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Abstract. Deeply etched 1-D third-order Bragg reflectors have been
used as mirrors for broad-area semiconductor lasers operating at
975-nm wavelength. From a threshold and efficiency analysis, we deter-
mine the mirror reflectivity to be approximately 95%. The design of the
GaAs-based laser structure features three InGaAs quantum wells placed
close (0.5 mm) to the surface in order to reduce the required etch depth
and facilitate high-quality etching. Despite the shallow design and the
proximity of the guided mode to the metal contact, the threshold current
density (Jth5220 A/cm2 for infinite cavity length) and internal loss
(a i5961 cm21) are very low. © 1998 Society of Photo-Optical Instrumentation
Engineers. [S0091-3286(98)00404-8]
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1 Introduction

Periodic microstructures that consist of alternating layers
semiconductor material and air can be regarded as the
treme limit of the type of Bragg grating commonly used
distributed feedback~DFB! and distributed Bragg reflecto
~DBR! lasers. The difference is the refractive index co
trast, which is typically less than 1% in a DFB/DBR lase
but as large as 3.5:1 in the case discussed here. This
to a very much shorter interaction length of around 1mm,
instead of the hundreds of microns in a DFB/DBR las
and thereby opens the opportunity of creating ed
emitting laser elements with very small optical volum
This degree of compactness and the associated capabil
very low threshold and high frequency operation has h
erto been reserved for vertical cavity surface emitting las
~VCSELs!, where thresholds below 100mA have already
been achieved.1

Our semiconductor-air grating can also be regarded
the simplest realization of a photonic bandgap~PBG!
structure2 ~or ‘‘photonic crystal’’!, because it fulfills the
requirements of high refractive index contrast and sm
(,100 nm) feature size that are essential for PBGs in
and three dimensions. Furthermore, this is one of the
examples3–6 where a photonic microstructure has been c
ated and successfully used in an active laser material.
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Ultimately, it will be possible to realize light-emitting
devices where the active area is totally enclosed in a p
tonic crystal and will therefore have its emission charact
istic radically altered; the high-reflectivity mirror describe
here is only a first, albeit very important, step towards t
goal. We have purposely restricted ourselves to a o
dimensional structure, because in principle it only refle
and transmits light; two-dimensional lattices, in additio
exhibit in-plane diffraction7 ~where the light remains con
fined to the waveguide plane but changes direction
travel, as opposed to out-of plane diffraction, which is d
to fabrication imperfections and the limited depth of t
structure, and leads to scattering of light into the substr
and the air space above the waveguide!. In-plane diffrac-
tion is undesirable for simple laser mirrors, but, when ca
fully controlled, could be employed for mode control or fo
interaction between different elements of an integrated
cuit. Also, the wide angular bandwidth of a 2-D structure
not required in an edge-emitting laser, particularly if t
laser operates in a single transverse mode.

The motivation for this work is thus to~1! demonstrate
the use of a very compact, high-reflectivity mirror as t
feedback element for a DBR semiconductor laser and~2!
confirm the previous transmission measurements8,9 in re-
1143© 1998 Society of Photo-Optical Instrumentation Engineers
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Fig. 1 (a) Sketch of the DBR laser cavity with microstructured back mirror and cleaved front mirror. (b)
Design of the epitaxial structure, using a GaAs/AlGaAs waveguide and three InGaAs quantum wells.
The waveguide is designed to maximize the confinement of the mode in the core region and to
minimize the penetration of the mode tails into the substrate and the top metal contact. The mode
shape was modeled with a finite difference routine.
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flection. The cavity layout is shown in Fig. 1~a!, and the
actual device in Fig. 2.

2 Design

As discussed previously,10 we believe that the best desig
for a waveguide-based photonic microstructure consist
a lattice with a small percentage of air. Such a lattice
quires etching small holes or slots, which puts a high
mand on the quality of the dry-etch process that is use

Fig. 2 Top view of a laser with a microstructured back mirror.
tical Engineering, Vol. 37 No. 4, April 1998
f

fabricate these features. Due to the intricate relations
between resolution, mask thickness, and achievable
depth, we found a depth limit of about 1mm for the narrow
slots etched in the present work, where a silicon diox
mask was used; greater depths are possible with a m
consisting of oxidized AlAs,5 but those masks require
more elaborate fabrication process.

Hence, the waveguide must be designed so that
guided mode is entirely contained within the top 1mm of
the material and so that the mode decays rapidly towa
the top surface. The latter constraint minimizes the inter
tion with the metal contact that is necessary for curr
injection. The design shown in Fig. 1~b! fulfills both of
these requirements, as shown by the profile of the gui
mode and the fact that the internal loss is smaller th
10 cm21 ~see below for details!. This design contrasts with
the standard layout of semiconductor lasers, where ty
cally, 1.0- to 1.5-mm claddings are used; such thick cla
dings were initially designed for much longer lasers, whe
the internal loss, partly caused by mode interaction with
metal contact, is a more important issue. Our work, in co
trast, is aimed at much shorter devices that are domina
by the mirror loss, so the small increase in the internal l
resulting from moving the active layer closer to the surfa
can be tolerated. Furthermore, we increased the thickn
of the guiding layer, which leads to stronger confinemen
the mode and a more rapid decay of its tail in the claddi
This principle of a thick-surface waveguidehas already
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been used successfully in previous, passive experimen8,9

A period of 500 nm was chosen for the microstructu
Considering the average width of the etched slots of
proximately 80 nm~Fig. 3!, this combination should resu
in a third-order stopband extending from approximat
920- to 1080-nm wavelength, which comfortably includ
the lasing wavelength of 975 nm.

3 Fabrication

The epitaxial laser structure was grown by metal-orga
chemical vapor deposition. The laser contacts and mic
structured mirrors were defined by electron-beam lithog
phy, using a converted ISI scanning electron microsc
~SEM!. The top,p-type contacts~Ni-Au! were defined first,
followed by the sputter deposition of a 200-nm-thick lay

Fig. 3 Cross section of a microstructured Bragg mirror. The etch
depth is 1 mm, the period is 500 nm, and the etched slots are 60 to
100 nm wide.
of SiO2. The high-resolution pattern was then defined
70-nm-thick electron-beam resist and transferred into
SiO2 by reactive ion etching~RIE! using CHF3. Transfer of
the pattern into the semiconductor was achieved by che
cally assisted ion beam etching~CAIBE! using Cl2 as the
reactive gas and a beam voltage of 1500 V. Finally,
n-type contact~Au-Ge-Ni! was deposited on the back o
the substrate. The contacts were not annealed.

4 Results and Analysis

The stripes~43 mm wide! were cleaved into lasers of dif
ferent lengths~between 88 and 450mm long!, so the front
mirror was formed by a cleaved facet and the back mir
by the microstructure; simple etched mirrors~i.e., ones
where a single dry-etched semiconductor-air interface a
as the back mirror! were included for comparison. Device
were operated pulsed~3-ms pulses!, and theL-I curves
were recorded with a silicon photodetector. In order to d
termine the reflectivity of the back mirrors, we measur
both the threshold current and the differential quantum
ficiency. Devices with microstructured back mirrors di
played a marked reduction in threshold current~Figs. 4 and
5! and an equally clear increase in differential quantu
efficiency~Figs. 4 and 6!. The fact that the shortest device
with etched facets did not lase at all@Fig. 4~a!#, whereas the
devices with microstructured mirrors had the lowest thre
old for shortest cavities, is a further convincing demonst
tion of the quality of these microstructured mirrors.

4.1 Threshold Current Density

According to the standard model, the gain must equal
losses for a laser at threshold,
Fig. 4 L-I curves for three lasers with lengths (a) 88 mm, (b) 170 mm, and (c) 350 mm for both
dry-etched (solid line) and microstructured (broken line) back mirrors; the front mirror is a cleaved facet
in all cases. The difference between the two types of back mirror is largest for the shortest devices (a),
where the mirror loss is too high for the dry-etched device to achieve lasing threshold. The difference
in threshold is smallest in (c), because the internal loss, which is the same in both types of device,
begins to approach the mirror loss.
1145Optical Engineering, Vol. 37 No. 4, April 1998
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Ggth5a i1
1

L
ln

1

r 1r 2
, ~1!

where the threshold gain is denoted asgth , the overlap
factor between the optical mode and the quantum well isG,
the internal losses are lumped together ina i , and the mir-
ror lossam is (1/L) ln(1/r 1r 2). HereL is the length of the
resonator, andr 1 ,r 2 are the~amplitude! reflectivities of the
two mirrors that form the cavity. In order to convert th
gain of the quantum well to a threshold current, the log
rithmic approximation11 is used, where the gain-current r
lationship is approximated by

g

g0
5 ln

J

J0
11 ~2!

with g representing the gain per well,J the current density
per well, andg0 andJ0 parameters that depend on the w
width. If Eqs. ~1! and ~2! are combined and suitably rea

Fig. 5 Threshold current density versus inverse length for lasers
with simple etched (solid line) and microstructured (broken line) mir-
rors.

Fig. 6 (a) Inverse efficiency versus length for lasers with simple
etched (solid line) and microstructured (broken line) back mirrors.
The efficiency hD1 was measured through the front (i.e., cleaved)
mirror, as indicated in the sketch (b).
1146 Optical Engineering, Vol. 37 No. 4, April 1998
ranged, it can be shown that the slopemJ in a graph of
ln Jth versus 1/L is directly proportional to the mirror re
flectivity, or

mJ} ln
1

r 1r 2
. ~3!

From Fig. 5, we obtain a ratio of 2.04 between t
slopes for the two different types of mirror; assuming
value of r 50.55 (R530%) for both the cleaved and th
simple etched mirror and using Eq.~3!, this yields r 2

51.0, orR25100%, for the microstructured mirror.

4.2 Differential Quantum Efficiency

The reflectivity of the microstructured mirror can also
obtained via efficiency measurements. According to R
12, the differential quantum efficiency of a laser can
obtained from the output of a single facet as follows:

hD15F1h i

am

am1a i
, ~4!

where hD1 represents the differential efficiency for ligh
from mirror 1,F1 is the ratio of the power delivered out o
mirror 1 to the total power coupled out of the cavity,h i is
the internal quantum efficiency of the material, anda i and
am are the internal and mirror losses, respectively, as in
~1!. For lossless output mirrors,F1 can be expressed as

F15
12r 1

2

12r 1
21 ~r 1 /r 2! ~12r 2

2!
. ~5!

In the special case ofr 1
25r 2

25R andF150.5, Eq.~4! sim-
plifies to the well-known relationship

1

hex
5

1

h i
S a iL

ln~1/R!
11D ,

where hex represents the total efficiency, i.e., the pow
coupled out of both mirrors. In order to obtain the ind
vidual mirror reflectivities, Eq.~4! can be rearranged a
follows:

1

hD1
5

1

h iF1
1

1

h iF1

a i

ln~1/r 1r 2!
L. ~6!

In a graph of 1/hD1 versusL, the slope yields the interna
loss a i if both mirror reflectivities are known; from the
curve for the etched and cleaved devices, we obtain a v
of a i59 cm21. The slope does not yield any useful info
mation on the microstructured and cleaved devices, h
ever, because the product of the two factors that cha
with reflectivity, F1 and ln(1/r 1r 2), is virtually constant in
the range 30%,R2,100% ~for R1 fixed at 30%!. The in-
formation on the changing mirror reflectivity must then
obtained from the first term of Eq.~6!, i.e., the intercept,
which is directly proportional to 1/F1 . From Fig. 6~a!, we
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get a ratio of 1.85 between the two intercepts, which, us
Eq. ~5!, yields r 250.95, or R590% reflectivity, for the
microstructured mirror.

In summary, both methods clearly show that the refl
tivity of the microstructured mirror is significantly highe
than that of a simple etched interface. We estimate the m
surement error to be about 10%, which gives a reflectiv
of (95610)% as the average of the two measurements

5 Discussion

How realistic is the high reflectivity that we report, an
why has it not been achieved before? Firstly, to put t
value into perspective, let us compare it with the res
obtained with a microcavity where a similar mirror stru
ture to the one presented here was used.8 The valueQ
52500 that was measured there translates into a m
reflectivity of 98%, assuming a cavity length of 2mm and
using the formula for the finesse of a Fabry-Perot cavity13

This is a surprisingly similar result to the one reported he
so there is very reassuring agreement between passive
active measurements. Also, the regime of low transmiss
in the third-order stopband found in Ref. 8 corresponds
the high reflection found here, which emphasizes the
that these high-contrast structures have low losses w
designed properly. Secondly, the other reported work
such deeply etched Bragg mirrors3,4 uses ‘‘standard’’ laser
material with a top cladding in excess of 1-mm thickness,
so the demands on the dry-etch process are conside
greater. Furthermore, and more importantly, Bragg mirr
with a high air fraction were used, so only a small part
the microstructure consists of waveguiding material. In t
case, the light is more likely to scatter into the substrate
the air space above, i.e., the mirrors are probably m
lossy than the ones presented here, which is why lo
reflectivities were achieved.

Our data still hold even if the reflectivity of the simp
dry-etched facet used for reference is, in reality, only 2
instead of the 30% we assumed in the analysis. The re
tivity of the microstructured facet then drops from 90%
82% ~efficiency data! and from 100% to 96%~threshold
data!, which is not a major deviation. As far as the wav
guide design is concerned, the value of 961 cm21 for the
internal lossa i , derived from the slopes in Fig. 6~a! using
Eq. ~4!, underlines the viability of the shallow-waveguid
approach, even though we used simple Ni-Au for t
p-type ~top! metallization instead of the more elabora
‘‘shiny’’ contacts developed elsewhere.14,15

Further improvements are obvious: By using the n
rower stripes of a normal single-mode laser, the thresh
current can be decreased significantly and the fabricat
related variations of the microstructured mirror across
width can be reduced, which should lead to a ‘‘cleane
mirror response. By fabricating lasers with a microstru
tured front and back mirror, the thresholds well below
mA that have been predicted for devices of this type3 will
come within reach. Additionally, photonic crystal mirro
can be added to the sides and VCSEL-type Bragg mir
below the waveguide core, which will make it possible
curtail the photonic states of the cavity, i.e., reduce
number of modes into which the spontaneous emission
radiate. This will be the beginning of serious spontaneo
-

r

d

n

ly

-

-

n

emission control and should lead to devices with ev
lower thresholds and very low-noise operation.
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