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High Q microcavity light emitting diodes with buried AIN current apertures
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We demonstrate a GaN-based high-Q microcavity light emitting diode (MCLED) with a buried
AIN current aperture. A thin AIN layer is inserted on the InGaN/GaN multiple quantum wells as a
current blocking layer and an optical confinement layer. The GaN-based MCLED is composed of a
29-pair GaN/AIN distributed Bragg reflector (DBR), an eight-pair of SiO,/Ta,05 dielectric DBR,
and a three-4 optical thickness InGaN/GaN active region. The current can be injected more
effectively in the MCLED with a buried AIN current aperture. The output emission has a dominant
emission peak wavelength at 440 nm with a very narrow linewidth of 0.52 nm, corresponding to a
cavity Q-value of 846 at a driving current of 5 mA. © 2011 American Institute of Physics.

[doi:10.1063/1.3617418]

GaN-based materials have attracted a great attention
since the early 1990s due to the wide direct band gap and the
promising potential for the optoelectronic devices such as
light emitting diodes and laser diodes."* So far, GaN-based
edge emitting lasers have been demonstrated” and applied in
commercial products for high density optical storage appli-
cations. However, the vertical cavity surface emitting lasers
(VCSELs), with superior optical characteristics such as the
single longitudinal mode emission, low divergence angle,
and two-dimensional array capability, are still under devel-
opment and currently gaining much attention due to the
potential in realization of microcavity polariton lasers oper-
ated at room temperature.* Optically pumped GaN-based
VCSELs have been reported by using different kinds of opti-
cal cavity structures, such as dielectric distributed Bragg
reflectors (DBRs), VCSELs with cavities consisting of top
and bottom dielectric DBRs,> and hybrid DBR VCSELSs with
cavities consisting of epitaxially grown bottom nitride-based
DBRs and top dielectric DBRs.® We have recently demon-
strated the continuous wave (cw) current injection of GaN-
based VCSEL with hybrid mirrors at 77 K in 2008 (Ref. 7)
and 300 K in 2010.® Meanwhile, the room temperature oper-
ation of GaN-based VCSEL devices was reported using opti-
cal cavities sandwiched by double dielectric DBRs.”'” The
major improvements of these devices to achieve room tem-
perature operation are by using a thinner transparent con-
ducting layer of about 50 nm to improve the current
spreading and by using the GaN substrate to ensure the good
crystal quality of active layers. However, to form VCSELs
with double dielectric DBRs required complex fabrication
process, such as laser lift-off or elaborated polishing and
bonding process.''

Despite of demonstration of room temperature current
injected GaN-based VCSELSs, the lateral optical confinement
was still a lack in these VCSEL structures, resulting in
higher optical loss and difficulty in controlling the quality of
output beams.'? In order to improve the optical confinement
of these devices, we investigated a microcavity light emitting
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diode (MCLED) with a buried AIN current aperture, which
can also be used as a lateral optical confinement layer. Since
a pre-defined current aperture with a small diameter is intro-
duced in the MCLED structure, the transparent current
spreading layer can be omitted. The current still can be
injected effectively in the current aperture and the optical
loss introduced by the transparent current spreading layer
could be neglected. The output emission of our device shows
a very narrow linewidth of 0.52 nm, corresponding to a cav-
ity Q-value of 846 at a driving current of 5 mA and a domi-
nant emission peak wavelength at 440 nm. In addition, the
emission peak wavelength as a function of the current is
almost invariant with increasing injection current, demon-
strating potential temperature-sensitive applications. This
microcavity structure with a buried AIN current aperture is
suggested to be a better configuration of GaN-based VCSELs
for further threshold current reduction.

The schematics of GaN-based MCLEDs without and
with a buried AIN current aperture structure are shown in
Fig. 1. The microcavity and bottom DBR structure were
grown in a vertical-type metal organic chemical vapor depo-
sition (MOCVD) system (EMCORE D75), which could hold
one 2-in. sapphire wafer. The nitride-based DBR with high
reflectivity (~97%) used in the experiment was the stacks of
29-pair AIN/GaN layers with insertion of the AIN/GaN
super-lattice. The super-lattice was inserted for releasing
strain during the growth of AIN/GaN DBR to further
improve the interface sharpness and to raise the reflectivity.
Then, a microcavity formed by a GaN-based p-n junction
was grown following the growth of the DBR structure. The
microcavity composed of a 900 nm-thick n-type GaN layer,
a ten-pair of Iny,GapgN/GaN (2.5 nm/10.5 nm) multiple
quantum wells, a 24 nm-thick AlGaN electron blocking
layer, a 20 nm-thick p-GaN layer, a 30 nm-thick AIN current
blocking layer, and a 155 nm-thick p-GaN layer. The
MCLED with an AIN current aperture was fabricated by the
following steps. First, the MCLED epi-structure was grown
on a c-plane sapphire substrate and the growth stopped at the
20 nm-thick p-GaN layer just right above the AlGaN elec-
tron blocking layer. Then, the SiO, hard mask used to define
the current aperture was grown on that MCLED epi structure

© 2011 American Institute of Physics
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FIG. 1. (Color online) The schematics of MCLEDs
(a) without and (b) with a buried AIN current aperture.
To assist the current injection, an ITO layer was
inserted in (a).

by plasma-enhanced chemical vapor deposition (PECVD)
with the effective current apertures varying from 5 pum to 10
um. The 30 nm-thick AIN layer was re-grown on the pat-
terned sample surface by MOCVD system with the epitaxial
environment at 1020°C and 100 torr. Then, the SiO, mask
was lifted off by using buffered oxide etch (BOE) wet etch-
ing. The 130 nm p-type GaN and 2 nm InGaN layer were re-
grown on the sample. The 2 nm InGaN layer is used for
reduction of the Schottky barrier height and improving the
current spreading in p-type GaN. The buried AIN forms a
current aperture in the MCLED shown as Fig. 1(b). For com-
parison, the conventional MCLED without an AIN current
aperture fabricated with emission apertures formed by SiNy
patterns varying from 5 um to 10 um, shown as Fig. 1(a). In
order to improve the current injection efficiency in the emis-
sion aperture, a 30 nm-thick indium tin oxide (ITO) layer
was deposited on the top of the microcavity. The Ti/Al/Ni/
Au and Ni/Au contacts were deposited to serve as n-type and
p-type electrodes, respectively. Finally, a ten-pair Ta,Os/
SiO, DBR (a measured reflectivity of over 99% at A =440
nm) was evaporated in an ion-assisted e-gun system as the
top mirror to complete the MCLED devices. The 5 um-diam-
eter aperture MCLEDs with and without AIN were driven by
a Keithley 238 current source in the cw operation mode. The
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FIG. 2. (Color online) The voltage and the light output characteristics of the
MCLEDs with and without a buried AIN current aperture as a function of
injection current at 300 K.

emission light was then collected by a 25 ym-diameter multi-
mode fiber using a microscope with a 40x objective and fed
into the spectrometer/charge-coupled device (CCD) (Jobin-
Yvon Triax 320 Spectrometer) with a spectral resolution of
~0.15 nm for spectral output measurement.

The voltage and the light output power of the MCLED
with and without AIN as a function of injection current at
300 K is shown in Fig. 2. The turn on voltage and serial re-
sistance of the 5 um-diameter aperture MCLED without
AIN are about 7.14 V and 385 Q, respectively. The
MCLED with AIN shows the slightly higher voltage and se-
rial resistance of 7.35 V and 389 Q compared with the con-
ventional device, respectively. This is because the current
path from the p-contact to active regions in MCLED with a
buried AIN current aperture would be longer than the one
without AIN. In addition, the effective area of aperture in
MCLED with AIN for current passing through is smaller
than the one without AIN. The light output power-current
(L-I) shows that the MCLED with AIN has higher light out-
put than the MCLED without AIN at the same injection cur-
rent of 15 mA. The better light output performance in the
MCLED with AIN could be attributed to the smaller optical
loss due to lack of the ITO layer in the light path of
microcavity.

Relative intensity

—|EEEEEEEEET
5um === =

(b)

FIG. 3. (Color online) (a) The emission image of the MCLED with a buried
AIN current aperture under high magnification CCD image (b)—(d) Beam-
view of the emission profile on the AIN current aperture.
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FIG. 4. (Color online) The cavity mode wavelength of GaN-based MCLED
with a buried AIN current aperture as a function of current variation from
0.5 to 5 mA. The inset shows the spectrum of MCLED with a buried AIN
current aperture at 5 mA.

We could clearly observe the light emission of the
MCLED with a buried AIN current aperture locates pretty
well in the aperture as shown in Fig. 3(a). In order to observe
more details of the light emission in the current aperture, we
also observed the optical intensity distribution by means of
the CCD and beam-view program. The color in Figs. 3(b)
and 3(c) represents the relative optical intensity emitted from
observed device, and this figure shows the current is uni-
formly injected into the aperture. The light beam was
observed a Gauss distribution shown in Fig. 3(d). Compared
to the previous reports,”"'* the carrier is tightly confined in
the small aperture and no spotty light emission can be
observed, indicating that this structure can lessen the spatial
inhomogeneous broadening in the active region and is bene-
ficial to laser operation.

Figure 4 shows the cavity mode wavelength of GaN-
based MCLED with a buried AIN current aperture as a func-
tion of current variation from 0.5 to 5 mA. The inset of Fig.
4 is the spectrum of MCLED with a buried AIN current aper-
ture at 5 mA current injection. From the emission peak
wavelength at 4=440 nm and the emission linewidth at
A =0.52 nm, the cavity Q is estimated by 4/A/ to be 846.
The emission wavelength of the MCLED is mainly deter-
mined by the average refractive index throughout the micro-
cavity. The increase of the refractive index in the GaN cavity
layer as the temperature increases will result in the red-shift
of the emission wavelength. As a result, the wavelength
shows a red-shift of about 0.2 nm as the current rose from
0.5 to 5 mA. The emission peak wavelength as a function of
the current is almost invariant with an increasing injection
current, demonstrating potential in temperature-sensitive
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applications. For an almost planar resonator, such as a
MCLED with top and bottom DBRs, the mode spacing can

be given by, *Av = #){;02 where 7 is the effective refractive

index and wy is the minimum spot size. The measured spot
size is 1 pum and the estimated mode spacing is 0.7 nm for
n=2.5 and 4y,=440 nm. The measured mode spacing is
approximately 0.7 nm as shown in Fig. 4, which is consistent
with the estimated value.

In summary, we have investigated a MCLED with a bur-
ied AIN current aperture. In the electrical characteristics, the
light output of the MCLED with a buried AIN layer was
higher than the one without the AIN at the same injection
current. The emission from the MCLED with a buried AIN
layer shows a very narrow linewidth of 0.52 nm, correspond-
ing to a cavity Q-value of 846, and a dominant emission
peak wavelength at 440 nm. The measured cavity mode
spacing is approximately 0.7 nm, which is consistent with
the estimated value, demonstrating the effect of lateral opti-
cal confinement provided by the AIN layer. In addition, the
emission peak wavelength as a function of the current is
almost invariant with an increasing injection current indicat-
ing potential temperature-sensitive applications. Further
optimization of bottom DBR growth and crystal quality in
this structure would promise to realize low threshold GaN-
based VCSELs or GaN-based polariton lasers.
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