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Far-field characteristics of random lasers
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We report on experimental observation of the far-field intensity and mode distributions of random lasers.
Laser emission from highly disordered semiconductor polycrystalline thin films could be observed in all
directions. The angle dependence of the laser output from the edge of the film is different from that of the laser
emission scattered out of the surface of the film. More lasing modes are observed from the surface of the film
than from the edge of the film. A qualitative explanation of the experimental results are presented based on the
laser cavities formed by optical scattering being located in the plane of the films.@S0163-1829~99!04623-8#
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I. INTRODUCTION

Weak scattering of light is detrimental to laser acti
since it removes photons from the lasing mode of a conv
tional cavity. However, when optical scattering is sufficie
it may facilitate lasing by forming resonators.1–5 Specifi-
cally, when the scattering mean-free path approaches the
tical wavelength, the light may return to a scatter from wh
it was scattered before, and thereby forming closed lo
paths. If the amplification along the closed loop paths
strong enough, these closed loops could serve as ring cav
for light, and the system might lase in the modes of th
localization cavities. This kind of laser is called a ‘‘rando
laser.’’

Recently, we have observed such random lasers. The
action occurred in highly-disordered ZnO and GaN pow
and polycrystalline thin films.6 Scanning electron micros
copy images indicate that the ZnO films consist of ma
irregularly shaped grains with sharp interfaces. At low-pu
power, the emission spectrum consists of a broad spont
ous emission peak. When the excitation intensity excee
threshold, very narrow peaks emerge in the emission s
trum, and the total emission intensity increases much m
rapidly with the pump power.

For traditional lasers with well-defined cavities, the fa
field intensity and mode distributions are determined by
cavity configuration and gain distribution. It is interesting
study the far-field intensity and mode distributions of ra
dom lasers, since it is expected to be quite different from t
of traditional lasers. In this paper, we report our experimen
observation of the far-field intensity and mode distributio
of the random lasers.

II. EXPERIMENT

Thin films of ~0001! ZnO were deposited on~0001! sap-
phire substrates by pulsed laser ablation. A detailed desc
tion of the growth procedure and the structural character
tion of the films have been given elsewhere.7,8 The thickness
of the films is about 300 nm. A frequency-tripled mod
locked Nd:YAG laser~355 nm, 10 Hz repetition rate, 15 p
PRB 590163-1829/99/59~23!/15107~5!/$15.00
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pulse width! was used to optically pump the samples. T
emission from the samples was collected by a fiber bun
and directed to a 0.5-meter spectrometer with a coo
charge coupled device array. The tip of the fiber bundle
be moved along a circular trail centered at the excitation s
on the film. The distance from the fiber tip to the excitati
spot is about 1 cm.

First, we measured the far-field intensity and mode dis
butions in the plane of the film. The experimental configu
tion was shown in the inset of Fig. 1. The pump beam w
focused by a cylindrical lens to a stripe with a width
;40 mm on the ZnO film at normal incidence. The strip
length could be varied by an adjustable slit. One end of

FIG. 1. Side emission spectra observed from different ang
(0°, 20°, and 40°) in theplane of the film. The excitation intensity
is 383 kW/cm2. The excitation stripe length is 155mm. The inset
shows the experimental configuration.
15 107 ©1999 The American Physical Society



la

o
in
f
e
a
th

rv

ak
e
re
u
ti
n

id
t.

th
er
0°
th

t
or
le
u

th
ti

A
a
ar

or-
wer,
ctra,
e 5
ten-
y,

are

le
y

the

rva-

15 108 PRB 59H. CAO, Y. G. ZHAO, H. C. ONG, AND R. P. H. CHANG
stripe was close to the cleaved edge of the sample. The
emission from the edge of the film was measured.

Figure 1 shows the side emission spectra at various
servation angles in the plane of the film. The excitation
tensity is 383 kW/cm2. At 0° ~normal to the cleaved edge o
the sample!, the emission spectrum consists of three discr
peaks. However, at 20°, the spectrum has only one m
peak. At 40°, six peaks emerge in the spectrum. Thus,
laser emission spectrum varies drastically with the obse
tion angle.

As we increased the stripe length, more lasing pe
emerged in the emission spectrum. Eventually, there wer
many lasing peaks that they could no longer be well
solved. Instead, they merged into a single broad peak. Fig
2 shows the laser emission spectra at various observa
angles, when the excitation stripe is 1 mm long. At differe
observation angles, the center wavelength and the full w
at half maximum~FWHM! of the broad peak are differen
The shift of the peak wavelength is;4.5 nm when the ob-
servation angle changes from 0° to 40°. Figure 3 shows
emission intensity and linewidth as a function of the obs
vation angle. The maximum emission intensity is at 3
while the widest linewidth is at 40°. We have repeated
same measurement with several samples. We found
maximum emission intensity and linewidth were different f
different samples, and they also occurred at different ang
In another word, the far-field intensity and mode distrib
tions in the plane of the film are rather random.

Next we measured the laser emission spectra from
sample surface at different observation angles. The excita
beam was focused by a spherical lens to a circle of;50 mm
in diameter on the sample surface at normal incidence.
shown in Fig. 4, the laser modes are basically the same
their intensities vary slightly when the observation angles

FIG. 2. Side emission spectra observed from different ang
(0°, 20°, and 40°) in theplane of the film. The excitation intensit
is 381 kW/cm2, and the excitation stripe length is 1 mm.
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0°, 20°, and 40°. Note, 0° corresponds to the direction n
mal to the substrate plane. As we increased the pump po
more and more lasing peaks emerged in the emission spe
and eventually merged into a single broad peak. Figur
shows the laser emission spectra when the excitation in
sity is 524 kW/cm2. We can see that the center frequenc
the linewidth, and the intensity of the broad lasing peak

s

FIG. 3. The intensity~squares! and FWHM~circles! of the laser
spectra as a function of the observation angle in the plane of
film. The excitation intensity is 381 kW/cm2, and the excitation
stripe length is 1 mm.

FIG. 4. Surface emission spectra observed at different obse
tion angles(0°, 20°, and 40°) in theplane normal to the film. The
excitation intensity is 382 kW/cm2.
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almost independent of the observation angles.
Finally, we studied the angle dependence of the la

emission in the plane perpendicular to both the cleaved e
of the sample and the substrate plane. The excitation are
a stripe close to the edge of the film. As shown in Fig. 6
0° ~normal to the cleaved edge of the sample!, the emission
spectrum has two main lasing peaks. At 20°, more pe

FIG. 5. Surface emission spectra observed at different obse
tion angles(0°, 20°, and 40°) in theplane normal to the film. The
excitation intensity is 504 kW/cm2.

FIG. 6. Laser emission spectra observed at different angle
the plane perpendicular both to the cleaved edge of the sample
the substrate plane. The excitation intensity is 382 kW/cm2. The
inset shows the experimental configuration.
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emerge in the emission spectrum. At 40°, the number
lasing peaks does not increase any more. However the in
sities of those peaks increase.

III. DISCUSSION

The highly disordered structure of ZnO polycrystallin
films results in strong optical scattering. We characteriz
the scattering mean-free pathl using coherent backscatterin
~CBS!.9–11 The ZnO film used in the CBS experiment wa
;9 mm thick. To avoid absorption, the frequency-doubl
output (l5410 nm) of a mode-locked Ti:Sapphire laser~76
MHz repetition rate, 200 femtosecond pulse width! was used
as the probe light. Figure 7 shows the measured backsca
ing cone of the ZnO film. From the angle of cusp, we es
mated that the scattering mean-free path is about 2.6l, after
taking into account the finite thickness of the ZnO film.12

Because the scattering mean-free path is on the orde
ZnO emission wavelength, closed loop paths for light co
be formed through multiple scattering in the ZnO film
There are many such loop paths in the films. However, al
different loop paths, the probability of a photon scatter
back to its original point is different. In other words, th
cavities formed by optical scattering have different loss.
the other hand, the ZnO films have rather large optical g
e.g., the gain coefficient is over 20 cm21 at a fluence of
5 mJ/cm2. Under optical pumping, as the pump power i
creases, the gain reaches the loss first in the low-loss cav
Thus, laser oscillation occurs in these cavities, and the la
frequencies are determined by the cavity resonances.
laser emission from these resonators results in discrete
row peaks in the emission spectrum. As the pump pow
increases further, the gain increases and it reaches the lo
the lossier cavities. Laser oscillation in those resonators
more discrete peaks to the emission spectrum. Eventual
very high pump power there are so many lasing peaks
they could no longer be distinguished from each other.
stead they merge into a single broad peak in the spectru

For ZnO thin films, since the optical scattering mean-fr
path is close to the film thickness but is much smaller th
the lateral size of the excitation area, the laser cavi
formed by optical scattering are located in the plane of
film. At a fixed pump intensity, with an increase of the e
citation area, more lasing peaks emerge in the emission s

a-

in
nd

FIG. 7. Measured backscattering intensity as a function of an
The ZnO film is about 9-mm thick.
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tra, because there are more closed loop paths for light
larger excitation area. Eventually, these discrete lasing pe
merge into a single broad peak. On the other hand, when
excitation area is smaller than a critical size, laser act
does not occur, because the loop paths are too short an
amplification along the closed loops is not high enough
achieve lasing. Hence, the lasing threshold intensity
creases as the excitation area decreases.

Figure 8 is a schematic diagram showing the random la
cavities in the ZnO film, and the laser emission from both
edge and the surface of the sample. The laser output f
different cavities may go to different directions in the pla
of the film. Hence, only the laser output whose direction
the same as the observation direction can be collected by
fiber bundle. That is why the laser emission spectra cha
drastically at different observation angles, as shown in F
1 and 2.

Since the film thickness is close to the optical scatter
mean-free path, the laser emission can easily be scattere
of the surface of the film by intracavity scatters. The scat
ing direction of the laser light may be different for differe
scatters. Therefore, the scattered laser light from each ca
could be collected by the fiber bundle at all observat
angles. That is why in Figs. 4 and 5 the laser modes obse
from the sample surface are almost the same at diffe
observation angles.

With the experimental configuration shown in the inset
Fig. 6, when the observation angle increases, we start
lecting laser emission scattered out of the surface of the fi
That is why more laser modes emerge in spectra at la
observation angles.

For comparison, we have also measured the emis
spectra from the edge of the sample below the lasing thr
old. As shown in Fig. 9, the emission spectrum has a sin
broad peak originated from spontaneous emission. Cont
to the behavior of laser emission, the spontaneous emis
peak does not shift in wavelength as we change the obse
tion angle in the plane of the film. This is expected beca
the spontaneous emission frequency is determined by
band-gap energy regardless of the light path in the film. T
observation confirmed that the data shown in Figs. 1–6 c

FIG. 8. A schematic diagram showing the random laser cavi
in the ZnO thin film.~a! Laser output from the edge of the samp
~b! laser emission scattered out of the surface of the film.
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respond to random laser emission, whose far-field mode
tribution depends on the closed loop paths in the film.

Finally, we would like to comment that if the film thick
ness is much larger than the scattering mean-free path
laser cavities formed by optical scattering are no longer c
fined in a plane. In this case, the far-field intensity and mo
distributions from the film surface should be the same
those from the edges of the film.

IV. CONCLUSION

In summary, we have observed the far-field intensity a
mode distributions of random lasers in highly disorder
ZnO polycrystalline thin films. For the laser output from th
edge of the film, both intensity and modes strongly depe
on the observation angle in the plane of the film. Howev
for the laser emission scattered out of the surface of the fi
the modes are nearly angle independent, while the inten
varies slightly with the observation angle. We have presen
a qualitative explanation for the observed far-field charac
istics of random lasers. Since the optical scattering mean-
path is close to the film thickness but is much smaller th
the lateral size of the excitation area, the laser cavi
formed by optical scattering are located in the plane of
film. The laser output from different cavities may go to d
ferent directions in the plane of the film. On the other ha
the laser light could be scattered out of the surface of the
by intracavity scatters into all directions.
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FIG. 9. Spontaneous emission spectra from the edge of
sample, observed at different angles(0°, 20°, and 40°) in theplane
of the film.
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