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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 [#0$63-182@09)04623-9

I. INTRODUCTION pulse width was used to optically pump the samples. The
emission from the samples was collected by a fiber bundle
Weak scattering of light is detrimental to laser actionand directed to a 0.5-meter spectrometer with a cooled
since it removes photons from the lasing mode of a conveneharge coupled device array. The tip of the fiber bundle can
tional cavity. However, when optical scattering is sufficient,be moved along a circular trail centered at the excitation spot
it may facilitate lasing by forming resonators. Specifi-  on the film. The distance from the fiber tip to the excitation
cally, when the scattering mean-free path approaches the ogpot is about 1 cm.
tical wavelength, the light may return to a scatter from which - First we measured the far-field intensity and mode distri-
it was scattered before, and thereby forming closed 100pytions in the plane of the film. The experimental configura-

paths. If the amplification along the closed Ioop_ paths Sion was shown in the inset of Fig. 1. The pump beam was
strong enough, these closed loops could serve as ring cavities. ,sed by a cylindrical lens to a stripe with a width of
for light, and the system might lase in the modes of these

localizati - his kind of | . led a “rand ~40 pum on the ZnO film at normal incidence. The stripe
lggzrlz”atlon cavities. This kind of laser is called a "random length could be varied by an adjustable slit. One end of the

Recently, we have observed such random lasers. The laser
action occurred in highly-disordered ZnO and GaN powder 5 L A S
and polycrystalline thin film§. Scanning electron micros-
copy images indicate that the ZnO films consist of many
irregularly shaped grains with sharp interfaces. At low-pump
power, the emission spectrum consists of a broad spontane- 4
ous emission peak. When the excitation intensity exceeds a
threshold, very narrow peaks emerge in the emission spec-
trum, and the total emission intensity increases much more
rapidly with the pump power.

For traditional lasers with well-defined cavities, the far-
field intensity and mode distributions are determined by the
cavity configuration and gain distribution. It is interesting to
study the far-field intensity and mode distributions of ran-
dom lasers, since it is expected to be quite different from that
of traditional lasers. In this paper, we report our experimental
observation of the far-field intensity and mode distributions
of the random lasers. 1

INTENSITY ( arb. units )

375 380 385 390 395 400
Thin films of (0001) ZnO were deposited of0001) sap- WAVELENGTH (nm )
phire substrates by pulsed laser ablation. A detailed descrip-
tion of the growth procedure and the structural characteriza- FIG. 1. Side emission spectra observed from different angles
tion of the films have been given elsewhéfeThe thickness  (0°, 20°, and 40°) in thelane of the film. The excitation intensity
of the films is about 300 nm. A frequency-tripled mode-is 383 kW/cnt. The excitation stripe length is 155m. The inset
locked Nd:YAG laser(355 nm, 10 Hz repetition rate, 15 ps shows the experimental configuration.

Il. EXPERIMENT
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WAVELENGTH (nm ) FIG. 3. The intensitysquaresand FWHM (circles of the laser
FIG. 2. Side emission spectra observed from different angle§Pectra as a function of the observation angle in the plane of the
(0°, 20°, and 40°) in thelane of the film. The excitation intensity film. The excitation intensity is 381 kW/cmand the excitation
is 381 kw/cn?, and the excitation stripe length is 1 mm. stripe length is 1 mm.

stripe was close to the cleaved edge of the sample. The laséf, 20°, and 40°. Note, 0° corresponds to the direction nor-
emission from the edge of the film was measured. mal to the substrate plane. As we increased the pump power,

Figure 1 shows the side emission spectra at various olmore and more lasing peaks emerged in the emission spectra,
servation angles in the plane of the film. The excitation in-and eventually merged into a single broad peak. Figure 5
tensity is 383 kW/crh At 0° (normal to the cleaved edge of shows the laser emission spectra when the excitation inten-
the samplg the emission spectrum consists of three discretsity is 524 kW/cmi. We can see that the center frequency,
peaks. However, at 20°, the spectrum has only one maithe linewidth, and the intensity of the broad lasing peak are
peak. At 40°, six peaks emerge in the spectrum. Thus, the
laser emission spectrum varies drastically with the observa-
tion angle.

As we increased the stripe length, more lasing peaks
emerged in the emission spectrum. Eventually, there were so
many lasing peaks that they could no longer be well re- -
solved. Instead, they merged into a single broad peak. Figure 20 | .
2 shows the laser emission spectra at various observation
angles, when the excitation stripe is 1 mm long. At different
observation angles, the center wavelength and the full width
at half maximum(FWHM) of the broad peak are different.
The shift of the peak wavelength is4.5 nm when the ob-
servation angle changes from 0° to 40°. Figure 3 shows the
emission intensity and linewidth as a function of the obser-
vation angle. The maximum emission intensity is at 30°,
while the widest linewidth is at 40°. We have repeated the
same measurement with several samples. We found the
maximum emission intensity and linewidth were different for
different samples, and they also occurred at different angles.
In another word, the far-field intensity and mode distribu-

INTENSITY ( arb. units )

tions in the plane of the film are rather random. R .
Next we measured the laser emission spectra from the 380 385 390 395 400
sample surface at different observation angles. The excitation WAVELENGTH ( nm )

beam was focused by a spherical lens to a circle 60 um

in diameter on the sample surface at normal incidence. As F|G. 4. Surface emission spectra observed at different observa-
shown in Fig. 4, the laser modes are basically the same antbn angles(0°, 20°, and 40°) in th@lane normal to the film. The
their intensities vary slightly when the observation angles arexcitation intensity is 382 kW/cfn
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Z FIG. 7. Measured backscattering intensity as a function of angle.
The ZnO film is about 9+m thick.
1 emerge in the emission spectrum. At 40°, the number of
. L lasing peaks does not increase any more. However the inten-

380 385 390 395 400 sities of those peaks increase.

WAVELENGTH (nm ) IIl. DISCUSSION
_ FIG. 5. Surface emission s_pectra observed at differgnt observa- The highly disordered structure of ZnO polycrystalline
tion angle(0°, 20°, and 40°) in thelane normal to the film. The g5 resuits in strong optical scattering. We characterized
excitation intensity is 504 kw/cfn the scattering mean-free pdthising coherent backscattering
_ _ (CB9S).> 1 The ZnO film used in the CBS experiment was
almost independent of the observation angles. ~9 um thick. To avoid absorption, the frequency-doubled
Finally, we studied the angle dependence of the |aseéutput(>\=410 nm) of a mode-locked Ti:Sapphire la$e6
emission in the plane perpendicular to both the cleaved edgg, repetition rate, 200 femtosecond pulse widifas used
of the sample and the substrate plane. The excitation area jg; the probe light. Figure 7 shows the measured backscatter-
a stripe close to the edge of the film. As shown in Fig. 6, a"ing cone of the ZnO film. From the angle of cusp, we esti-
0° (normal to the cleaved edge of the samptle emission  mated that the scattering mean-free path is about, 2ifier
spectrum has two main lasing peaks. At 20°, more peakgking into account the finite thickness of the ZnO fiifn.
Because the scattering mean-free path is on the order of
4r— T " T " T y ZnO emission wavelength, closed loop paths for light could
be formed through multiple scattering in the ZnO films.
There are many such loop paths in the films. However, along
different loop paths, the probability of a photon scattered
— back to its original point is different. In other words, the
3| 4 cavities formed by optical scattering have different loss. On
the other hand, the ZnO films have rather large optical gain,
e.g., the gain coefficient is over 20 chat a fluence of
5 wJ/cnt. Under optical pumping, as the pump power in-
creases, the gain reaches the loss first in the low-loss cavities.
Thus, laser oscillation occurs in these cavities, and the lasing
frequencies are determined by the cavity resonances. The
laser emission from these resonators results in discrete nar-
row peaks in the emission spectrum. As the pump power
increases further, the gain increases and it reaches the loss in
200 the lossier cavities. Laser oscillation in those resonators add
Tk N more discrete peaks to the emission spectrum. Eventually at
very high pump power there are so many lasing peaks that
. . . . . they could no longer be distinguished from each other. In-
380 385 390 395 stead they merge into a single broad peak in the spectrum.
For ZnO thin films, since the optical scattering mean-free
WAVELENGTH (nm ) path is close to the film thickness but is much smaller than
FIG. 6. Laser emission spectra observed at different angles ifhe lateral size of the excitation area, the laser cavities
the plane perpendicular both to the cleaved edge of the sample ad@rmed by optical scattering are located in the plane of the
the substrate plane. The excitation intensity is 382 kWicimne  film. At a fixed pump intensity, with an increase of the ex-
inset shows the experimental configuration. citation area, more lasing peaks emerge in the emission spec-

INTENSITY ( arb. units )
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FIG. 8. A schematic diagram showing the random laser cavities
in the ZnO thin film.(a) Laser output from the edge of the sample; 10
(b) laser emission scattered out of the surface of the film. . . .
tra, because there are more closed loop paths for light in a 375 380 385 390
larger excitation area. Eventually, these discrete lasing peaks WAVELENGTH (nm)

merge into a single broad peak. On the other hand, when the
excitation area is smaller than a critical size, laser action FIG. 9. Spontaneous emission spectra from the edge of the
does not occur, because the loop paths are too short and the@mple, observed at different ang(@, 20°, and 40°) in thelane
amplification along the closed loops is not high enough tcof the film.
achieve lasing. Hence, the lasing threshold intensity in-
creases as the excitation area decreases. respond to random laser emission, whose far-field mode dis-
Figure 8 is a schematic diagram showing the random laseribution depends on the closed loop paths in the film.
cavities in the ZnO film, and the laser emission from both the Finally, we would like to comment that if the film thick-
edge and the surface of the sample. The laser output fromess is much larger than the scattering mean-free path, the
different cavities may go to different directions in the planelaser cavities formed by optical scattering are no longer con-
of the film. Hence, only the laser output whose direction isfined in a plane. In this case, the far-field intensity and mode
the same as the observation direction can be collected by th#stributions from the film surface should be the same as
fiber bundle. That is why the laser emission spectra changgose from the edges of the film.
drastically at different observation angles, as shown in Figs.
1 and 2.
Since the film thickness is close to the optical scattering V. CONCLUSION
mean-free path, the laser emission can easily be scattered out L .
of the surface of the film by intracavity scatters. The scatter- In summary, we have observed the far-ﬂ.eld Intensity and
. e . : : mode distributions of random lasers in highly disordered
ing direction of the laser light may be different for different

scatters. Therefore, the scattered laser light from each cavitg(goep;'%ﬁ;y?iﬁlq“n&m'ri]nft”enr:;'t Fc;rn':jh?nljjgg ﬁjrtg#tlfro dn; tgﬁ d
could be collected by the fiber bundle at all observation 9 ' y gly dep

angles. That is why in Figs. 4 and 5 the laser modes observ on the observation angle in the plane of the film. However,

from the sample surface are almost the same at differe Er the laser emission scattered out of the surface of the film,
. b he modes are nearly angle independent, while the intensity
observation angles.

With the experimental configuration shown in the inset ofvaries slightly with the observation angle. We have presented

Fig. 6, when the observation angle increases, we start coft qualitative explanation for the observed far-field character-

lecting laser emission scattered out of the surface of the film'.'s’tICS .Of random Iaser_s. Sln_ce the OP“CQ' scattering mean-free
ath is close to the film thickness but is much smaller than

That is why more laser modes emerge in spectra at larg Ee lateral size of the excitation area, the laser cavities

observation angles. formed by optical scattering are located in the plane of the

For comparison, we have also measured the emiSSiO1[i]lm The laser output from different cavities may go to dif-
spectra from the edge of the sample below the lasing thresh- P Y9

old. As shown in Fig. 9, the emission spectrum has a sing| erent directions in the plane of the film. On the other hand,

L o %he laser light could be scattered out of the surface of the film
broad peak originated from spontaneous emission. Contrary ~. 4 ] S
intracavity scatters into all directions.

to the behavior of laser emission, the spontaneous emission
peak does not shift in wavelength as we change the observa-
tion angle in the plane of the film. This is expected because ACKNOWLEDGMENT
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