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Single-lobe, surface-normal beam surface emission from second-order
distributed feedback lasers with half-wave grating phase shift
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Half-wave phase shifts were fabricated in the center of second-order GaAs gratings, for use in
surface-emitting, horizontal-cavity, semiconductor diode lagers0.98 um). Incorporating such
gratings in diode lasers with distributed-feedba@¥B) active regions and distributed Bragg
reflectors(DBRS) is found to providesurface-normalsingle-lobe beam emission, as predicted by
theory. InGaAs/AlGaAs/InGaP, two-quantum-well structures are employed. Auidbng GaAs/

Au second-order grating with half-wave phase shift represents the DFB region, which provides
feedback andnnidirectionallight outcoupling. GaAs/Si&Y Au, 500.um-long, second-order gratings

are the DBR regions, on either side of the DFB region, which provide both frequency-selective
feedback as well as unidirectional outcoupling. Lateral-mode control is achieved viguani2viele

ridge waveguide. Surface emission is obtained through ar@@wide window stripe in the
metallization on the substrata-side. Single-frequency lasing in an orthonormally emitted,
single-lobe, diffraction-limited beam is obtained t& 3hreshold under pulsed-drive conditiof20

ns wide pulses, 1 kHz repetition rate © 2003 American Institute of Physics.

[DOI: 10.1063/1.1636248

Monolithic surface-emitting(SE) diode lasers are pre- tral (grating phase shift of aroundr, which fundamentally
ferred over edge-emitting ones for generating higl0.5 W)  favors lasing in asurface-normal single-lobe beam, over a
cw coherent powers primarily because complete passivatiowide range in central-phase-shift values, nat penaltyin
of the emitting aredfor reliable operationis not needed, device efficiency. External differential quantum efficiencies
scalability at the wafer level becomes possible, and packagh excess of 70% can be obtained from optimized devites,
ing is significantly simplified. Monolithic, vertical-cavity and the guided-field profile is substantially uniform, thus in-
surface emitter§VCSELS are useful for many applications, suring single-mode operation to high powers.
but are limited to low single-mode powers<7 mW). Here we preserthe demonstration of the proposed con-
External-cavity controlled VCSELs have demonstrafed cept. That is, by fabricating a second-order semiconductor
high coherent powers>0.5 W), but with low efficiency and ~ 9rating with a centrair phase shift, and incorporating it in a
in configurations of doubtful long-term reliability. DFB/DBR laser structure with a second-order GaAs/Au DFB
Horizontal-cavity, SE devices incorporating second-orderdrating, we obtain surface-normal emission in a single-lobe,
index-coupled, distributed-feedbactoFB) gratings have diffraction-limited beam pattern to at leask3hreshold.
been studied since the early 19708and were found, both The device is shown in Fig. 1. A double-quantum-well
theoreticall{"1%and experimentall§:'23to favor lasing in InGaAs/AlGaAs str_u_cture is grown by metalorganic chemi-
an antisymmetric moddi.e., a two-lobed beam pattern @l Vapor ~deposition (MOCVD), where two 70 A

since such a mode has the least radiation losses, and sub -18539-826‘3 V‘,'e"f‘ arf_e surroulnded byd 0Am-thick,
guently is the one favored to lase. Furthermore, due t§\l04Ga.eAs optical confinement layers, an ARG 4AS

strongly nonuniform guided-field intensity profiles, such de—CIaddlng layers. The upper cladding layer comprises a 0.2-

vices become multimode via gain spatial-hole burning. pm-thick Alo.s/Ga.ses layer, a 0.02:m-thick GaAs stop-

Several approaches have been proposed and/or succegggh layer, and a 0.2m-thick InGaP layer. A second-order

. . o grating with a centralr phase shift is fabricated into a 0.1-
fully implemented for obtaining symmetric-like mode opera- m-thick n*-GaAs capping laver. which also acts as the
tion (i.e., single-lobe beam pattofi=28 or for forcing the bping fayet,

. . _ . -contact layel(see insetin the DFB region(500 um long),
devices to operate in the symmetric mddé With the no- b yersee insetin region’500 . ng

; . ) . and extends longitudinally 50@m on both sidesi.e., DBR
table exceptlor_w of.the chlrped-gra.tmg approat, which mirrors). The radiation is outcoupled through an antireflec-
causes operation in aoff-normal single-lobe pattern, the

. tion (AR)-coated window in then-side metal contact.
proposed approaches have either fundamentally low slope After MOCVD crystal growth and grating fabrication, a

efficiencieS'’~1° (<25%) or do not solve the guided-field 2.5-um-wide ridge guide is formed by wet chemical etching
nonuniformity isguéf‘ We proposed the SOI““"?‘Q:? COM- o insure single-lateral-mode operation. The wafer is then
posite DFB/distributed Bragg reflect®BR) laser with cen- lapped and polishedh-contacts are formed, and a three-layer
AR coating (<1% reflectivity is deposited in an 8@m-
dElectronic mail: botez@engr.wisc.edu wide window stripe in the metalization. Thgeside metal is
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FIG. 1. Schematic representation of the single-lobe, surface-emitting,
second-order DFB/DBR laser. Inset: longitudinal cross section of/&660-
long DFB and two 50Qzm-long DBR sections.
d
2"order ’ Mt \
e-beam evaporated in two steps. First, Ti/Pt/Au is evaporatec Grating
to insure good adhesion to an Si@m with a 2 umXx500 (b)

um window. To insure a low-loss DFB grating, the Ti/Pt/Au

metal is lifted off in the contact window, and Au is evapo- FIG. 2. (a) SEM of GaAs second-order grating with centraphase shift
rated, but not alloyed, to keep the Au “shiny” for effective and(b) principle of operation of the device shown in Fig. 1.

grating action. The device is then cleaved in 1.5-mm-long

chips, whose facets are AR coated1%). make stripes in the Ge film to form the positive-image PR.
Gratings with phase shifts can be patterned either byrhis image is then deactivated for the rest of the processing.
e-beam lithography or by holographic exposure of side-byThe negative-image PR is then patterned by first heating it
side negative and positive resiéts® However, e-beam li-  yp to 120 °C to deactivate the holographically exposed area,
thography allows writing of gratings only 400—6@@n long.  flood exposing the whole wafer, and developing it. Once the
Since we require gratings at least 1000 long, fabrication  (grating photoresists are developed, the pattern has to be
via e-beam lithography is impractical. Holographic interfer-transferred to GaAs material. A 300-A-thick transition layer
ometry has been used to fabricate second-order gratings wiifSi;N,) is used. That is, the grating pattern is first transferred
quarter-wavei.e., m/2) phase shifts by employing either two into the S§N, layer by dry etching, and then into the GaAs
photoresists set side by sfdeor a dual-tone photoresi&t.  layer by wet etching. Figure(a) shows a scanning electron
Basically, the transition from negative to positive resist cre-microscope(SEM) photograph of the fabricated GaAs grat-
ates a grating phase shift of half the period. Using the saming with 7 phase shift. The phase shift is a half-period. A
method for second-order gratings naturally provides halftransition region exists, but its width is not relevant as long
wave (i.e., m) phase shifts. We have developed the fabrica-as the two grating regions are out of phase with each other.
tion of semiconductor gratings withr phase shifts by using The 180° phaseshift doe®t affect the in-plane propa-
the dual-tone photoresist meth&t. gating (guided light, since the field round trip through the
The m-phase-shifted grating can be patterned by firstphaseshift section is 36@Fe., the guided-field intensity pro-
thermally evaporating a germanium-film mask atop a holo{ile remains the samgand thus the structure is in effect a

graphical!jy exposed photoresiéPR). The next step is to photonic bandgap structuvathouta defect. The 180° phase-
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sists of a single-lobe, diffraction-limited beditie theoreti-
cal full width half-maximum (FWHM) beamwidth is
0.0469. The device spectrum is single-mode, instrument-
limited to 0.8 A FWHM, and its temperature dependence is
0.6 A/°C. The threshold current is58 mA, and the slope

0.05° efficiency is~0.17 W/A. Measurements were carried out in
< pulsed operatiori200 ns wide pulses; 1 kHz repetition rate
up to 3x threshold(i.e., 170 mA and ~18 mW, as limited
by heating since these preliminary devices have high
p-contact resistance. The thresholds and slope efficiencies
are higher and lower, respectively, than expected from
theory?! The mode incurs significant losses in the DBR re-
gions, where conventional Ti and Pt filniise., 250 and 300

T - — A thick, respectively were employed. For the future, we
15 0 1.5 plan to use thin~20 A) Ti and Pt films'’

In conclusion, we have demonstrated a second-order
DFB/DBR device that fundamentally favors lasing operation
in a stable single-lobe, surface-normal beam pattern. This
opens the way towards the realization of two-dimensional
single-mode, surface-emitting devié&$or generating watts
of stablecw single-mode, coherent power.
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