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ABSTRACT

The conventional distributed feedback and distributed Bragg reflector edge-emitting lasers employ buried gratings,
which require two or more epitaxial growth steps. By using lateral corrugations of the ridge-waveguide as surface
gratings the epitaxial overgrowth is avoided, reducing the fabrication complexity, increasing the yield and reducing the
fabrication cost. The surface gratings are applicable to different materials, including Al-containing ones and can be easily
integrated in complex device structures and photonic circuits. Single-contact and multiple contact edge-emitting lasers
with laterally-corrugated ridge waveguide gratings have been developed both on GaAs and InP substrates with the aim to
exploit the photon-photon resonance in order to extend their direct modulation bandwidth. The paper reports on the
characteristics of such surface-grating-based lasers emitting both at 1.3 and 1.55 um and presents the photon-photon
resonance extended small-signal modulation bandwidth (> 20 GHz) achieved with a 1.6 mm long single-contact device
under direct modulation. Similarly structured devices, with shorter cavity lengths are expected to exceed 40 GHz small-
signal modulation bandwidth under direct modulation.

Keywords: distributed feedback lasers, distributed Bragg reflector lasers, surface gratings, photon-photon resonance

1. INTRODUCTION

The paper presents the progress achieved in developing high-speed distributed feedback (DFB) and distributed Bragg
reflector (DBR) lasers within the EU-FP7 STREP project “Development of low-cost technologies for the fabrication of
high-performance telecommunication lasers (DeLight)”. Two essential novelties have been exploited in the DeLight
project: the use of surface gratings, to enable a single growth and processing sweep, and the use of photon-photon
resonance, to enhance the direct modulation bandwidth beyond the limits set by the carrier-photon resonance.

The conventional buried-grating DFB and DBR edge-emitting lasers require two or more epitaxial growth steps, bringing
in the difficulties associated with the overgrowth, complicating the device fabrication, affecting the device performance,
yiels and reliability (especially when aluminum-containing materials are used) and, ultimately, increasing the device
cost. To avoid the problematic overgrowth we have employed laterally-corrugated ridge-waveguide (LC-RWG) surface
gratings, illustrated in Figure 1. Since they do not require overgrowth, the LC-RWG gratings are applicable to different
materials, including Al-containing ones. Also the use of surface gratings enables easy integration of the laterally-coupled
DFB and DBR lasers with other devices. Moreover, the LC-RWG surface gratings have the supplementary advantage
that there is only a limited interaction between the grating interfaces and the carriers, which leads to more stable devices
with better performances and increased reliability.

*Mihail.Dumitrescu@tut.fi; www.orc.tut.fi
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Figure 1. A 3-dimensional sketch (a) and a top view sketch (b) of the laterally-corrugated ridge-waveguide grating structure

A LC-RWG structure sketch is given in Figure 1. The un-etched central ridge width is W, and the lateral extension of the
grating corrugations is D. The etching depth is h and the un-etched p-side cladding layer thickness is t (t<0, for etching
through the epitaxial waveguide region). The distances from the last/first grating period to the rear/front facet are given
by d; and d, (d in the left panel of Figure 1). The lengths of the wide- and narrow-ridge grating slices are
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using the approximation ni+n,
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More advanced simulations, based on the Finite Difference Time Domain (FDTD) method”*® have been carried out in
order to identify the conditions under which the PPR occurs and leads to an extended modulation bandwidth. The
simulations have indicated that the end-mirror reflectivities and their phase relationship with the grating reflections, the
bias level, the gain compression factor and the linewidth enhancement factor play a significant role in having a
modulation response extended by the presence of a substantial PPR peak and exhibiting relative flatness between the
CPR and PPR peaks.
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was (in most cases) already close to the thickness that would induce optical field coupling into the contact. Altering the
epilayer structure for extending the optical field penetration into the p-side cladding in order to increase the grating
confinement factor
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5. DFB AND DBR LASER CHARACTERISTICS

Laterally-coupled distributed feedback (LC-DFB) and distributed Bragg reflector (LC-DRB) lasers with LC-RWG
gratings have been fabricated from legacy epiwafers (with pre-existing epilayer structures, not specially designed to be
used with LC-RWG gratings) at 1.3 and 1.55 pum. Various structures have been fabricated and characterized, from simple
single-longitudinal-section DFB laser structures with uniform or structured/non-uniform gratings to DBR laser structures
with multiple longitudinal sections (e.g. gain, grating and phase sections). Figure 9 shows the sketches of the main laser
structures that were tested and fabricated besides the straightforward LC-DFB structures: two section (grating and gain)
LC-DBR laser structure (left panel) and three-section (phase, grating and gain) LC-DBR laser structure (right panel)
together with a SEM image of the gain-grating junction area of a fabricated LC-DBR laser (middle panel).

Figure 9. Schematic diagram of a two-section LC-DBR laser (left panel), SEM image of the gain-grating junction area in a LC-DBR
laser (middle panel) and schematic diagram of a three-section LC-DBR laser (right panel)

Although the use of several separate contacts enables a supplementary flexibility in achieving the operating conditions
needed for obtaining a PPR-extended modulation bandwidth, we have focused on trying to achieve the PPR-extended
modulation bandwidth with single-contact (single drive current) devices, which are beneficial from the module
fabrication point of view, even if the devices have a complex longitudinal structure. In this respect we have first
fabricated and characterized LC-DFB lasers, targeting a high CPR frequency, and followed with multiple-section and
multiple-contact devices, targeting the identification of operating conditions enabling PPR, with the final goal to identify
the structures and operating conditions enabling PPR-extended modulation bandwidth with a single drive current.

1.3 um LC-DFB lasers have been processed from AlGalnAs/InP legacy epiwafers by a combination of E-beam
lithography and electron cyclotron resonance (ECR) dry etching. The lasers had third-order LC-RWG gratings, etched
down to 150 nm from the separate confinement heterostructure (SCH) layer, with a target filling factor of 0.5, a central
un-etched ridge width W=2 um and a lateral extension of the gratings D=5 um. No facet coating was applied to the
devices and all the reported 1.3 pm measurements were performed on 300 pum long DFB lasers. The left panel of Figure
10 shows the output power and current-voltage characteristic of such a 1.3 um LC-DFB laser. The threshold current is 30
mA and an output power of over 10 mW is reached at a current of 150 mA. The output power is limited by thermal roll-
over due to the large series resistance of the device (17 Ohm), which was caused by the initial fabrication process that
incorporated the metal etch mask into the p-side contact. The fabrication process has been corrected to resolve this issue
but all the devices discussed in this paper have been fabricated using un-optimized processes.
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considerable amount of excess heat, substantially increasing the internal temperature. Second, as the LC-RWG grating
geometry affects both the coupling coefficient and the transverse modal behavior, a large lateral extension of the grating
favors higher order transverse modes. Third, the LC-RWG grating coupling coefficient in these devices is only around
10 cm™. The low coupling coefficient value, largely determined by an imperfect etching profile, is sufficient to induce
single-mode operation with a high side-mode-suppression-ratio (SMSR) when the Bragg resonance wavelength and the
peak of the gain are close, but does not enable single-mode operation for larger spacing between the Bragg resonance
wavelength and the gain peak. The right panel of Figure 10 shows the laser spectrum for two different bias currents: one
just above threshold (40 mA) and the other (150 mA) where the laser starts to roll over. The shift of the DFB-mode is
3.77 nm and the gain peak shift is about 14-15 nm. More detailed plots of the emission spectra variation with the bias
current and with the ambient temperature are given in Figure 11. The shift of the emission wavelength increases with
increasing bias current due to the quadratic dependence of the ohmic losses on the drive current. On the other hand, the
shift of the emission wavelength with temperature was constant at 0.09nm/K.
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1.55 pum LC-DFB lasers have also been processed from AlGalnAs/InP legacy epiwafers using a similar LC-RWG
grating geometry (except for the grating period) and a similar fabrication procedure as for the 1.3 pm LC-DFB lasers.
The left panel of Figure 13 shows a SEM view of the 1.55 um LC-DFB laser facet illustrating the LC-RWG grating
profile. The middle panel of Figure 13 gives the ILV characteristics of a 800 um long 1.55 um LC-DFB laser with as-
cleaved facets (the output power is given per one facet), whereas the right panel of Figure 13 shows the emission spectra
at a bias just above threshold (40 mA) and at a bias just below the thermal roll-over (200 mA). The 1.55 um LC-DFB
lasers have a smaller series resistance, due to improved processing, have a high SMSR and exhibit better single-mode
operation stability. These lasers are single mode over the whole operation range, although the LC-RWG grating coupling
coefficient is still small, because of their higher

7953 -12 V. 2 (p.9 of 12) / Color: No / Format: A4 / Date: 2011-02-03 04:15:41 PM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are acceptable, (3) all fonts and special characters are correct, and (4) all text and figures fit within the
margin lines shown on this review document. Return to your MySPIE ToDo list and approve or disapprove this submission.

Beyond the good performances of the fabricated single and multi-section lasers, the most important achievement was the
realization of single contact lasers exhibiting extended modulation bandwidth based on PPR. Figure 16 shows the
modulation response of a 1.6 mm long longitudinally-structured single-contact LC-DFB laser at different bias currents.
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Figure 16. Modulation response of a single-contact 1.6 mm long 1.55 um LC-DFB laser at different bias currents

The panels of Figure 16 show that the PPR peak is enhanced at higher bias and that at certain bias currents the
modulation response is relatively flat between the CPR and PPR. It should be mentioned that the PPR frequency is
relatively stable under single-contact operation, being imposed by the longitudinal geometry of the devices. Figure 17
shows the RIN spectra obtained from the same single-contact device and at the same bias currents with those used for the
modulation response measurements given in Figure 16. It can be observed that above a certain bias level there is a clear
and sharp PPR peak in the RIN spectra at a frequency that does not change substantially with the bias, being imposed by
the longitudinal device geometry. The RIN peak around 23.5 GHz is a measurement system artifact.

Figure 17. RIN spectra at different bias currents for a single-contact 1.6 mm long 1.55 um LC-DFB laser
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Although the main goal was to obtain the PPR-extended modulation bandwidth under single contact/current operation,
we have also studied the possibility to adjust the modulation bandwidth by using multiple drive currents. The left panel
of Figure 18 shows the tuning of the PPR frequency by adjusting one of the drive currents while the middle panel of
Figure 18 shows the adjustments in the modulation response flatness obtained by changing another drive current of the
1.6 mm long LC-DFB laser operated as a multi-contact/current device. The right panel of Figure 18 points out to the
possibility of increasing the PPR frequency of this device beyond 20 GHz.
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