
In a disordered medium, light is scattered and undergoes a random walk be-
fore leaving the medium. In the presence of gain, a photon may induce the
stimulated emission of a second photon. When the gain length is equal to
the average length of light path in the medium, the probability that a pho-
ton generates second photon before leaving the gain medium approaches one.
Thus the photon density increases. From the theoretical point of view, the
solution to the diffusion equation, including optical gain, diverges [15]. This
phenomenon is similar to neutron scattering in combinations of nuclear fis-
sion.

When optical scattering is strong, light may return to a scatterer from
which it is scattered before, and thereby form a closed loop path. When the
amplification along such a loop path exceeds the loss, laser oscillation could
occur in the loop which serves as a laser resonator. The requirement that the
phase shift along the loop is equal to a multiple of 2π determines the oscilla-
tion frequencies. This is a random laser with coherent feedback [16,17,18]. Of
course, the picture of a closed loop is intuitive but naive. The light may come
back to its original position through many different paths. All of the backscat-
tered light waves interfere and determine the lasing frequencies. Thus, a ran-
dom laser with coherent feedback is a randomly distributed feedback laser.
The feedback is provided by disorder-induced scattering.

Experimentally, we have observed the difference in the two kinds of ran-
dom lasers and the transition between them [19]. The random medium we
used in our experiment is a laser dye solution containing nanoparticles. The
advantage of the suspension is that the gain medium and the scattering el-
ements are separated. Thus, we can independently vary the amount of scat-
tering by particle density and the optical gain by dye concentration.

Experimentally, rhodamine 640 perchlorate dye and zinc oxide (ZnO)
particles are mixed in methanol. The ZnO particles have a mean diame-
ter of 100 nm. To keep the particles from clustering, the solution, contained
in a flask, is shaken in an ultrasonic cleaner for 20 minutes right before the
photoluminescence experiment. The frequency-doubled output (λ = 532 nm)
of a mode-locked Nd:YAG laser (10Hz repetition rate, 25-ps pulse width) is
used as pump light. The pump beam is focused by a lens (10 cm focal length)
onto the solution contained in a 1 cm× 1 cm× 3 cm cuvette at nearly normal
incidence. Emission in the direction ∼ 45◦ from the normal of the cell front
window is collected by a fiber bundle and directed to a 0.5-m spectrometer
with a cooled CCD detector array.

By changing the ZnO particle density in the solution, we continuously vary
the amount of scattering. Figure 1 shows the evolution of the emission spectra
with the pump intensity when the ZnO particle density is ∼ 2.5×1011 cm−3.
The dye concentration is fixed at 5× 10−3M. When the pump intensity ex-
ceeds a threshold, drastic spectral narrowing occurs. As shown in the insets



Random Lasers with Coherent Feedback 305

of Fig. 1, when the incident pump pulse energy exceeds ∼ 3 µJ, the emission
line width is quickly reduced to ∼ 5 nm; meanwhile, the peak intensity in-
creases much more rapidly with the pump power because optical scattering
by the ZnO particles increases the path length of the emitted light inside the
gain region. As the pump power increases, the gain length is reduced. Even-
tually the gain length at frequencies near the maximum of the gain spectrum
approaches the average path length of photons in the gain regime. Then,
a photon generates a second photon by stimulated emission before leaving
the gain medium; thus the photon density increases dramatically. The sud-
den increase of emission intensity at frequencies near the maximum of the
gain spectrum results in drastic narrowing of the emission spectrum. This
process is lasing with nonresonant feedback.

Next, we keep the same dye concentration and increase the ZnO particle
density to 1×1012 cm−3. Figure 2 plots the evolution of the emission spectra
with pump intensity. We can see that the phenomenon becomes very different
in strong scattering. When the incident pump pulse energy exceeds 1.0 µJ,
discrete peaks emerge in the emission spectrum. The line width of these peaks
is less than 0.2 nm, which is more than 50 times smaller than the line width
of the amplified spontaneous emission (ASE) below the threshold. When the
pump intensity increases further, more sharp peaks appear. As shown in the
inset of Fig. 2, when the pump intensity exceeds the threshold where dis-
crete peaks emerge in the emission spectrum, the emission intensity increases
much more rapidly with the pump power. Hence, lasing occurs in the random
cavities formed by recurrent light scattering. The phase relationship of the
backscattered light determines the lasing frequencies. Laser emission from the
random cavities results in discrete narrow peaks in the emission spectrum.
Because the ZnO particles are mobile in the solution, the frequencies of the
lasing modes change from pulse to pulse. The emission spectra in Figs. 1
and 2 are taken for a single pump pulse. When the pump power increases
further, the gain exceeds the loss in more random cavities. Laser oscillation
in these cavities gives additional peaks in the emission spectrum.

Next, we study the transition from lasing with nonresonant feedback to
lasing with resonant feedback. Figure 3 shows the evolution of the emis-
sion spectra with the pump intensity when the ZnO particle density is
∼ 5× 1011 cm−3. As the pump power increases, a drastic spectral narrowing
occurs first. Then at higher pump intensity, discrete narrow peaks emerge in
the emission spectrum. Because the amount of scattering in the solution is
between the previous two cases, there is some but not a large probability that
a photon is scattered back to the same scatterer from which it is scattered
before. In other words, the random cavities formed by recurrent scattering
are quite lossy. The pump intensity required to reach the lasing threshold in
these cavities is high. Thus, the pump intensity first reaches the threshold
where the gain length near the maximum of the gain spectrum becomes equal
to the average path length of photons in the excitation volume. A significant
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Fig. 1. Emission spectra when the incident pump pulse energy is (from bottom to
top) 0.68, 1.5, 2.3, 3.3, 5.6 �J. The ZnO particle density is ∼ 2.5× 1011 cm−3. The
upper inset is the emission intensity at the peak wavelength versus the pump pulse
energy. The lower inset is the emission line width versus the pump pulse energy
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Fig. 2. Emission spectra when the incident pump pulse energy is (from bottom to
top) 0.68, 1.1, 1.3, 2.9 �J. The ZnO particle density is ∼ 1× 1012 cm−3. The inset
shows the emission intensity versus the pump pulse energy
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spectral narrowing and a sudden increase of peak emission intensity occur,
similar to what happens in Fig. 1. Then, the pump intensity reaches a second
threshold where the gain exceeds the loss in some random cavities. Lasing
oscillation occurs in these cavities, adding discrete peaks to the emission
spectrum. However, the number of lasing modes in Fig. 3 is less than that
in Fig. 2 under similar pump power. When the gain length and excitation
volume are the same, a fewer number of scatterers leads to weaker optical
scattering. Hence, the number of random cavities where the lasing threshold
can be reached is smaller.

Therefore, there are two kinds of lasing processes in an active random
medium, and they correspond to two lasing thresholds [19]. From the ray
optics point of view, lasing with nonresonant feedback corresponds to the in-
stability of light amplification along open trajectories in a random medium,
and lasing with resonant feedback corresponds to the instability of light am-
plification along closed paths formed by recurrent scattering. An alternative
and perhaps more accurate explanation for random lasers is based on quasi-
states. Quasi-states are the eigenmodes of the Maxwell equations in a finite-
sized random medium. When photons in a quasi-state reach the boundaries
of the random medium, they are either reflected back to the medium or
transmitted into the air. The transmitted photons are lost, and the reflected
photons may enter other quasi-states. Hence, the decay of a quasi-state re-
sults from both light leakage through the boundaries and energy exchange
with other quasi-states. When kl > 1 (k is a wave vector, l is the transport
mean free path), the average decay rate of a quasi-state is larger than the
average frequency spacing of adjacent quasi-states. Hence, the quasi-states
are spectrally overlapped, giving a continuous emission spectrum.

In weak scattering, the quasi-states decay fast, and they are strongly
coupled. Because of photon exchange among quasi-states, the loss of a set of
interacting quasi-states is much lower than the loss of a single quasi-state. In
an active random medium, when the optical gain for a set of interacting quasi-
states at maximum gain reaches the loss of these coupled quasi-states, the
total photon number in these coupled states builds up. The drastic increase
of photon number at the frequency of maximum gain results in a significant
spectral narrowing, as shown in Fig. 1.

With an increase in the amount of optical scattering, the dwell time of
light in the random medium increases, and the mixing of the quasi-states is
reduced. Hence, the decay rates of the quasi-states decrease. When the optical
gain increases, it first reaches the threshold for lasing in a set of coupled quasi-
states at maximum gain. As the optical gain increases further, it exceeds the
loss of a quasi-state that has a long lifetime. Then, lasing occurs in a single
quasi-state. The spectral line width of the quasi-state is reduced dramatically
above the lasing threshold. A further increase of optical gain leads to lasing
in more low-loss quasi-states. Laser emission from these quasi-states gives
discrete peaks in the emission spectrum, as shown in Fig. 3.
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Fig. 3. Emission spectra when the incident pump pulse energy is (from bottom to
top) 0.74, 1.35, 1.7, 2.25, and 3.4 �J. The ZnO particle density is ∼ 6× 1011 cm−3

When the scattering strength increases further, the decay rates of the
quasi-states and the coupling among them continue decreasing. Because of
the wide distribution of the decay rates of quasi-states, the threshold gain for
lasing in individual low-loss quasi-states becomes lower than the threshold
gain for lasing in the coupled quasi-states at maximum gain. Thus, lasing
with resonant feedback occurs first, as shown in Fig. 2.
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There has been much study of random lasers with nonresonant feed-
back [20,21]. Next, I will focus on our investigation of random lasers with
resonant feedback.

3 Random Lasers with Resonant Feedback

In this section, I will present a quantitative study of random lasers with
resonant feedback. To confirm that the coherent feedback is indeed provided
by light scattering, we measured the dependence of the lasing threshold on
the transport mean free path.

Because of the sedimentation of particles from the solution, the suspen-
sion was not suitable for quantitative measurement. Hence, we switched to
a solid random medium and fabricated PMMA films containing rhodamine
640 perchlorate dye and TiO2 particles. The average size of TiO2 particles
was 400 nm. By varying the TiO2 particle density in the polymer film, we
changed the scattering length. We fabricated a series of PMMA films with
the same dye concentration but different particle density. The TiO2 particle
density in the polymer films varied from 8×1010 to 6×1012 cm−3. The lasing
threshold in these films was measured under identical conditions. To char-
acterize the transport mean free path in these films, we conducted coherent
backscattering experiments [2,3]. The output from a He:Ne laser was used as
the probe light since its wavelength is very close to the emission wavelength
of rhodamine 640 perchlorate dye. To avoid absorption of the probe light, we
fabricated PMMA films which contained only TiO2 particles but not the dye.
From the angular width of the backscattering cone, we estimated the trans-
port mean free path l, after taking into account the internal reflection [22].

Figure 4 plots the incident pump pulse energy at the lasing threshold
versus the transport mean free path. The dye concentration in the polymer
film is fixed at 5 × 10−2M. With an increase of the TiO2 particle density
in the polymer film, the transport mean free path decreases, and the lasing
threshold also decreases. The strong dependence of the lasing threshold on
the transport mean free path clearly illustrates the important contribution
of scattering to lasing. With an increase in the amount of optical scattering,
the feedback provided by scattering becomes stronger. The quasi-states of
the random medium have lower loss. Thus, the lasing threshold is reduced.
Through curve fitting, we found that the incident pump intensity at the lasing
threshold is proportional to the square root of the transport mean free path.
Figure 5 shows the number of lasing modes in the samples with different
scattering lengths at the same pump intensity. The stronger the scattering,
the more lasing modes emerge, because in a random medium with stronger
scattering strength, there are more low-loss quasi-states. Hence, when the
optical gain is fixed, lasing occurs in more quasi-states. An interesting feature
in Figs. 4 and 5 is that when the transport mean free path approaches the
optical wavelength, the lasing threshold pump intensity drops quickly, and
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Fig. 4. The incident pump pulse energy at the lasing threshold versus the transport
mean free path ls in PMMA films. The dashed line is the fitted curve represented
by Pth = 0.13/l0.53

s

Fig. 5. The number of lasing modes as a function of the scattering length ls in
PMMA films. The incident pump pulse energy is 1.0 �J

the number of lasing modes increases dramatically. Therefore, the regime
of l ∼ λ is important to both fundamental physics and practical application.
Next, I will discuss random lasers in the regime l ≤ λ. To achieve such a short
scattering mean free path, we used ZnO powder and polycrystalline thin films
to increase the contrast of refractive indexes in the binary random medium.

ZnO films are deposited on sapphire or amorphous fused silica substrates
by laser ablation. A pulsed KrF excimer laser (248 nm) is used to ablate a hot
pressed ZnO target in an ultrahigh vacuum chamber. A detailed description
of the growth apparatus and growth procedure can be found in [23]. We took
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transmission electron microscopy (TEM) images of the ZnO films. From the
plane view TEM image, the ZnO film consists of many irregularly-shaped
grains whose sizes vary from 30 to 130 nm. The cross-sectional TEM im-
age reveals that the grains have straight sidewalls that are perpendicular to
the substrate. Hence, the polycrystalline film is a 2-D random medium. The
in-plane randomly oriented polycrystalline grain structure results in strong
optical scattering in the plane of the film [16,24]. The optical confinement
in the direction perpendicular to the film is achieved through index guiding,
similar to 2-D photonic crystals.

ZnO powder is a 3-D random medium [17,25]. The ZnO nanoparticles are
synthesized by a precipitation reaction. The process involves hydrolysis of
a zinc salt in a polyol medium. Through the process of electrophoresis, ZnO
powder films are made on ITO-coated substrates. The film thickness varies
from a few to 50 µm. Figure 6a is a scanning electron microscope (SEM)
image of the ZnO particles. The average particle size is about 50 nm.

We characterized the transport mean free path l in the coherent backscat-
tering experiment [2,3]. ZnO has a direct band gap of 3.3 eV. To avoid
absorption, the frequency-doubled output (λ = 410 nm) of a mode-locked
Ti:Sapphire laser (76MHz repetition rate, 200 fs pulse width) was used as

Fig. 6. (a) SEM image of the ZnO nanoparticles. (b) Measured backscattering cone
from the ZnO powder film
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the probe light. Figure 6b shows the measured backscattering cone of the
ZnO powder film. From the angle of cusp, we estimated that l ≈ 0.5λ, after
taking internal reflection into account [22].

In the photoluminescence experiment, the ZnO powder film is optically
pumped by the fourth harmonic (λ = 266 nm) of a mode-locked Nd:YAG
laser. The pump beam is focused to a ∼ 20-µm spot on the film surface with
normal incidence. Electrons in the valence band absorb pump photons and
jump to the conduction band. They subsequently relax to the bottom of the
conduction band before radiative decay. The spectrum of emission from the
powder film is measured by a spectrometer with 0.13-nm spectral resolution.
At the same time, the spatial distribution of the emitted light intensity in
the film is imaged by an ultraviolet (UV) microscope onto a UV-sensitive
charge-coupled device (CCD) camera. The amplification of the microscope
is about 100 times. The spatial resolution is around 0.24 µm. A band-pass
filter is placed in front of the microscope objective to block the pump light.

Figure 7 shows the measured emission spectra and spatial distribution of
emission intensity in a ZnO powder film at different pump intensities. 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. 7a).
As shown in Fig. 7b, the spatial distribution of the spontaneous emission
intensity is smooth across the excitation area. Due to the variation in pump
intensity over the excitation spot, the spontaneous emission in the center of
the excitation spot is stronger. When the pump intensity exceeds a threshold,
very narrow discrete peaks emerge in the emission spectrum (Fig. 7c). 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. 7d).
The sizes of the bright spots were between 0.3 and 0.7 µm. 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. The frequencies of the sharp peaks depend on the
sample position. When we move the pump beam spot across the sample, the
frequencies of the sharp peaks change. Figure 8 plots the spectrally integrated
emission intensity as a function of pump intensity. A threshold behavior is
clearly seen: above the pump intensity at which multiple sharp peaks emerge
in the emission spectrum, the integrated emission intensity increases much
more rapidly with pump intensity.

We also measured the temporal profile of the emission from the ZnO
powder film with a Hamamatsu streak camera. The temporal resolution of
the streak camera is 2 ps. The scattered pump light is blocked by the input
optics of the streak camera.

Figure 9 shows the temporal evolution of emission below the lasing thresh-
old, just above the lasing threshold, and well above the lasing threshold.
Below the lasing threshold, the spontaneous emission decay time is 167 ps.
When the pump intensity exceeds the lasing threshold, the emission pulse is
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Fig. 7. (a) and (c) The measured spectra of emission from the ZnO powder film.
(b) and (d) The measured spatial distribution of emission intensity in the film. The
incident pump pulse energy is 5.2 nJ for (a) and (c) and 12.5 nJ for (b) and (d)

Fig. 8. Spectrally integrated intensity of emission from the ZnO powder film versus
the excitation intensity
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Fig. 9. Temporal evolution of emission from ZnO powder film. The incident pump
pulse energy is (a) 2.8 nJ, (b) 5.5 nJ, and (c) 8.9 nJ

shortened significantly. By curve fitting, we find that the exponential decay
of emission consists of a fast component and a slow component. As shown in
Fig. 9b, the initial decay of emission is quite fast. The decay time is 27 ps.
After ∼ 50 ps, the fast decay is replaced by slow decay. The latter decay time
is 167 ps, which is equal to the emission decay time below the lasing thresh-
old. Since the sample is pumped by 20-ps pulses, the optical gain is transient.
Laser oscillation occurs in a short time after each pump pulse. The strong
laser emission depletes the population inversion quickly. When the optical
gain is reduced below the loss, laser oscillation stops. Laser emission is re-
placed by spontaneous emission. Hence, the initial fast decay corresponds to
laser emission, and the later slow decay is due to spontaneous emission. As
the pump power is increased further, the initial laser emission becomes much
stronger than the later spontaneous emission, as shown in Fig. 9c. When the
pump power exceeds the threshold, the emission pulse is dramatically short-
ened from 200 to 30 ps. From the threshold behavior of the emission intensity,
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the emergence of very narrow spectral peaks, and the dramatic shortening of
the emission pulses, we conclude that lasing has occurred in the ZnO powder
film. Similar lasing phenomena have been observed in ZnO polycrystalline
films and GaN powder.

The experimental fact that the bright spots in the emission pattern and
the lasing modes in the emission spectrum always appear simultaneously
suggests that the bright spots are related to the laser light. There are 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 efficient 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
threshold because scattering is a linear process. Hence, these bright spots
should exist below the lasing threshold. However, there are no bright spots
below the lasing threshold. Therefore, these bright spots are not caused by
efficient scatterers, but by strong laser light in the medium.

Next we present an explanation for our experimental data. The short
transport mean free path indicates very strong light scattering in the pow-
der film. However, the transport mean free path obtained from the coherent
backscattering measurement is an average over a large volume of the sample.
Due to 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 dif-
ferent region of the sample, the configuration of the scatterers is different,
and thus, light at different wavelengths is confined. In other words, some
quasi-states are spatially localized in small regions, and they have relatively
long lifetimes. When the optical gain reaches the loss of such a quasi-state,
lasing action occurs in the quasi-state. The lasing peaks in the emission spec-
trum illustrate the frequencies of the quasi-states, and the bright spots in the
spatial light pattern exhibit the positions and shapes of the quasi-states.

Unlike conventional lasers with directional output, laser emission from
random media can be observed in all directions. However, the laser emission
spectra vary with the observation angle. Since different quasi-states have
different output directions, lasing modes observed at different angles are dif-
ferent.

Although the data presented above indicate that lasing has occurred in
the ZnO powder, the final proof of a laser comes from coherence and statis-
tics measurement. Next, I will present our photon statistics measurement
result which shows that indeed coherent light is generated from the disor-
dered medium.
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ZnO nanoparticles are cold pressed under a pressure of 200MPa to form
a pellet 2mm thick. From the coherent backscattering experiment, we esti-
mate that l ∼ 2.3λ. Under the optical pumping of a mode-locked Nd:YAG
laser, the emission from the ZnO pellet is collected by a lens and focused to
the entrance slit of a 0.5-m Jarrell–Ash spectrometer. The output port of the
spectrometer is connected to a Hamamatsu streak camera whose entrance slit
is perpendicular to that of the spectrometer. The photocathode width of the
streak camera gives an observable spectral window of 6.7 nm with a spectral
resolution of 0.1 nm. Partial output of the pump laser goes directly to a fast
photodiode whose output signal triggers the streak camera. A Peltier-cooled
CCD camera, operating at −50◦C for reduced dark noise, is used to record
the streak image. The streak camera operates in the photon counting mode.
A threshold is set to eliminate the contribution of the dark-current noise.
Thus, in the absence of an input signal, no photons are counted.

By combining the spectrometer with the streak camera, we are able to
separate different lasing modes and measure the temporal evolution of each
mode. Figure 10 is a 2-D image taken by the CCD camera. The horizontal
axis is the time, and the vertical axis is the wavelength. When the pump
power exceeds a threshold, discrete lasing modes appear in the spectrum.
For different modes, lasing starts at different times and lasts for different
periods of time. Such dynamic behavior is caused by different decay rates of
the quasi-states that have lased.

Next, we measure the photon statistics of a single lasing mode. In the
2-D image shown in Fig. 10, we draw a rectangle, one of whose sides is
wavelength interval δλ and the other side is time interval δt. The number
of photons inside this rectangle is counted for each pulse. After collecting
photon count data for a large number of pulses, the probability P (n) of n

Fig. 10. The measured spectral-temporal image of the emission from a ZnO pellet.
The incident pump pulse energy is 4.5 nJ
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photons within (λ, λ + δλ) and (t, t + δt) is obtained. The frequency inter-
val δν of the counting area is calculated from λ and δλ. When δν · δt ≤ 1,
the counting area corresponds to a single electromagnetic (EM) mode. For
coherent light, the photon number distribution P (n) in a single mode satisfies
Poisson distribution P (n) = 〈n〉ne−〈n〉/n!, where 〈n〉 is the average photon
number. For chaotic light, the photon number distribution P (n) in a sin-
gle mode satisfies the Bose–Einstein distribution P (n) = 〈n〉n/(1 + 〈n〉)n+1.
Note that the above distribution holds only for a single mode. In multimode
chaotic light, the photon number distribution approaches Poisson distribu-
tion. From P (n), we obtain the normalized second-order correlation coeffi-
cient G2 = 1 +

[〈(∆n)2〉 − 〈n〉] /〈n〉2. For the Poisson distribution, G2 = 1.
For the Bose–Einstein distribution, G2 = 2.

We measured the photon statistics of coherent light and chaotic light to
confirm the reliability of the spectrometer–streak camera setup for the photon
statistics measurement. Then, we moved to the photon statistics measure-
ment of random lasers with coherent feedback. The pump intensity is above
the threshold where discrete spectral peaks appear, so that we can measure
the photon statistics of a single peak. In the 2-D spectral-temporal image of
ZnO emission, we pick up one of the brightest peaks and count the number of
photons within the area of (λ0−∆λ/2, λ0+∆λ/2) and (t0−∆ t/2, t0+∆ t/2)
for each pulse. λ0 is the center wavelength of the spectral peak we choose,
and t0 is the time when the intensity of the emission pulse at λ0 is maximum.
∆λ = 0.12 nm, and ∆ t = 3.9 ps. The corresponding ∆ ν = 2.4 × 1011 Hz,
and hence, ∆ ν · ∆ t = 0.95. There are 100 CCD pixels within the area of
(λ0 −∆λ/2, λ0+∆λ/2) and (t0 −∆ t/2, t0+∆ t/2). If two photons from the
same pulse hit the same pixel, the count is one instead of two. Hence, such
events cause error in the photon counting. To eliminate this kind of error,
the photons that hit the pixels must be sparse enough that the probability
of two photons hitting the same pixel is negligible. When the ZnO emission
is strong, we use neutral density filters to attenuate the signal, so that the
percentage of the pixels that are hit by the photons during each pulse is
below 5%.

Figure 11a shows the measured photon statistics at the threshold where
discrete spectral peaks appear. From the data of P (n), we calculate the
count mean 〈n〉 and obtain the Bose–Einstein distribution. The measured
photon number distribution is very close to the Bose–Einstein distribution
for the same mean photon number. Using the data of P (n), we also calcu-
late G2 = 1.94. As we increase the pump intensity, the photon statistics of
ZnO emission starts deviating from the Bose–Einstein statistics. As shown
in Fig. 11b, when the pump intensity is 1.5 times the threshold, the mea-
sured photon number distribution is between the Bose–Einstein distribution
and the Poisson distribution for the same mean photon number. G2 becomes
1.51. When the pump intensity is increased to three times the threshold, the
photon number distribution of ZnO emission gets closer to the Poisson distri-
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Fig. 11. The solid columns are the measured photon count distributions of the
emission from the ZnO pellet. The dotted (dashed) columns are the Bose–Einstein
(Poisson) distributions for the same count mean. The incident pump intensity is
(a) 1.0, (b) 1.5, (c) 3.0, (d) 5.6 times the threshold intensity where discrete spectral
peaks appear

bution (Fig. 11c). G2 is reduced to 1.19. Eventually, when the pump intensity
is 5.6 times the threshold, the photon number distribution is nearly identical
to the Poisson distribution (Fig. 11d). The corresponding G2 is 1.06.

Figure 12 shows the value of second-order correlation coefficient G2 as
a function of pump intensity. As the pump intensity increases, G2 decreases
gradually from 2 to 1. The error bar in Fig. 12 results from the finite number
of samplings in the measurement. Figures 11 and 12 illustrate that the pho-
ton statistics of emitted light from a ZnO pellet changes continuously from
Bose–Einstein statistics at the threshold to Poisson statistics well above the
threshold. Therefore, the light field in the random medium has undergone
a second-order phase transition.

The photon statistics of a random laser with resonant feedback is very
different from that of a random laser with nonresonant feedback. The ran-
dom laser with nonresonant feedback consists of many low-Q modes that are
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Fig. 12. The second-order correlation coefficient G2 as a function of the ratio be-
tween the incident pump intensity Ip and the threshold intensity Ith

strongly coupled. The fluctuation of the total number of photons in all modes
of laser emission is smaller than that of blackbody radiation with the same
number of modes [26]. The stabilization of the total photon number results
from the gain saturation effect. However, the photon number distribution in
each mode remains Bose–Einstein distribution even well above the threshold.
Strong mode coupling prevents stabilization of the photon number in indi-
vidual modes. In contrast, for a random laser with resonant feedback, the
number of photons in each lasing mode is stabilized well above the threshold
by the gain saturation effect. This phenomenon indicates very weak coupling
among lasing modes. The difference in the photon statistics of the two kinds
of random lasers originates from different scattering strength in the random
medium. When optical scattering is weak, the modes are strongly coupled.
As the amount of scattering increases, the interaction of the modes decreases.
In fact, the decoupling of the modes is an indication of incipient photon lo-
calization. Although a random laser with resonant feedback is a multimode
laser, it behaves like an ensemble of almost independent single-mode lasers.

4 Microlasers Made of Disordered Media

Disorder-induced optical scattering provides coherent feedback for lasing and
also leads to spatial confinement of light in micrometer-sized volume. Utilizing
this new physical mechanism of optical confinement, we fabricated microlasers
with a disordered medium [27].

The micrometer-sized random material is made of ZnO nanocrystallites.
Specifically, 0.05mol of zinc acetate dihydrate is added to 300ml diethylene
glycol. The solution is heated to 160◦C. As the solution is heated, more zinc
acetate is dissociated. When the Zn2+ concentration in the solution exceeds
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the nucleation threshold, ZnO nanocrystallites precipitate and agglomerate
to form clusters. The size of the clusters can be controlled by varying the
rate at which the solution is heated. The average size of ZnO nanocrystallites
∼ 50 nm. The size of the clusters varies from submicron to a few microns [28].

The inset of Fig. 13 is the SEM image of a typical ZnO cluster. The size of
the cluster is about 1.7 µm, and it contains roughly 20000 ZnO nanocrystal-
lites. The ZnO cluster is optically pumped by the fourth harmonic of a mode-
locked Nd:YAG laser. The pump light is focused by a microscope objective
onto a single cluster. The spectrum of emission from the cluster is measured
by a spectrometer with 0.13 nm spectral resolution. Simultaneously, the spa-
tial distribution of the emitted light intensity in the cluster is imaged by
a ultraviolet (UV) microscope onto a UV-sensitive CCD camera. A band-
pass filter is placed in front of the microscope objective to block the pump
light.

We performed optical measurement of the cluster shown in Fig. 13. At low
pump power, the emission spectrum consists of a single broad spontaneous
emission speak (Fig. 14a). Its FWHM is 12 nm. The spatial distribution of
the spontaneous emission intensity is uniform across the cluster (Fig. 14b).
When the pump power exceeds a threshold, a sharp peak emerges in the
emission spectrum shown in Fig. 14c. Its FWHM is 0.22 nm. Simultaneously,
a couple of bright spots appear in the image of the emitted light distribution
in the cluster in Fig. 14d. The size of the bright spot is ∼ 0.3 µm. When the
pump power is increased further, a second sharp peak emerges in the emission
spectrum (see Fig. 14e). Correspondingly, additional bright spots appear in
the image of the emitted light distribution in Fig. 14f.

As shown in Fig. 13, above the pump intensity at which sharp spectral
peaks and bright spots appear, the emission intensity increases much more

Fig. 13. Spectrally integrated intensity of emission from a ZnO cluster versus the
incident pump pulse energy. The inset is the SEM image of a ZnO cluster
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Fig. 14. (a), (c), and (e) The spectra of emission from the ZnO cluster shown in
Fig. 1. (b), (d), and (f) The corresponding spatial distributions of emission intensity
in the cluster. The incident pump pulse energy is 0.26 nJ for (a) and (b), 0.35 nJ
for (c) and (d), and 0.50 nJ for (e) and (f)

rapidly with the pump intensity. These data suggest that lasing action has
occurred in the micrometer-sized cluster. The incident pump pulse energy at
the lasing threshold is ∼ 0.3 nJ. Note that only ∼ 1% of the incident pump
light is absorbed. The rest is scattered.

Since the cluster is very small, optical reflection from the boundary of
the cluster might have some contribution to light confinement in the cluster.
However, the laser cavity is not formed by total internal reflection at the
boundary. Otherwise, the spatial pattern of laser light would be a bright
ring near the edge of the cluster [29]. We believe that 3-D confinement of
laser light in the micrometer-sized ZnO cluster is achieved through disorder-
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induced scattering and interference. Since the interference effect is wavelength
sensitive, only light at certain wavelengths can be confined in the cluster. To
check that the main mechanism of optical confinement is not light reflection
at the surface of the cluster, we chose some clusters with irregular shape and
rough surface and repeated the above measurement.

Figure 15 presents the measurement result of a second cluster with ir-
regular shape. It is slightly larger than 1 µm. Similar lasing phenomenon is
observed in this cluster. The incident pump pulse energy at the lasing thresh-
old is ∼ 0.2 nJ. The FWHM of the emission spectrum narrows dramatically
from 12 nm below the lasing threshold to 0.16 nm above the lasing threshold
(Fig. 15b). After taking into account the instrumental broadening, the actual
line width of the lasing mode is only 0.09 nm. Bright spots appear in the
image of laser light distribution in the cluster. By adjusting the microscope
objective, light distribution on a different plane inside the cluster is imaged
onto the CCD camera. Figure 15c,d are the images of light distribution on
two planes with different depths inside the cluster. Some bright spots appear
in one image, but not in the other. This suggests that these bright spots are
buried at different depths inside the cluster. Because lasing can occur in ZnO
clusters with irregular shape and rough surfaces, we confirm that the optical

Fig. 15. (a) The SEM image of a second ZnO cluster. (b) The spectrum of emission
from this cluster above the lasing threshold. The incident pump pulse energy is
0.27 nJ. (c) and (d) The spatial distribution of emission intensity in the cluster at
the same pump power
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confinement is not caused by reflection at the surface of the cluster, but by
scattering inside the cluster.

Finally, I would like to compare the powder microlaser with other types of
microlasers. Microlasers have important applications to integrated photonic
circuits. Over the past decade, several types of microlasers have been devel-
oped. The key issue for a microlaser is to confine light in a small volume with
dimensions on the order of an optical wavelength. In the vertical cavity sur-
face emitting laser, light is confined by two distributed Bragg reflectors [30].
The microdisk laser utilizes total internal reflection at the edge of a high in-
dex disk to form whispering gallery modes [31]. In the recent demonstration
of a two-dimensional photonic band-gap defect mode laser, lateral confine-
ment of light is achieved by Bragg scattering in a two-dimensional periodic
structure [32]. The fabrication of these microlasers requires expensive state-
of-the-art semiconductor growth and microfabrication facilities. We demon-
strate a new type of microlaser which is made of a disordered medium [27].
The optical confinement is achieved through disorder-induced scattering and
interference. The fabrication of such a microlaser is much easier and cheaper
than that of most microlasers.

5 Theoretical Modeling

In the last section, I will briefly describe our theoretical simulation of random
lasers with coherent feedback. Several models have been set up in the theo-
retical study of the stimulated emission in an active random medium, e. g.,
the diffusion equation with gain [33,34], the Monte Carlo simulation [35], and
the ring laser with nonresonant feedback [36]. However, these models cannot
predict lasing with coherent feedback because the phase of the optical field
is neglected. We take a different approach: we directly calculate the elec-
tromagnetic field distribution in a random medium by solving the Maxwell
equations using the finite-difference time-domain (FDTD) method [37]. The
advantage of this approach is that we can model the real structure of a dis-
ordered medium and calculate both the emission pattern and the emission
spectrum [25,38].

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 random medium located in infinitely large space, we use
the uniaxial perfect matched layer (UPML) absorbing boundary condition
to absorb all of the outgoing light waves in the air [39]. Using the FDTD
method, we solve the Maxwell curl equations

∂H

∂t
= − 1

µ0
∇× E ,

∂E

∂t
=

1
ε
∇× H − σ

ε
E , (1)
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in the time domain. The randomness is introduced into the Maxwell equa-
tions through the dielectric constant ε, which varies spatially due to the
random distribution of ZnO particles. We introduce optical gain by negative
conductance [40]. The spectral gain profile of the dye solution is

σ(ω) = −σ0

2

[
1

1 + i(ω − ω0)T2
+

1
1 + i(ω + ω0)T2

]
. (2)

σ0 is related to the peak value of the gain set by the pumping level, and T2

is the dipole relaxation time, which is inversely proportional to the spectral
gain width.

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 EM field oscillation builds up
in the time domain. Using the discrete Fourier transform of the time domain
data, we obtain the emission spectrum. Figure 16 shows the calculated emis-
sion spectrum and emission pattern for a specific configuration of scatterers.
The size of the random medium is 3.2 µm. 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. 16a, consists of a single peak. Figure 16b repre-
sents 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 almost 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 that both the emission spectrum and the emission pattern remain
the same. Their independence of the boundary condition indicates that the
lasing mode is formed by multiple scattering and interference inside the dis-
ordered medium. When the optical gain is increased further, an additional
lasing mode appears.

Fig. 16. (a) The calculated emission spectrum. (b) The calculated spatial distri-
bution of emission intensity in the random medium
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Our numerical simulation of random lasers with coherent feedback also
confirms the second-order phase transition of the light field at the thresh-
old. Below the lasing threshold, the seed pulse dies away from the random
medium into the absorbing boundary layers. Only when the optical gain ex-
ceeds the threshold, the EM field builds up inside the random medium. Since
the classical EM field represents the coherent part of a quantum field, our
simulation result indicates that the quantum field in a random medium has
no coherent part below the threshold; its coherent component appears only
above the threshold.

6 Conclusion

In summary, we have observed lasing with resonant feedback in active ran-
dom media. Recurrent light scattering provides coherent feedback for lasing.
When the pump power exceeds the threshold, discrete lasing modes appear
in the spectrum, the emission intensity increases suddenly, and the emission
pulses are shortened dramatically. The photon statistics changes gradually
from Bose–Einstein statistics at the threshold to Poisson statistics well above
the threshold. Laser emission from random media can be observed in all di-
rections.

In addition, we achieved spatial confinement of laser light in micrometer-
sized random media. Since the transport mean free path is less than the
optical wavelength, the optical confinement is attributed to the disorder-
induced scattering and interference. Using the finite-difference time-domain
method, we simulate lasing with coherent feedback in active random media.
We find that the lasing modes are insensitive to the boundary conditions.

Finally, we illustrated very different lasing mechanisms for random lasers
with resonant feedback and random lasers with nonresonant feedback. By
varying the amount of scattering, we demonstrate the transition between the
two kinds of random lasers.
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