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ABSTRACT: Room-temperature random lasing is achieved from an #-AIN/p-GaN heterojunc-
tion. The highly disordered n-AIN layer, which was deposited on p-GaN:Mg layer via radio

ITo
frequency magnetron sputtering, acts as a scattering medium to sustain coherent optical feedback. °°’={‘f’

The p-GaN:Mg layer grown on sapphire provides optical amplification to the scattered light
propagating along the heterojunction. Hence, lasing peaks of line width less than 0.4 nm are oo

| [AwTi
p-GaN:Mg (~2 pm) +

AIN film

Sapphire substrate

emerged from the emission spectra at round 370 nm for the heterojunction under forward bias .

larger than 5.1 V. Lasing characteristics of the heterojunction are in agreement with the behavior of

random lasers.
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B INTRODUCTION

Extensive investigations on the optical properties of highly
disordered random systems have revealed that the presence of
multiple optical scattering and light amplification can sustain
random lasing action." Under external optical excitation, the
formation of localized lights with UV and visible wavelengths has
been reported in either highly disordered or nanostructured
semiconductor materials such as ZnO, GaN, GaAs, and Sn0,.>~°
Currently, battery-driven random laser diodes have also been
fabricated by using cluster of ZnO nanocrystals, highly disor-
dered ZnO thin films, and vertically aligned ZnO nanorods as the
optical cavities to provide multig)le optical scattering and light
amplification simultaneously.” "' However, there is a drawback
to using ZnO as the random cavities—stable and high-conduc-
tivity p-type ZnO-based materials are still difficult to achieve.'?
As a result, the ZnO based random laser diodes may suffer from
low electrical-to-optical conversion efficiency and the use of ZnO
will limit the future development of electrical pumped random
lasers. However, it is highly desired to use electrical pumped
random lasers as board-band low-coherence sources to suppress
coherent noise in optical systems'® such as in CD and DVD
players, and to imlprove depth-resolved images of optical coher-
ence tomography'* and photorefractive holography.'®

Nowadays, the realization of random laser diodes is still
restricted to the use of ZnO as the optical cavities. This is because
(1) highly scattered random medium can be easily obtained from
ZnO to support coherent optical feedback and (2) ZnO can
provide extremely high excitonic gain at room temperature.
Hence, ZnO remains to be the first choice for the realization of
random laser diodes. In this paper, we proposed to use p-GaN as
the optical gain and highly disordered n-AIN layer as the optical
scattering medium for the realization of electrical pump random
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lasers. The choice of n-AIN/p-GaN heterojunction will favor
radiative recombination of external injection of carriers inside the
p-GaN. In addition, the propagation of amplified spontaneous
emission (ASE) inside the p-GaN will experience distributed
multiple optical scattering from the AIN layer to sustain coherent
optical feedback. Hence, this implies that the realization of
random laser diodes can be less dependent on the choice of
optical materials as the optical gain and highly scattered medium
can be spatially separated. This design will allow the further
development of reliable and high-performance electrical pumped
random lasers by avoiding use of ZnO-based random cavities.

B RESULTS AND DISCUSSION

Figure 1 shows the schematic of a p—n heterojunction diode. A
~4 X 6 mm> p-GaN (~2 um thick)/sapphire substrate (from
Semiconductor wafer Inc., Taiwan) was chosen to be the support-
ing substrate and hole-injection layer of the diode. About 200 nm
thick of highly disordered AIN was deposited onto the surface of
the p-GaN/sapphire substrate by radio frequency magnetron
sputtering to form a heterojunction.'®'” About 100 nm thick of
indium tin oxide (ITO) was coated onto the AIN surface as a
cathode ohmic contact. Quartz substrate deposited with ITO,
which is in physical contact with the ITO coated on the AIN
surface, was use to inject electrons to the heterojunction. Au
(100 nm)/Ti (20 nm) metal layer was deposited onto the p-GaN
layer as an anode ohmic contact for the injection of holes.

Images a and b in Figure 2 show the scanning electron
microscopy (SEM) images of the surface of the uncoated
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Figure 2. (a) SEM image of GaN surface, (b) SEM image of InN
surface, (c) XRD pattern of AIN thin film on p-GaN/sapphire substrate,
and (d) current—voltage (I—V) characteristic of the ITO/AIN ohmic
contacts.
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Figure 3. PL spectra of the n-AIN/p-GaN:Mg heterojunction. The
insert shows the light—light curve of the »n-AIN/p-GaN:Mg
heterojunction.

p-GaN/sapphire substrate and the AIN layer deposited onto the
p-GaN/sapphire substrate. It is noted that the p-GaN/sapphire
substrate has a very smooth surface but the deposited AIN layer’s
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Figure 4. Schematic diagram explains the light confinement and
scattering processes inside the n-AIN/p-GaN:Mg heterojunction.

surface is very rough. Grains from few tens to thousands of nm
are observed from the surface of the AIN layer. Figure 2¢ gives the
X-ray diffraction (XRD) pattern of the as-grown AIN thin film
deposited on the p-GaN/sapphire. The XRD peaks at 20 = 33.1,
35.9, and 37.8° can be assigned to the (100), (002), and (101)
reflections respectively, of a wurzite hexagonal-phase with lattice
parameters of a = 3.1114 A and ¢ = 49792 A.'® The peak of
highest intensity at 20 = 33.1° indicated that the sample is mainly
formed by crystallites oriented at the a-axis direction. Curren-
t—voltage (I—V) curve of the ITO contacts (separated by a
distance d = 10 #m) deposited on a 200 nm thick AIN layer was
also measured, see Figure 2d. It is noted that the relation-
ship between I and V is roughly linear for the absolute V less
than 20 V.

Figure 3 shows the photoluminance (PL) spectra of the
n-AIN/p-GaN:Mg heterojunction without ITO contact on the
n-AlN layer. The corresponding light—light curve is also plotted
in the insert of the figure. Single broad ASE spectra with peak and
full-width at half-maximum (fwhm) of ~370 and ~14 nm
respectively are observed from the PL spectra. These ASE spectra
represent the direct bandgap radiative recombination from the
GaN layer. A kink (i.e., pump threshold") is observed from the
light—light curve at a pumped intensity equal to ~0.5 MW/cm”.
Sharp peaks at wavelength around 374 nm with line width less
than 0.4 nm emerged from the emission spectra from the pump
intensity larger than the pumped threshold. Furthermore, the
number of sharp peaks increases with the increase of pumped
intensity. Hence, it is believed that the sample exhibits random
lasing characteristics under external optical excitation. This is
because GaN layer provides optical gain and AIN layer supplies
strong multiple optical scattering of the heterojunction to sustain
random lasing action. Figure 4 explains the optical confinement
characteristics and lasing mechanism of the heterojunction. It is
noted that the refractive indices (ordinary ray) of sapphire, AIN,
and GaN are roughly equal to 1.79, 2.21, and 2.64, respectively, at
~370 nm."” Hence, the heterojunction structure forms an optical
waveguide to confine light within the GaN layer. As the GaN
layer has higher refractive index than that of the AIN and
sapphire, light can be trapped and propagated inside the GaN
layer via total internal reflection. Furthermore, the light experi-
ences distributed multiple optical scattering inside the AIN layer
so that it is possible to obtain closed-loop paths for light within
the region under optical excitation. In fact, the configuration of
the n-AIN/p-GaN:Mg heterojunction is similar to that of a
surface-emitting distributed feedback (DFB) laser. This is be-
cause the AIN layer works like a grating layer of the DFB laser.
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Figure S. (a) Current—voltage and intensity—voltage curves of the
n-AIN/p-GaN:Mg heterojunction. The insert shows the EL spectra of
the n-AIN/p-GaN:Mg heterojunction under forward bias. (b) Photo
taken from the surface of the n-AIN/p-GaN:Mg heterojunction under
forward bias at about 15 V.

Hence, lasing light (sharp peaks) can be observed from the
surface of the heterojunction. In addition, lasing light has multi-
ple directions—it can emit all over the space from the surface of
the AIN layer.

Figure Sa compares the I—V and light-voltage (L—V) curves
of the n-AIN/p-GaN heterojunction diode under forward and
reverse bias. It is observed that the I—V curve exhibits a rectifying
behavior and with a turn-on voltage of ~5.1 V. However, the
turn-on voltage is larger than that the bandgap of GaN due to the
wide bandgap of the AIN layer. It may also be related to the high
ohmic resistance from the ITO contact on the AIN layer. On the
other hand, for the reverse bias larger than 10 V, large leakage
current is observed for the I—V curve. The insert of figure Sa
plots the corresponding electroluminance (EL) spectra of the
heterojunction under forward bias. A single broad ASE spectrum
with peak and fwhm of ~370 and ~7 nm respectively is observed
from all the EL spectra. Furthermore, sharp peaks of line width
less than 0.4 nm are emerged from the EL spectrum for bias
voltage above the turn-on voltage. In addition, the number of
sharp peaks increases with the increase of bias voltage. The above
observations have indicated that the heterojunction demon-
strates lasing characteristics under electrical excitation and the
lasing characteristics are similar to that under optical excitation.
Figure Sb shows a photo of the heterojuction taken at forward
bias of about 15 V. Blue-violet emission is clearly observed from
the entire sample. This is because the waveguide effect of the
heterojunction allows the propagation of ASE along the GaN
layer. At the region under the quartz substrate especially near the
edges of the sample, blue emission intensity is very high. This is
due to the optical scattering of ASE, which is obtained from the
GaN:Mg layer under the external injection of carriers, via the
multiple optical scattering of the AIN layer. In addition, light
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Figure 6. EL spectra observed from (a) different angles from the
surface, and (b) different ITO’s contact area of the heterojunction.

emission from the edge of the sample is favored because of the
optical confinement structure of the heterojunction diode.

In order to verify that the sample exhibits random lasing action
under electrical excitation, we have examined the emission
spectra from the heterojunction at different angles of observation
as well as with different excitation areas. Figure 6a shows the EL
spectra observed from the surface of the heterojunction at
different directions. The heterojunction was biased at 15 V
throughout the experiment. It is noted that the emission spectra
are different at different observed angles. This is because different
laser cavities formed by multiple scattering can have different
output directions so that the lasing spectra observed at different
angles are different. Figure 6b shows the EL spectra of the
heterojunction with different area of ITO contact deposited onto
the AIN layer. The bias current density, J, was maintained at
~11.2 mA/cm? for all the samples. It is observed that before the
critical contact area (ie., 1.5 X 1.5 mm®) is reached, no shape
peak is excited. However, when the ITO’s area has exceeded the
threshold, sharp lasing peaks with line width less than 0.4 nm
emerge from the spectrum. The number of sharp peaks increases
with the increase of ITO’s area. This is because in a large
excitation area, more closed-loop paths for light can be formed.
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Figure 7. Band diagram of the n-AIN/p-GaN:Mg heterojunction at (a)
equilibrium, (b) forward bias, and (c) reverse bias.

As a result, random laser action could occur in more cavities
formed by recurrent scattering. However, if the ITO’s area is
reduced below a critical size, lasing oscillation stopped. This is
because if the closed-loop paths are too short, the amplification
along the loops is not high enough to achieve lasing."

Figure 7 shows the energy-band diagram of the n-AIN/p-GaN
heterojunction under the conditions of equilibrium, forward and
reverse bias. We have assumed that the AIN layer is in good contact
with the GaN surface so that their vacuum levels can be roughly
continued across the heterojunction. If the electron affinity energies
of AIN and GaN are chosen to be ~0.25 and ~3.3 eV, respectively,
the bandgap energy of AN is set to ~6.0 eV and that of GaN is
chosen to ~3.3 eV.2%*! Then, it can be shown that the conduction
band offset, AE, and valence band offset, AEy, of the AIN/GaN
heterojunction are roughly equal to 3.05 and 0.35 eV respectively.
The Fermi level of p-GaN can be estimated to be around 0.8 to
1.0 eV above the valence band due to the high carrier concentration
of p-GaN:Mg. For AlN layer, the Fermi level can be varied between
2.8 and 3.0 eV below the conduction band as the corresponding
carrier concentration is low. For the heterojunction under forward
bias, electron from the n-AIN can be tunneled through the thin
barrier to the p-GaN. However, holes from p-GaN are blocked by
the barrier of AIN. Hence, electrons and holes are favored to be
recombined radiatively inside the p-GaN layer, see figure 7b. This is
the reason why we observed emission spectra with peak wavelength
at ~370 nm (i.e, bandgap energy of GaN) and blue-violet light is
generated mostly inside the GaN layer. Figure 7c shows the
heterojunction under reverse bias condition. At high reverse condi-
tion, electrons at the p-GaN layer can be tunneled through the
barrier at the condition band of the n-AIN so that high leakage
current can be observed. Hence, we have explained the observed
optical and electrical properties of the #n-AIN/p-GaN heterojunction.

B SUMMARY

In summary, we have demonstrated random lasing action from
an n-AIN/p-GaN heterojunction under electrical excitation at
room temperature. Optical feedback mechanism of the hetero-
junction is similar to that of a surface-emitting (i.e., second order
grating) DFB lasers except the uniform grating is replaced by a
highly disordered AIN layer. This is because optical modes
supported inside the GaN layer can be scattered into multiple
directions by the AIN layer. Hence, closed-loop path for light is
achieved and coherent random lasing is observed from the
heterojunction. The variation of lasing patterns over different
observation angles and the dependence of lasing threshold (i.e.,
emerge of sharp peaks) on the excitation area have verified that
the lasing mechanism is due to random lasing action. Further-
more, it can be shown that the profile of lasing spectra can be

maintained unchanged for few hours. Hence, the long-term
stability of the laser diodes can be compatible or better than that
of the existing random laser diodes. Other advantage of using
AIN layer is that it can confine the injection carriers into the
p-GaN layer so that strong ASE can be obtained from the
heterojunction under forward bias. The observation of broad
emission peak of the spectra at ~370 nm (i.e., bandgap energy of
GaN) has verified that strong ASE is attributed to the direct
bandgap radiative recombination inside the p-GaN layer.
Furthermore, when comFared to the performance of the existing
random laser diodes,° ' the proposed n-AIN/p-GaN hetero-
junction (1) has better electrical-to-optical conversion efficiency
due to the use of p-GaN as the gain region, (2) can be easily
optimized its performance due to the spatial separation of optical
gain and scattering region, and (3) has potential to be commer-
cialized due to the matured GaN technology. Optical character-
istics of the proposed n-AIN/p-GaN heterojunction, however,
should be similar to the existing random laser diodes—light is
emitted in multiple directions.

B FABRICATION AND MEASUREMENT METHODS

Fabrication. A 200 nm thick of AIN film was first deposited on a
cleaned p-type GaN:Mg (~2 um)/sapphire substrate (purchased from
Semiconductor Wafer Inc., Taiwan) by radio frequency magnetron
sputtering technique. The sputter target was a pure Al (99.99%) placed
at a distance 8 cm and at an angle 30° to the surface of the p-GaN:Mg/
sapphire substrate. The AIN layer was grown under the flow of pure N,
and Ar gases at a flow rate of 30 and 15 SCCM, respectively so that the
chamber pressure was maintained between 6 x 1072 and 10 x 103
mbar. The sputtering growth was done for 1 h, at a sputtering power of
300 W with substrate temperature at 25 °C. Bilayer Ti(20 nm)/Au-
(100 nm) electrode was deposited on the p-GaN:Mg by thermal
evaporation as the p-ohmic contact. A 100 nm thick of ITO was
deposited on the AIN layer by sputtering as the n-ohmic contact at
room temperature.

EL and PL Measurement. The heterojunction diode was driven
by a rectangle pulse voltage source with repetition rate and pulse width
of 7.5 Hz and 80 ms, respectively. Light was collected from the uncoated
side of the quartz substrate by an objective lens. PL spectra of the
samples at room temperature were studied under optical excitation by a
Nd:YAG (355 nm: YAG: yttrium aluminum garnet) laser operating in
pulsed mode (6 ns, 10 Hz). An optical beam of diameter ~10 mm was
excited at an angle to the surface of the AIN layer. Emission was collected
in the direction perpendicular to the surface of the AIN by an
objective lens.
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