
PHYSICAL REVIEW B 73, 195112 �2006�
Photon localization and lasing in disordered GaNxAs1−x optical superlattices
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We propose an approach to fabricate a disordered optical superlattice using microcracking faces in
GaNxAs1−x epilayers. Laser action is observed and the emission exhibits random laser behaviors. A transfer-
matrix simulation suggests photon localization occurs at the lasing modes.
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Letokhov first theoretically discussed the laser action in
random media.1 Since then, extensive theoretical and experi-
mental studies have been focused on the light propagation in
disordered gain media due to the interest in random laser
action.2–6 Random lasers have been realized from various
media, such as semiconductors powders,7 laser dye solution
containing microparticles,8 and organic dye-doped gel films.9

In all these systems, the key factor for laser emission is the
existence of a high gain medium and efficient light scattering
within it to produce the necessary coherent feedback. Also
light amplification and localization behaviors in disordered
layered media have been studied using the transfer-matrix
and analytical approaches.2–5 An inverted opal structure with
randomly stacking faults has been presented, showing that
the stacking faults can give rise to localized states within the
absolute frequency gap of light in disordered medium.10

Usually defect states are introduced in designed photon crys-
tal for studying photon localization and laser action.11,12 In
this case, the amplified emission could be observed by
pumping the defect states.13 It is therefore interesting to re-
alize the lasing emission experimentally from the disordered
layered gain media and study the photon localization due to
a possible low threshold.6

In this paper, we present a systematic study of a
GaNxAs1−x disordered gain optical superlattice �SL�. A ran-
dom laser based on photon localization has been observed. A
disordered optical SL was fabricated by randomly distributed
parallel microcracking faces on a GaNxAs1−x epilayer, natu-
rally formed due to the larger lattice mismatch between the
epilayer and substrate. GaNxAs1−x samples were grown by
metal-organic chemical-vapor deposition �MOCVD�. The
growth details were presented elsewhere.14 The structural
properties were analyzed using double-crystal x-ray diffrac-
tion and scanning electron microscopy �SEM�. Three
GaNxAs1−x epilayers with x=0.6% �sample A�, 1.77%
�sample B�, and 2.8% �sample C� show high homogeneity in
a single phase when the film thickness is below 200 nm.
However, random microscopic cracking lines are observed
on the XY surface plane of the sample C when the GaNAs
layer is thicker than �200 nm as a result of tensile strain
relaxation, as indicated in Fig. 1�a�, where a cracking line
with the width of �50 nm is also shown. The microcracking
lines appear randomly across the 4�4 mm film studied in
the experiment. They show a set of parallel faces along the Y
direction and the depth of the cracks is of the order of the
film thickness �500 nm. The distance between the faces is a
random distribution of �1–5 �m, being of the same order

as the lasing emission wavelength. Therefore, the microc-
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racks in sample C may be considered as randomly stacked
GaNxAs1−x slabs along the X direction with air gaps, as
shown schematically in Fig. 1�b�. The substrate of GaAs has
a thickness of 0.5 mm, the top layer of GaNAs has a thick-
ness of 500 nm, and the air gap of strip lines is �50 nm in
width. Each GaNxAs1−x slab is an amplifying medium with a
dielectric constant of 12. In the Y and Z directions the me-
dium is taken to be uniform due to the fact that the refractive
indices of GaAs and GaNxAs1−x are almost the same as the
concentration of nitrogen is low in the GaNxAs1−x alloy.
Therefore, the GaNxAs1−x film of sample C may be consid-
ered to be a disordered SL along the X direction. In the
experiment the pump light is incident normal to the sample
surface along the Z direction, and the emission signals are
collected from −Z, X, and Y directions in three configura-
tions, as indicated in Fig. 1�b�.

Light emission from the samples A, B, and C has been
studied using low temperature pulsed photoluminescence
�PL� measurements. The pulsed luminescence was excited by

FIG. 1. �a� SEM image of sample C, illustrating the randomly
distributed microcracking lines parallel to the Y axis. The right side
is the amplified SEM image of one crack line. �b� Schematic dia-
gram of the investigated GaNxAs1−x film structure grown on GaAs

and the defined coordinates.
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a Q-switched frequency doubled Nd:YAG laser ��=532 nm,
5 kHz repetition, and 1 �s pulse width� and dispersed with a
0.75 m monochromator, and then detected by a cooled Ge
detector. At a low excitation level of 25 W/cm2 and a low
temperature �T=10 K� the broad PL spectrum of sample C
displays emission features typically for a GaNxAs1−x alloy,15

as shown in Fig. 2�a�, where the emission signal is collected
from the −Z direction. Under higher intensity pulsed excita-
tion, the PL spectrum from the sample C changes radically,
but the PL spectra of samples A and B do not change so
much. Above certain threshold excitation intensity, several
narrow laser linelike peaks appear for sample C, as shown in
Fig. 3�b� and 3�c�. The abrupt change in the output power
�PL integrated intensity� with the increasing pump intensity
shown in the inset of Fig. 2�c� is characteristic of the lasing
transition. Note that at different excitation spots emission
spectra display different modes with different lasing thresh-
olds. In the experiment the pump spot size with a local popu-
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FIG. 2. Low temperature photoluminescence spectrum of
sample C measured below the threshold excitation intensity �a� and
above the threshold �b� and �c�. PL spectra �b� and �c� were taken at
two different positions of the excitation spot on the film. The inset
in �c� displays the dependence of the PL intensity on the excitation
intensity, showing a threshold behavior.
lation inversion is �100�100 �m around the center of the
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sample, which is smaller than the actual size of the sample
dimension �4�4 mm2, meaning that the optical cavities
should be embedded inside the sample. Compared with the
PL spectra of the samples A and B, the laser emission only
happens in the sample C, which strongly suggests that ran-
domly distributed cracking faces play an important role in
lasing emission and photon localization.

A distinctive feature of laser emission from the sample C
is an excitation spot size dependence of the threshold inten-
sity. In the experiment edge emission signal is collected
along the X direction with a strip pump beam incident on an
area of 20�L�x� �m2 at a constant excitation intensity,
where L�x� increases along the −X direction. At a given ex-
citation position and excitation intensity of 0.33 kW/cm2,
lasing occurs when the excitation spot size is larger than
�2500 �m2 but disappears when the spot size is reduced
below this value to a value such as 900 �m2, as shown in
Fig. 3�a�. Emission modes of Fig. 3�a� show a spot size de-
pendence. This means that lasing is initiated when the gain
region spatially overlaps the peaks of long-lived localized
modes.6 Laser emission appears again for a spot size of
900 �m2 when the excitation intensity increases, as shown in
Fig. 3�b� at a pump intensity of 1.1 kW cm−2. A new laser
emission peak appears when the intensity is further increased
as indicated for a pump intensity of 2.2 kW cm−2. Thus las-
ing also occurs at shorter-lived modes when the pump inten-
sity is increased. For example, lasing in one or more than one
modes at an excitation intensity of 1.1 kW cm−2 or
2.2 kW cm−2 are observed as indicated in Fig. 3�b�. The pho-
ton localized mode and the excitation spot size dependence
of the lasing have strongly suggested that random laser emis-
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FIG. 3. �a� Emission intensity as a function of the excitation
spot size measured at a fixed excitation intensity of 0.33 kW cm−2.
�b� Emission intensity as a function of the excitation intensity at a
fixed excitation spot size of 900 �m2.
sion has been observed in GaNAs film with cracking faces.
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These properties also demonstrate that lasing action is only
relevant to the cracking faces in the GaNxAs1−x film, not
dependent on the vertical cavity of Z direction formed by the
top and bottom surfaces.

In order to study the influence of parallel cracking faces
on the spatial distribution of laser emission and the mecha-
nism of photon localization, we have measured the emission
intensity as a function of orientation, such as emission inten-
sity Ix��� and Iy��� measured from 45° to −90°, as indicated
by the geometric configuration in the inset of Fig. 4, where
±� represents the angle between the direction of light collec-
tion and the X or Y axis. The emission intensity as a function
of � shown in Fig. 4�a� clearly displays a maximum of emis-
sion along the X direction and a weak emission intensity
along the Y and −Z directions. This behavior suggests that
light is transmitted through and reflected from the barriers of
the cracking faces into GaNAs slabs as would be the case in
the Fabry-Pérot cavities along the X direction. The width of
each Fabry-Pérot slab is about several micrometers with a
dielectric constant of 12. The air gaps are about 50 nm in
width with a dielectric constant of 1. Thus, there is a large
dielectric difference along the X direction, which will effec-
tively enhance the localization of photons. However, due to
the narrow barrier width of �50 nm between GaNxAs1−x
slabs there is a strong coupling between the neighboring
GaNxAs1−x slabs. The calculated reflectivity and transmissiv-

FIG. 4. �a� Angular distribution of the emission intensity Ix���
�open circle� and Iy��� �cross� at the fixed pump intensity of
18 kW/cm2. The defined coordinates are shown in the inset of �a�.
�b� Polarization angle dependence of the emission intensity mea-
sured along the X axis �open circle�, Y axis �cross�, and −Z direction
�solid square�.
ity, are 17% and 83% at a lasing wavelength of 1.088 �m,
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respectively, when light tunnels across a barrier. Therefore,
the light needs to travel across many interfaces to form mul-
tiple reflections before the light is localized. The medium can
be described as a disordered distributed feedback random
cavity. This arrangement is consistent with the observation of
the spot size and intensity dependence of the lasing thresh-
old. The emission observed from other directions is attrib-
uted to the light scattering off the X direction by rough in-
terfaces due to Rayleigh scattering.16 This is confirmed by
the polarization measurement of emission intensity, as indi-
cated in Fig. 4�b�. Linearly polarized emissions with the po-
larization along the Z direction in a TM mode are observed
in the X and Y directions. However, the lasing emission in
the −Z direction has not any polarization as expected in a
TM mode, i.e., the observed emission comes from the light
scattering on rough interfaces when the light travels in a
GaNxAs1−x film along the ±X direction. Here a TM mode
emission is due to the radiative recombination between elec-
trons and light holes because the tensile strain in bulk
GaNAs alloy lifts the degeneracy between heavy- and light-
hole states at the � point.

When the sample is pumped using a laser wavelength of
532 nm from the top side of the GaNxAs1−x film, the photo-
generation electrons and holes only occur in the GaNxAs1−x
layer due to the large absorption coefficient of �8000 cm−1.
Hot electrons and holes will fast relax to the band edge of
GaNxAs1−x within a time of picosecond order and then re-
combine giving rise to the emission as indicated in Fig. 1
with a decay time of �355 ps below the threshold and
�30 ps above the threshold14 Usually, the radiative recom-
bination from the sample travels in all directions in three
dimensions. However, the spot size dependence of the lasing
threshold gives strong evidence that light is multiply re-
flected and amplified when light travels along the ±X direc-
tion. Laser emission occurs in the X direction when the long-
est lived modes in the X direction overlap the gain region. In
other directions modes spread and do not overlap the gain
region.6 Effective Fabry-Pérot cavities with distributed feed-
back are formed inside the sample without any need to have
edge reflections in the sample, as shown by a recent theoret-
ical analysis and transfer matrix numerical simulations.2–5

As analyzed above, the radiation of the lasing modes is

FIG. 5. Calculated transmission spectrum as a function of wave-
length for an effective Fabry-Pérot cavity structure with distributed
feedback and in absence of gain.
basically confined in the X direction while the polarization is
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in the Z direction. We can simulate our system by a transfer-
matrix approach. In the absence of gain, the calculated trans-
mission spectrum is shown in Fig. 5 for a stack of 40 slabs of
random thicknesses between 1 and 5 �m. The mean line-
width of the spectra modes, ��, and mean spacing between
modes, 	�, are 0.24 and 1.7 nm, respectively. This gives the
Thouless number �=�
 /���0.14�1. This seems to sug-
gest that the light localization occurs at the spectra
modes.6,17–20
In conclusion, photon localization and lasing is realized in

Phys. Rev. B 68, 193205 �2003�.
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a system based on randomly distributed parallel microcrack-
ing faces on a GaNxAs1−x film. The cracking faces form a
random array of effective Fabry-Pérot cavities filled with
gain material. Our results will help to provide guidance in
the experimental exploration for photon localization and ran-
dom lasing in epitaxial semiconductor materials.
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