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High reflectivity is achieved by deeply etched InGaN/GaN distributed Bragg refléDiBR)
mirrors with tilted sidewalls, which are appropriately designed by using the finite-difference
time-domain method. The predicted optimal structure is different from the simple design consisting
of aN/(4n) semiconductor and/4 air. If the sidewall of the grating is tilted by 4°, the reflectivity

of the DBR mirrors decreases to less than 40%. However, any degradation in the reflectivity of a
perfectly vertical sidewall can be suppressed to just a few percent even with a sidewall tilt of 4°, if
the DBR structure is properly designed. We fabricated InGaN/GaN multiple-quantum well lasers
based on the optimal design. The devices operate as lasers with optical pumping at a lower threshold
than devices without DBR mirrors. The DBR mirror reflectivity is characterized by the relation
between the threshold pump intensity and the inverse of the cavity length, resulting in a high
reflectivity of 62%. © 2003 American Institute of Physic§DOI: 10.1063/1.1586992

InGaN/GaN lasersare attracting a great deal of atten- In this letter, a deeply etched InGaN/GaN DBR mirror
tion as bluelviolet light sources for the next generation ofwith tilted sidewalls is designed for the structure of a prac-
storage systems such as the Blu-ray Diskowever, the op- tical laser wafer utilizing the finite-difference time-domain
erating current of InGaN/GaN lasers is much higher than thatFDTD) method. The predicted optimal structure is different
of conventional GaAs/AlGaAs or GalnAsP/InP lasers. Onefrom the conventional quarter-wavelength design using a
reason for this high threshold is their low facet reflectivity of A/(4n) semiconductor and/4 air. If the sidewall of the
only about 18%, which results from the low refractive indi- grating is tilted, the reflectivity of the DBR mirrors decreases
ces of GaN-based materials of about 2.5. The lifetime ofgreatly. However, we can obtain high reflectivity even with
InGaN/GaN lasers is strongly dependent on the operatingited sidewalls, if the DBR structure is properly designed.
current, which must therefore be reduced. To achieve this\Ve characterized the InGaN/GaN DBR mirrors that we fab-
multiple dielectric films are usually coated on the facets, buticated based on the optimal design by the relation between
this adds extra processing steps to laser fabrication. A pronthe threshold pump intensity and the inverse of the cavity
ising alternative structure for laser mirrors is a deeply etchediength, and obtained a high reflectivity of 62%.
distributed Bragg reflectoDBR).>~° Marinelli et al1° have The structure of the laser wafer is described in detail in
demonstrated deeply etched GaN-based laser diodes usiRgf. 14. It consisted of a SiC substratag=2.7), an
focused ion beam etching, and analyZetthe results using n-AlgodGa N lower cladding layer ¢=500 nmn,acan
the transfer matrix method. They concluded that the low re=2.44), an n-GaN lower optical guiding layer d
flectivities they obtained of 28%—-38% were due to the etch=100 nmng,n=2.5), an I 15Ga gN/INg oGay od\ triple-
ing. They showed in their analysis that the DBR stopbandjuantum well active layer, @-GaN upper optical guiding
shifts to a shorter wavelength for a tilted sidewall. This resultayer (d=100 nmng,=2.5), ap-AlyGa,gN upper clad-
suggests that an increase in the semiconductor wall thicknesfing layer @=500 nmn,_ycan=2.46), and g-GaN con-
might result in higher reflectivity. We have already con-tact layer =50 nmng,2.5). In a simulation, the multiple-
firmed, with regard to obtaining high reflectivity, that the quantum well active layer was approximated as a single layer
optimal thickness of the semiconductor wall is greater tharwith a refractive index of 2.55 and a thickness of 17.5 nm,
that based on the quarter wavelength desfgn. our previ-  and thep-GaN contact layer was ignored. The laser structure
ous paper, we assumed a simple wafer structure consisting ebnsisted of three pairs of deeply etched DBR mirrors
three layers, where an active layer mf,=2.55 was sand- [5\/(4n) semiconductor and\34 air]. We adopted a higher-
wiched between cladding layers of,q=2.5. We have also order DBR structure for two reasons. One was ease of fab-
demonstrated highly reflective InGaN/GaN DBR mirrorsrication, and the other was that a narrower air gap width
based on an appropriate desfgrin our previous paper, we means the air gaps cannot reach the active layer of the tilted
estimated the reflectivity from the threshold of the lasers andidewalls. The air gaps were etched as deep as a2hto
the estimated values ranged from 44% to 62% depending othe SiC substrate.

the assumed internal loss. Figure 1 shows the dependence of the calculated reflec-
tivity on the sidewall angle of three DBR periods for a wave-
aElectronic mail: saitoh@nttbrl.jp length of 0.4um. We calculated the reflectivity using the

Ppresent address: EIE, The Hong Kong Polytechnic University, Hong KongFDTD method. In Fig. 1, the dashed and dotted lines, respec-
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FIG. 1. Dependence of reflectivity on sidewall angle.

tively, denote the reflectivity when the top width of the semi-
conductor walW; ,,and the width at the active lay®@V ..
were both kept at 0.2zm. When we used a simple design
consisting of a &/(4n) (0.2 um) semiconductor and\34

(0.3 um) air, the vertical sidewall tilt of only 4° reduced the collected from the normal to the sample surface in a 30 cm
reflectivity to less than 40% in both cases. However, a highmonochromator with a resolution of 0.26 nm. The light from
reflectivity of more than 86% is predicted even for a sidewallthe monochromator was detected with a charge-coupled-
angle of 86°, if the DBR structure is properly designed asdevice array.

represented by the solid line in Fig. 1. To achieve this, the  \we operated both the DBR and FP lasers by optical
semiconductor wall width at the active layer must be widerpumping. Figure 2 shows the output emission intensity as a
than 5\/(4n) and the air gap width must be narrower thanfunction of pumping intensity for DBR and FP lasers both

FIG. 2. Pump vs output emission characteristics.

3\/4. For example, when the sidewall angle is 84°, the opti-with a cavity length of 25Qum. Emission spectra are shown

mum semiconductor width at the active layer is 0.208,
which is far wider than the 0.2m derived from the conven-
tional quarter-wavelength design. This result is qualitatively
understandable when we take account of the interference of
the reflected light from a parallel plate and a wedge. The
optical path difference from the wedge is less than that from
the parallel plate. In our previous repdfive calculated the
reflectivity using a simple laser structure in which a @uh
thick InGaN active layer was sandwiched between GaN lay-
ers. In such a weakly confined structure, the expected reflec-
tivity for the same sidewall angle was only about 60%, even
if we used an optimal design.

The laser wafer was grown on(800J)-orientedn-type
6H-SIC substrate by metalorganic vapor phase epitaxy. The
DBR structures were defined by electron-beam lithography
and etched into then-AlGaN lower cladding layer by
chlorine-based reactive ion etchiBIE). We have already
confirmed that our RIE system causes little damage to either
GaAs(Ref. 15 or GaN-based material§ A vertical sidewall
is attainable for GaAs-based materials, however, it produces
a sidewall angle of 86° in the deep etch of GaN-based ma-
terials. Taking this tilt angle into consideration, we designed
the top width of the semiconductor as 0.lfn to obtain
highly reflective DBR structures. We varied the cavity length
from 150 um to 700um. We designed the laser with a three-
period DBR at each end of the cavity. Based on the FDTD
calculation, three DBR periods provided sufficiently high re-
flectivity for laser oscillation. We also fabricated Fabry—
Perot(FP) lasers on the same wafer for comparison.

A YVO,/LBO laser emitting 10-ns-wide pulses at 355
nm with a repetition rate of 20 kHz was used for optical
pumping at room temperature. A cylindrical lens focused the
laser beam into a rectangular excitation spot on the sample
surface to achieve uniform pumping. The emitted signal was
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FIG. 3. Emission spectra faqr) FP and(b) DBR lasers.
Downloaded 22 Mar 2011 to 158.132.161.52. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



4428

Appl. Phys. Lett., Vol

14 T T

. 82, No. 25, 23 June 2003

T

Saitoh et al.

In conclusion, we designed and demonstrated highly re-

flective DBR mirrors for InGaN/GaN lasers with tilted side-
walls. The predicted optimal structure was different from the
simple quarter-wavelength design using.g4n) semicon-
ductor and\/4 air. The calculation predicted that DBR mir-
rors with a sidewall tilt of 4° would reduce the reflectivity to
less than 40%. However, if the DBR structure is properly
designed, the decrease in the reflectivity compared with that
of a perfectly vertical sidewall can be suppressed to only a
few percent even with a sidewall tilt of 4°. We achieved
InGaN/GaN DBR mirrors with a reflectivity as high as 62%.
These design criteria will be useful for practical InGaN/GaN
laser applications.
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FIG. 4. Dependence of threshold pump intensity on inverse cavity length.
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