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High brightness photonic band crystal lasers in the passive mode locking regime are presented.

Optical pulses with peak power of 3 W and peak brightness of about 180 MW cm�2 sr�1 are

obtained on a 5 GHz device exhibiting 15 ps pulses and a very low beam divergence in both the

vertical and horizontal directions. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4899129]

High brightness picosecond pulsed lasers in the 1064 nm

range are currently attracting much attention, most of which

is directed towards emerging applications in materials proc-

essing as well as in advanced imaging techniques for biology

and medicine.1–3 Owing to their excellent beam quality, high

brightness picosecond pulses can be more tightly focused

at the target plane, while also providing a greater depth of

field with less stringent focusing optics requirements.

Semiconductor laser based systems are advantageous as

compared to commercially available Ti:sapphire and fiber

lasers owing to their higher efficiency, compactness, wave-

length tunability, as well as the reduced complexity and foot-

print of laser diodes, although at the expense of a reduced

brightness, which still needs to be increased. Some

approaches are known to improve the brightness of a laser

diode.4–7 Most of them are based on an expansion of the

waveguide dimensions to increase the output power and

methods for ensuring single mode emission to obtain a high

beam quality. Regarding the waveguide expansion along the

vertical direction (direction of the epitaxial growth),

AlGaAs/GaAs/InGaAs quantum-well heterostructures with a

thick layer below the active region, having a refractive index

close to the effective index of the fundamental mode,

achieve output powers of up to 0.5 W in continuous wave

(CW) in a transverse single mode ridge waveguide.8 Ultra-

wide waveguides based on AlGaAs/GaAs/InGaAs quantum-

well heterostructures with a multitude of vertically guided

modes could also generate a single fundamental vertical

mode by asymmetric positioning of the active layers with

respect to the waveguide center.9 This asymmetric position-

ing results in a substantial decrease of the confinement fac-

tors for the higher order modes and provides guiding

selection of the fundamental one. By using this approach,

pulses of 12.4 ps at a repetition rate of 13 GHz with a peak

power of 0.9 W and peak brightness of 50 MW cm�2 sr�1

under passive mode locking have been reported,10 also show-

ing far field full width at have maximum (FWHM) angles of

about 15� and 9� in the vertical and lateral directions, respec-

tively. These methods for achieving high brightness emis-

sion, however, suffer from growth precision issues of the

expanding and active layers which in turn lead to a less

effective mode selection. The same refers to temperature

effects, which change the refractive index ratio of the epitax-

ial layers therefore modifying the modal content of the out-

put beam. Regarding methods for improving the brightness

in the lateral direction, the best approach to date is that of the

tapered laser. With such a design, optical pulses with more

than 6.3 W peak power having 74 ps duration have been

obtained by modulating the device with a GHz sinusoidal

current.11 The major disadvantage of this structure is the

underlying scheme for mode filtering which is achieved

solely by a conventional narrow stripe. Hence, by increasing

the output power, nonlinear effects such as filamentation and

self-focusing take place, reducing the laser beam quality.12

In this letter, we overcome the previous limitations by

using ultra-broad waveguide lasers consisting of multiple

vertically stacked layers of alternating refractive indices,

which we refer to as longitudinal photonic band crystal

(PBC) lasers,13–20 and investigate the laser performance in

the passive mode locking regime. The multilayer structure

provides an expansion of the fundamental mode over the

whole waveguide in order to obtain a very low beam diver-

gence. The epitaxial structure was grown by metal-organic

vapour phase epitaxy (MOCVD) on a GaAs substrate. The

laser waveguide thickness is about 11 lm which includes ten

layers of alternating Al0.2Ga0.8As/Al0.35GaAs0.65 with graded

index interfaces and a stack of four InGaAs/GaAsP quantum

wells as the active region. The structure was doped using C

on the p-side and Si on the n-side. Fig. 1(a) shows the trans-

verse refractive index profile along the laser vertical direc-

tion together with the electric field magnitude of the

fundamental (solid line) and first higher order (dashed line)

modes. The modes are obtained from simulations based on

the scalar wave equations along the multi-layered waveguide

with the given transverse refractive index profile.18 A spe-

cially designed sequence of alternating layers having thick-

nesses of 1020 nm and 70 nm, respectively, and a 20-nm

thick graded-index layer at their interfaces provide the

expansion of the fundamental mode with the largest confine-

ment factor in the active region as compared to that of multi-

ple higher order modes. In addition, it discriminates the

higher order modes by their substantially higher optical
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losses. The discrimination by losses is enhanced by a modifi-

cation of the periodicity within the layer pairs closest to the

substrate, which results in large leakage of all higher order

modes.18 Furthermore, non-uniform doping profiles with

larger doping concentration were used in the areas of pre-

dominant localization of the higher order modes in order to

increase their losses via free-carrier absorption. As a result,

the fundamental mode of the laser waveguide under consid-

eration has a confinement factor of about an order of magni-

tude larger (Fig. 1(b), solid squares) and losses of about an

order of magnitude smaller (Fig. 1(b), empty squares) than

the rest of the higher order modes, as calculated from the

same simulation results of the scalar wave equation. Because

of the mode selection in favour of the fundamental mode,

which is expanded into the vertically broad-area waveguide,

the output radiation is single-mode and exhibits a single-lobe

far field with a very low beam divergence in the vertical

direction. Since the power density per facet area is decreased

upon broadening the waveguide and immunity to most of the

limiting nonlinear optical effects is increased, the maximum

output peak power and hence the laser peak brightness are

increased.

The internal characteristics of the laser structure were

assessed using 100 lm stripe broad area lasers of different

cavity lengths under pulsed operation at 20 �C, using electric

pump pulses with a duration of 800 ns at a repetition rate of

1 kHz. The inverse of the differential quantum efficiency gdiff

is plotted in Fig. 2(a) as a function of cavity length L from

which the internal quantum efficiency of 93% and internal

losses of 1.4 cm�1 were estimated. The threshold modal gain

Cg0 and threshold current density at L¼1 (Jinf) are deduced

from Fig. 2(b) at 34 cm�1 and 230 A cm�2, respectively.

Ridge waveguide lasers having a width of 5 lm have been

used for assessing the far field profiles in both the vertical

and horizontal directions. Figure 3 shows typical profiles

under continuous wave excitation at 500 mA, demonstrating

single-mode operation and a small vertical far field diver-

gence with a full width at half maximum (FHWM) of only

9� with an almost circular beam profile. Ridge waveguide

lasers consisting of two electrically isolated sections (gain

and saturable absorber) having different cavity lengths have

been processed for passively mode locked operation. The ra-

tio of the gain to absorber section lengths has been optimized

for optical pulse emission, being in most cases �12:1. All

lasers are as-cleaved and have been mounted p-side up on

copper blocks. Mode locking in these devices was first inves-

tigated by measurements of the laser autocorrelation inten-

sity obtained by the nonlinear process of second harmonic

generation (SHG).21 The minimum pulse duration (after

deconvolution assuming a Gaussian pulse shape), for three

different cavity lengths is shown in Fig. 4. As can be

observed, the pulse width increases with increasing cavity

length, a trend that can be attributed to a larger amount of in-

tracavity dispersion in longer devices as well as to a decrease

in pulse stability owing to an increase in the number of round

trips to achieve mode locking. The maximum average power

in all devices was �300 mW before thermal rollover or cata-

strophic optical mirror damage occurred. This leaves room

FIG. 1. (a) Refractive index profile and

simulated electric field magnitudes for

the fundamental (solid line) and first

higher order (dashed) modes based on

the scalar wave equations. (b) Calculated

optical losses (empty squares) and con-

finement factor (solid squares) of the first

20 modes.

FIG. 2. (a) Inverse differential efficiency vs. cavity length and (b) threshold

current density vs. inverse length of 100 lm broad area lasers in pulsed

operation at 20 �C (electric pump pulse duration¼ 800 ns, repetition

rate¼ 1 kHz).

FIG. 3. Typical far field profiles and Gaussian fits (solid line) from ridge

waveguide lasers (5 lm stripe and 1 mm length) under continuous wave

operation at 500 mA.
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for improvement by proper p-down mounting for efficient

heat extraction as well as by suitable facet coatings.

Specifically, for the 8500 lm long (4.8 GHz) device, the

minimum pulse width was obtained at a current of Igain

¼ 1140 mA in the gain section and a reverse bias of

Vabs¼�0.6 V in the absorber section, for an average power

of 215 mW. At this bias condition, a pulse peak power of

3 W was obtained. The laser emission is nearly diffraction

limited, with a M2 factor ranging between 1.15 and 1.2 in the

lateral direction and between 1.2 and 1.25 in the vertical

direction for all applied bias conditions. At the maximum

peak output power of 3 W, this results in a pulse brightness

of �180 MW cm�2 sr�1, representing the highest value ever

achieved for a passively mode locked, electrically pumped

laser diode at 1060 nm. The laser radio frequency (RF) spec-

trum in Fig. 5 further confirms the mode locked operation by

the sharp peaks at the corresponding repetition frequency

and subsequent harmonics, indicative of a pure mode-

locking regime without Q-switching instabilities. The funda-

mental RF line has a linewidth of �400 kHz, demonstrating

pulse stability and relatively low jitter of the optical pulses.

The optical spectrum at the same bias condition exhibits an

almost Gaussian shape with a FWHM of 1.2 nm (Fig. 6),

which results in a time bandwidth product of 5, revealing

strongly chirped pulses due to the inherent coupling of the

optical gain and the refractive index in semiconductor lasers.

This chirp could be compensated externally through a disper-

sive medium, prism pair, or grating pair, provided it is linear,

as already reported for different types of semiconductor

mode locked lasers.22–24 In such a case, pulses as narrow as

1.5 ps, with a peak power of 30 W and a peak brightness of

1.8 GW cm�2 sr�1 would be attained. Further work will be

devoted to investigating these effects.

In conclusion, we have demonstrated the potential of a

laser diode design for the generation of short optical pulses

with high peak brightness in the 1060 nm range. The devices

can be used directly in applications requiring GHz picosec-

ond pulses with Watt peak power levels. The low beam

divergence, almost circular beam profile and their high

brightness, also make them ideal seed sources for efficient

master-oscillator-fiber-amplifier schemes requiring high cou-

pling efficiency and a reduced number of amplifiers for sta-

ble and low cost high power pulsed systems.

The research leading to these results has received

funding from the DFG in the framework of the SFB 787.
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