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Spectral Properties of High-Power
Distributed Bragg Reflector Lasers

Martin Achtenhagen, Nuditha Vibhavie Amarasinghe, Linglin Jiang, Jeffrey Threadgill, and Preston Young

Abstract—In this paper, spectral data of distributed Bragg re-
flector lasers emitting around 974 nm and 1084 nm are presented.
The devices are fabricated by a single-growth molecular beam epi-
taxy step, and the gratings are defined by holographic interferom-
etry. Spectral dependencies on the grating and gain section lengths
are systematically investigated in the so-called cleaved-back ex-
periments. Experimental data for the side-mode suppression ratio,
mode spacing, and group refractive index are given for devices
emitting around 974 nm. In addition, the coupling efficiency be-
tween the grating and gain section is derived experimentally for
devices emitting around 1084 nm.

Index Terms—Distributed Bragg reflector, laser diode, semicon-
ductor lasers.

I. INTRODUCTION

H IGH-POWER distributed Bragg reflector (DBR) lasers
are used in numerous applications requiring single-fre-

quency and wavelength tunability over a few tenths of a
nanometer. Typical applications are Raman and absorp-
tion spectroscopy [1], narrow-line seeding and pumping of
rare-earth-doped amplifiers [2], short-pulse generation [3],
[4], terahertz generation, and generation of visible light by
harmonic frequency conversion [5], [6]. The ability to fabricate
these devices in a single epitaxial growth step with gratings
defined by holographic interferometry significantly reduces
the device complexity and processing time, thus minimizing
manufacturing costs.

The spectral properties of DBR lasers are of major impor-
tance to the earlier mentioned applications, and the spectral re-
quirements often vary significantly from one specific applica-
tion to another. Therefore, proper understanding of the interplay
between the DBR and the laser gain sections is a critical require-
ment for the overall device design.

In this paper, we systematically investigate the physical prop-
erties of the DBR laser grating and gain sections to study the
impact on the emission spectra and the device performance. For
this purpose, we selected two different well-characterized DBR
laser structures---one series emitting around 974 nm and the
second operating around 1084 nm. The presented results are by
no means limited to these specific wavelengths and may serve
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as guidelines for design and operation of lasers at other wave-
lengths.

The paper is organized as follows. In Section II, we briefly
highlight the manufacturing steps of the DBR laser diodes used
in this work. Section III describes the systematic investigation
of dependencies of the laser gain section length on the spectral
properties for DBR devices emitting around 974 nm. Section IV
presents analysis of the spectral characteristics due to variation
of DBR reflectivity for devices emitting around 1084 nm. The
summary of our results is given in Section V.

II. DBR LASER FABRICATION

DBR laser operating characteristics are extremely sensitive
to variation in the physical parameters of both the starting
wafer layer structure and in repeatable process control during
the subsequent fabrication steps. Often, tolerance variations
greater than 1%--2% can render the resulting lasers unsuitable
for the intended design application. The laser structures used
in this work are grown using molecular beam epitaxy (MBE)
similar to the AlGaAs/GaAs wafer structures detailed in [7].
Prior to processing, photoluminescence mapping is performed
to determine the exact material layer composition (aluminum
mole fraction) and the uniformity across each wafer. The values
obtained are then averaged and used for tailored design of the
required gain ridge, DBR grating parameters (period, profile,
and etch depth), as well as critical process parameters required
during subsequent fabrication steps.

Photolithographic processing utilizes multiple mask layouts
for metal and dielectric depositions, as well as intermediate
etch processes throughout the laser device fabrication. Basic
alignment and exposures are done using a Karl Suss MJB3
mask aligner with I-line operating wavelength around 365
nm. The ridge mask is used to pattern nominal 3- -wide
stripes defining the ridge waveguides for the laser gain sections.
Pattern transferal is accomplished by wet etching in a standard

solution with specific ratios determined
by the material composition and the designed target etched
depth and profile. The average etch rate monitored during
etching is . After etching the top wafer layers,
the resist thickness is measured along with the etch step to
verify the final ridge depth (typically around 1.2 ).

Following the wet etch steps, a dielectric layer along with
Ti/Pt/Au p-contact metal layers are deposited along the gain
ridge section. The dielectric is deposited using plasma-enhanced
chemical vapor deposition from silane and nitrogen precursors
at a deposition temperature near 150 . The Ti and Pt are de-
posited at very slow rates to minimize the tensile stress in the
metal contacts. Liftoff is accomplished by substrate immersion
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Fig. 1. SEM image of the DBR grating. As indicated, the grating period is
about � � ���� �� and the width of the grating confinement ridge is about 5
��.

in an acetone bath for 5 min, followed by an acetone spray
wash. Three annealing steps are also performed throughout the
process. The first two steps reduce the stress between the de-
posited metal and dielectric layers, and the final step is per-
formed to anneal the n-contact metal to the substrate.

Gratings are fabricated using a holographic interferometry
process. The interference pattern is created using a single-beam
Lloyd’s mirror setup similar to that described in [8]. A fre-
quency-doubled argon laser with an emission wavelength of

and an output power of 40 mW is used to ex-
pose the photoresist. The laser is operated in a single-spatial
mode, and an intracavity etalon (temperature-stabilized 1-cm-
thick fused silica with a corresponding free spectral range of
10 GHz) is used to insure single-longitudinal mode operation.
The Lloyd’s mirror has a 628 nm optical flatness of and
is coated to yield a maximum reflectivity for a wide range of
angles corresponding to different grating periods at the 244 nm
exposure wavelength. The grating period is controlled using a
rotating stage assembly containing both the mirror and an ad-
justable substrate holder. The grating period for a device with
an emission wavelength at 1084 nm is calculated to be 1636
assuming an effective waveguide refractive index of 3.313, and
the corresponding period for a device emitting at 974 nm is cal-
culated to be 1463 with an estimated effective index around
3.329.

The photoresist grating is then dry etched in a reactive ion
etcher with a plasma. The chamber
power and pressure are adjusted to provide an etch selectivity
around 1:4 between photoresist and substrate material. The
target grating etch depth for the devices in this work is approx-
imately 1300 , with a grating duty cycle prior to development
of 50%. In practice, it is found that the etch rate is inversely
proportional to the grating duty cycle. After the DBR gratings
are etched, a 5- -wide confinement ridge is defined and
transfer etched onto each grating section as shown in Fig. 1.

Following fabrication of the confinement ridge, an additional
layer of is deposited to serve as a protective film over
the gratings. Final processing includes wafer thinning to 100

, polishing, and n-contact metallization. For the devices in
this work, no antireflection (AR) coatings are deposited on the
cleaved laser facets; thus, the maximum output power from
these devices is substantially reduced. With appropriate front
facet AR coatings, the slope efficiency for the 974-nm devices
is typically around 0.72 W/A with a maximum output power

TABLE I
MEASURED VALUES OF THE MODE SPACING FOR DIFFERENT GAIN LENGTHS.

THE EFFECTIVE DBR LENGTH IS AROUND 95 �� AND THE EMISSION

WAVELENGTH IS AROUND 974 nm

around 425 mW. AR-coated devices emitting near 1084 nm
have a typical slope efficiency of 0.85 W/A and maximum
power around 550 mW.

III. CHARACTERISTICS OF 974-nm DBR LASERS

In general, a DBR laser diode is capable of emitting in a single
spectral mode over a wide operating range. This mode has usu-
ally a wavelength closest to the DBR peak reflectivity, and hence
requires the lowest amount of gain to reach threshold. With in-
creasing injection current, the device temperature increases and
the cavity modes are shifted toward longer wavelengths. This
shift of the cavity modes occurs at a faster rate than the shift in
reflectivity spectrum. As a consequence, the lasing mode shifts
away from the DBR peak reflectivity until an adjacent mode
has a higher reflectivity. At this point, the emission wavelength
jumps to the new cavity mode at a shorter wavelength.

The exact wavelength change depends on the cavity mode
spacing, which itself depends on the effective cavity length and
the group refractive index. The effective cavity length is the sum
of the effective DBR length and the length of the gain section.
The effective DBR length can directly be estimated by the fol-
lowing expression [9]:

(1)

where is the grating coupling coefficient and is the
physical grating length. The devices in this work are designed to
have a target coupling coefficient and, if not stated
otherwise, a grating length of 400 . Inserting these numbers
into (1) yields an effective DBR length of .

To derive a numerical value for the group refractive index,
the gain section is cleaved back from an initial length of 1500

down to 600 . The wavelength changes are measured
and averaged over several jumps as presented in Table I. The
group refractive index is found from a numerical fit to the linear
relation between the inverse mode spacing and the gain length,
i.e., resulting in a value
of .

With decreasing gain length, the device temperature increases
considerably as indicated by the different slopes of the wave-
length versus current curves shown in Fig. 2. Due to the presence
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Fig. 2. Emission wavelength versus injection current for four different gain
section lengths. The DBR length amounts to� � �����. The inset shows
the output power against the injection current for the DBR laser with a gain
section length of 1500 ��.

of spectral hole burning, each wavelength jump corresponds
to a discontinuity in the device light-current (L--I) curve. The
inset of Fig. 2 shows a reference L--I curve for the device with
1500- gain length. Note that the increasing discontinuity
with increasing injection current may be attributed to the power
dependency of the spectral hole-burning effect. For specific de-
vice designs, under high injection current operating conditions,
the relative degree of spectral hole burning can cause the pre-
ferred lasing mode to jump to a wavelength spaced more than
one cavity mode away from the initial lasing wavelength. In this
work, device design and operating conditions were chosen to
limit the wavelength jumps to occur into adjacent cavity modes.

The side-mode suppression ratio (SMSR) of a DBR laser
diode depends not only on the grating and cavity design but also
on spectral and spatial hole-burning effects. These secondary ef-
fects are neglected in the following evaluation. Additionally, the
wavelength of the lasing mode is assumed to be aligned with the
DBR peak reflectivity. The difference in the threshold gain be-
tween the lasing mode and the closest side mode can easily be
derived using (1)

(2)

where is the intensity reflectivity of the DBR
grating at the lasing wavelength and side-mode wavelength

, respectively. Again, the coupling coefficient of the DBR
grating is assumed to be .

With increasing gain length, the threshold gain differ-
ence decreases rapidly. For a gain length larger than 500

, the threshold gain difference can be approximated by
(see Fig. 3). The phase of the residual reflec-

tion originating from the semiconductor to air interface at the
DBR termination affects the overall reflectivity and depends
on the exact location with respect to the grating period (see
inset of Fig. 3) [10]. For this analysis, since multiple devices

Fig. 3. Simulated threshold gain difference between lasing mode and closest
side mode. The inset shows the definition of the p-value with respect to the
grating period.

are analyzed, the exact locations were assumed randomly
distributed for each individual device. Statistically, for most of
the randomly cleaved devices , the threshold
gain difference is compared to be smaller than those devices
with an AR facet coating. Only for devices with p-values close
to or , the threshold gain difference exceed the
value from AR-coated devices (see Fig. 3). It should be noted
that the peak reflectivity of the DBR is higher for p-values
ranging from 0.2 to 0.8 and has its maximum value for .

The optical spectra for different power levels, i.e. injection
currents, are shown in Fig. 4 for a device with gain length of
1500 . The device operates in a single-longitudinal mode
with SMSR exceeding 45 dB for each of the given power
levels. The resolution of the optical spectrum analyzer (ANDO
AQ6317 OSA) was set to 0.1 and the noise floor was below

90 dBm. Additional measurements were performed for gain
lengths of 600, 900, and 1200 with the resulting SMSRs
monitored as a function of injection current. Fig. 5 shows the
SMSR curves for each cleaved device gain length.

The SMSR typically exceeds 45 dB over most of the range
of current values. Note that the curves in Fig. 5 are offset for
clarity. In the transition regions, where the emission wavelength
jumps from the lasing mode to the closest neighboring mode,
the SMSR decreases considerably. These drops in the SMSR
also align with the wavelength changes and the corresponding
output power discontinuities shown in Fig. 2. For low-level in-
jection current between approximately 65 mA and 80 mA, the
device with a gain length of 1500 shows a large range of cur-
rent where the device actually emits in two longitudinal modes
simultaneously. The SMSR in this region is below 10 dB.

The threshold gain difference between cavity modes for these
1500- devices at low injection current does not provide suf-
ficient mode discrimination to allow lasing at a single wave-
length. At higher power levels, spectral hole burning becomes
significant and provides the necessary gain difference to favor
selection of a single lasing mode [11]. The maximum SMSR
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Fig. 4. Emission spectra at different power levels for a DBR laser with a gain
section length of 1500 ��.

Fig. 5. Measured SMSR as a function of the injected laser current. The gain
length varies from � � ���, 900, 1200, and 1500 ��. The DBR length for
all devices is � � ��� ��. The SMSR curves are individually offset for
clarity by 10 dB in the vertical direction and 10 mA in the horizontal direction.

value slightly increases from approximately 45 dB for the long
gain section devices to around 50 dB for shortest investigated
gain lengths. For the 600- gain length devices, the SMSR
appears roughly independent of the injection current and partly
due to resolution of the OSA measurements, does not show a
decline in SMSR immediately preceding a mode hop. The mea-
surements show that for short-cavity length devices, the onset of
lasing into an adjacent mode occurs very rapidly with increasing
current as opposed to devices with longer gain sections.

IV. CHARACTERISTICS OF 1084-nm DBR LASERS

To derive an estimate of the DBR reflectivity, the back-to-
front ratio of the slope efficiencies is monitored for different
DBR lengths. For this series of devices, the DBR section is
cleaved back from an initial length of 800 in steps of 100

until the laser back reflection consists of a single refractive
index step, i.e. becomes a Fabry--Perot type laser. The data are
collected and averaged from eight individual laser devices. The

Fig. 6. Measured (points) and simulated (solid line) DBR reflectivity as a func-
tion of grating length. The inset shows the slope efficiency ratio between the
back and front facet emission for increasing grating length. The asymptotic con-
stant offset value represents a coupling efficiency of � � �����, which is con-
sidered in the derivation for the DBR reflectivity.

slope efficiency ratio of the back-to-front emission can be cal-
culated using [12]

(3)

where the DBR is assumed to be located on the back side of the
laser, and and are the intensity reflection coefficients
of the front and DBR back facet, respectively. The optical cou-
pling efficiency between the gain and DBR sections amounts to

, which is derived from the asymptotic constant offset
value indicated in the inset of Fig. 6. This value results from
high-mode overlap between the gain and DBR sections and is
optimized by appropriate choice of the ridge width in the dif-
ferent sections.

Equation (3) is used to derive the DBR reflectivity for the
different grating lengths assuming the earlier derived coupling
coefficient. The results are presented in Fig. 6. Note that the
squared value of the coupling coefficient is used due to the
back and forth propagation of the field between gain and DBR
sections. With increasing DBR length, the reflectivity increases
until it approaches its maximum value close to 100%. Fig. 6 also
shows the DBR reflectivity calculated using the transmission
matrix method. The effective refractive index amounts to

with an index modulation depth of and
a grating period of . These values corresponds to a
coupling coefficient of , which agrees well with
the designed target value for the DBR grating (see solid line in
Fig. 6). Also, it is noted that the error in the experimental data
increases with shorter DBR length. Again, the residual reflec-
tion originating from the semiconductor to air interface at the
DBR termination affects the overall reflectivity and depends on
the exact location with respect to the grating period. The exact
location, however, is randomly distributed for each individual
device. It can easily be shown that for shorter DBR lengths, the
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influence of the random cleave becomes larger and results in
larger variations in the effective DBR reflectivity.

V. SUMMARY

This paper has presented an experimental study of the spec-
tral properties of DBR laser diodes emitting around 974 nm and
1084 nm. The investigated devices are grown in a single-step
MBE process with gratings defined by holographic interferom-
etry. They are capable of emission into a single lateral and lon-
gitudinal mode over a wide operation range.

The dependence of the mode spacing and the SMSR on the
cavity design are systematically studied using devices emitting
around 974 nm. For this purpose, several devices are measured
with an initial gain length of 1500 and then the gain sections
are shortened by cleaving-back in steps of 300 . A group
refractive index of 4.895 is found, from which the mode spacing
for any given gain ridge length can easily be derived. Further, it
is found that the SMSR slightly increases with increasing mode
spacing.

The effective DBR reflectivity, which is an important de-
vice parameter, is investigated using devices emitting around
1084 nm. To estimate the DBR reflectivity and the coupling
efficiency, the grating sections are successively shortened and
the slope efficiency ratio is monitored. A coupling efficiency
between the DBR and gain section of is found
and corresponds well to the design DBR coupling coefficient
of . Finally, it is shown that the exact cleaving
position and, therefore, the relative phase between the grating
and the semiconductor--air interface significantly influences
the exact value for the effective DBR reflectivity.
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