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(57) ABSTRACT 

A surface-emitting photonic crystal distributed feedback 
laser apparatus con?gured to emit an optical beam of light. 
The apparatus includes a laser cavity bounded by top and 
bottom optical claddings, an active region con?gured to 
produce optical gain upon receiving optical or electrical 
pumping, a periodic two-dimensional grating having an 
order higher than the fundamental and con?gured to induce 
modulation of a modal refractive index, and lateral pumped 
gain area contained Within an area covered by the grating, 
the lateral pumped gain area con?gured to produce gain in 
one or more lasing modes having a modal index modulated 

(22) Filed; May 28, 2003 by the grating. The lateral pumped gain area has a substan 
tially circular shape of diameter D, and wherein the pumped 

Publication Classi?cation gain area is enclosed by an unpumped region contained 
Within the area covered by the grating but not receiving the 

(51) Int. Cl.7 ....... .. H01S 3/06; H01S 3/07; H01S 3/08 optical or electrical pumping. 
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SURFACE-EMITTING PHOTONIC CRYSTAL 
DISTRIBUTED FEEDBACK LASER SYSTEMS AND 

METHODS 

FIELD OF THE INVENTION 

[0001] This invention generally relates to tWo-dimen 
sional distributed feedback (DFB) lasers. At least some 
embodiments of the invention relate to surface-emitting 
photonic crystal distributed feedback lasers and self-pump 
ing self-focusing mechanisms. 

BACKGROUND OF THE INVENTION 

[0002] An ideal semiconductor laser that Would emit high 
poWer into a single spectral mode With diffraction-limited 
output pro?le is of great interest for a number of commercial 
and military applications, including spectroscopy, infrared 
countermeasures, Wavelength multiplexing in telecommuni 
cations, and diode pump arrays. HoWever, knoWn laser 
con?gurations have been unable to provide the desired 
single-mode characteristics Without sacri?cing poWer out 
put, and vice versa. For example, the distributed-feedback 
(DFB) con?guration With its one-dimensional (1D) diffrac 
tion grating parallel to the laser facets routinely yields high 
spectral purity as long as the Waveguide is narroW enough 
(With typical Widths of 2-5 microns for lasers emitting at 
0.8-1.55 microns Wavelengths) to considerably loWer the 
gain of higher-order lateral modes With respect to the 
fundamental mode and thereby prevent their excitation. 
HoWever, scaling up the stripe Width for increased poWer 
leads to a loss of phase coherence across the DFB laser 
stripe, primarily oWing to the self-modulation of the refrac 
tive index in the active region by non-uniformly distributed 
carriers. The output then has a broadened spectral pro?le, 
ultimately limited by the Width of the gain spectrum, and a 
rapidly diverging, often double-lobed, far-?eld pattern. 

[0003] An ideal semiconductor laser Would produce a 
diffraction-limited circular output beam With high optical 
poWer and a single spectral mode. In broad-area distributed 
feedback lasers lateral coherence is established by de?ning 
a grating in the epitaxial device structure. In spite of the 
great promise of edge-emitting Photonic-crystal distributed 
feedback (PCDFB) lasers, draWbacks include severe ellip 
ticity of the output beam having a fast angular divergence 
along the groWth axis and a sloW divergence along the laser 
stripe. In prior SE PCDFB lasers, the use of electrical 
pumping obscured identi?cation of the lasing mode(s). The 
impact of PCDFB grating structure choice on device per 
formance, and the relation to one-dimensional SE DFB 
lasers Was not understood. The absence of a general theo 
retical description of SE PCDFB lasers precluded any sys 
tematic analyses of the limits to their single-mode operation, 
output poWer, and brightness. 

[0004] The basic concept of employing 2D DFB gratings 
Was proposed by Wang and Sheem (US. Pat. No. 3,970, 
959). HoWever, there Was no guidance provided concerning 
the proper choice of the device parameters or the 2D lattice 
structure. 

[0005] Other prior approaches considered only tWo super 
imposed 1D gratings (rather than actual 2D gratings), in 
Which only tWo diffraction processes are possible. Further 
more, realistic device geometries Were not considered, and 
the critical role played by the lineWidth enhancement factor 
(LEF) Was not considered. 
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SUMMARY OF THE INVENTION 

[0006] At least some embodiments of the invention relate 
to surface-emitting photonic crystal distributed feedback 
lasers and self-pumping self-focusing mechanisms. 

[0007] According to one embodiment, a surface-emitting 
photonic crystal distributed feedback laser apparatus con 
?gured to output an optical beam of light is described. The 
apparatus includes a laser Waveguide bounded by a top and 
bottom optical claddings, an active region con?gured to 
produce optical gain upon receiving optical or electrical 
pumping to inject electrons and holes into the active gain 
region, a periodic tWo-dimensional grating having an order 
higher than the fundamental, the grating con?gured to 
induce modulation of a modal refractive index and a lateral 
pumped gain area contained Within an area covered by the 
grating and con?gured to produce gain in one or more lasing 
modes and the modal index of the one or more lasing modes 
is modulated by the periodic tWo-dimensional grating, the 
lateral pumped gain area having a substantially circular 
shape of diameter D, and Wherein the pumped gain area is 
enclosed by an unpumped region contained Within the area 
covered by the grating but not receiving the optical or 
electrical pumping. 

[0008] According to another embodiment of the invention, 
a method of producing a diffraction-limited beam using a 
surface emitting photonic crystal distributed feedback laser. 
The method comprises providing a Waveguide in a laser 
cavity bounded by top and bottom optical claddings; con 
?guring an active region to produce optical gain upon 
receiving optical or electrical pumping; providing a periodic 
tWo-dimensional grating having an order higher than a 
fundamental, the grating con?gured to modulate a modal 
refractive index; con?ning a lateral pumped gain area to 
Within an area covered by the grating, the gain area con?g 
ured to produce gain in at least one lasing mode having a 
modal index modulated by the periodic tWo-dimensional 
grating, the lateral pumped gain area having a substantially 
circular shape of diameter D; and enclosing the gain area by 
an unpumped region contained Within the area covered by 
the grating but not receiving the optical or electrical pump 
mg. 

[0009] According to an additional embodiment of the 
invention, a method of producing a diffraction-limited beam 
using a surface emitting photonic crystal DFB laser, com 
prising a) selecting one or more parameters for a tWo 
dimensional grating to operate at a predetermined Wave 
length; b) calculating coupling coef?cients K1, K2, and K3 
using at least the grating parameters; c) calculating output 
poWer and beam quality of the laser; d) determining if the 
output poWer corresponds to a desired quantum ef?ciency; 
and e) determining if the beam quality is in a desired range 
relative to the diffraction limit. 

[0010] Other aspects of the invention are disclosed herein 
as is apparent from the folloWing description and ?gures. 

DESCRIPTION OF THE DRAWINGS 

[0011] Preferred embodiments of the invention are 
described beloW With reference to the folloWing accompa 
nying draWings. 
[0012] FIG. 1a is a schematic of the 2D photonic crystal 
distributed feedback (PCDFB) laser in accordance With one 
embodiment of the present invention. 
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[0013] FIG. 1b is a reciprocal-space diagram showing the 
Brillouin-Zone boundaries for the F-point of a hexagonal 
lattice of the 2D grating. Diffraction by this crystal structure 
produces surface emission by the photonic crystal distrib 
uted feedback (PCDFB) laser in accordance With one 
embodiment of the present invention. 

[0014] FIG. 1(a) is a reciprocal-space diagram shoWing 
the Brillouin-Zone boundaries for the F-point of a square 
lattice of the 2D grating. 

[0015] FIGS. 2a-2b shoW near-?eld pro?les for the 
6-lobed and 2-lobed out of phase modes of a hexagonal 
lattice SE PCDFB With TE polariZation; 

[0016] FIG. 2c shoWs a single-lobed in-phase mode of a 
heXagonal-lattice surface emitting (SE) PCDFB With TE 
polariZation. The diagrams in the loWer right-hand corner 
illustrate schematically the signs of the siX ?eld components 
displaced from the origin in their propagation directions. 

[0017] FIG. 3 shoWs far-?eld pro?les along one of the 
aXes for the modes depicted in FIG. 2b (dashed curve) and 
FIG. 2c (solid curve). 

[0018] FIG. 4 is a graph shoWing coupling coef?cients K1 
(dotted), K2 (dashed), K3 (dash-dot), and K0 (solid) as a 
function of circular feature diameter for a heXagonal-lattice 
(m=2) SE PCDFB With TE polariZation. The modulation of 
the modal indeX is An=0.06. 

[0019] FIG. 5 is a graph showing external differential 
quantum efficiency divided by the etendue (i.e., normaliZed 
brightness) as a function of internal loss for hexagonal 
lattice TE-polariZed SE PCDFBs With circular feature diam 
eter d=0.684 A and indeX modulation An=0.06. Results are 
given for LEF=0.05 (dotted), LEF=0.5 (dashed), LEF=1.5 
(solid), and LEF=4 (dash-dot). 

[0020] FIG. 6 is a graph shoWing normaliZed brightness 
as a function of pump-spot diameter D for heXagonal-lattice 
TE-polariZed SE PCDFBs With circular feature diameters 
d=0.684 A, LEF=1.5, and an internal loss of 5 cm_1. The 
solid curve represents re-optimiZation of the indeX modula 
tion for each pump-spot diameter, Whereas the dashed curve 
holds the modulation ?Xed at An=0.06 (optimiZed for D=800 
pm). 
[0021] FIG. 7 is a graph shoWing spectral characteristics 
of heXagonal-lattice TE-polariZed SE PCDFBs With ?Xed 
LEF (1.5), internal loss (5 cm_1), and pump-spot diameter 
(800 pm). Spectra are shoWn for An=0.052 (solid), 0.069 
(dotted), and 0.086 (dashed), Where in each case the peak 
intensity is normaliZed to unity rather than to the total poWer. 

[0022] FIG. 8 is a graph shoWing spectra for hexagonal 
lattice TE-polariZed SE PCDFBs With ?Xed internal loss (5 
cm_1), pump-spot diameter (800 pm), and indeX modulation 
(0.06), at a series of LEF: 1.5 (solid), 2.5 (dashed), and 3.5 
(dotted). The peak intensities are normaliZed to unity. 

[0023] FIG. 9a shoWs the near-?eld pro?le for a typical 
in-phase mode, and FIG. 9b shoWs the near-?eld pro?le for 
a typical out-of-phase mode of TM-polariZed square-lattice 
SE PCDFBs. 

[0024] FIG. 10 is a graph shoWing normaliZed brightness 
as a function of internal loss for square-lattice TM-polariZed 
SE PCDFBs With circular features of diameter d=0.70 A and 

Dec. 16, 2004 

indeX modulation An=0.043. Results are given for LEF=0.05 
(dotted curve), LEF=0.5 (dashed), and LEF=1.5 (solid). 
[0025] FIG. 11 is a graph shoWing normaliZed brightness 
as a function of pump-spot diameter D for square-lattice 
TM-polariZed SE PCDFBs With circular features of diameter 
d=0.70 A, LEF=0.1, and ot=15 cm_1. The solid curve rep 
resents re-optimiZation of the indeX modulation for each 
value of the pump-spot diameter, Whereas the dashed curve 
holds An ?Xed at 0.043 (optimiZed for D=800 pm). 

[0026] FIG. 12 is a graph shoWing spectral characteristics 
of square-lattice TM-polariZed SE PCDFBs With D=800 pm, 
An=0.043, and LEF=0.05, for internal losses of 10 cm'1 
(dashed curve With points), 20 cm-1 (solid), and 40 cm-1 
(dotted). The peak intensities are normaliZed to unity. 

[0027] FIG. 13 is a high level block diagram of a com 
puter system for implementing the methodology of the 
present invention in one embodiment. 

[0028] FIG. 14 is a methodology for producing a near 
diffraction-limited beam using a surface emission photonic 
crystal DFB laser in one embodiment. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0029] This disclosure of the invention is submitted in 
furtherance of the constitutional purposes of the US. Patent 
LaWs “to promote the progress of science and useful arts” 
(Article 1, Section 8). 

[0030] In one embodiment, the SE PCDFB uses a time 
domain Fourier-Galerkin (TDFG) numerical solution of a 
reduced Wave equation. A parameter space having high 
differential quantum ef?ciency is used in combination With 
single-mode operation and a near-diffraction limited output 
beam. AtWo-dimensional square lattice or heXagonal-lattice 
grating Without any phase shifts and only refractive indeX 
modulation is found to be sufficient to produce a symmetric 
mode that is coherent over a Wide device area. 

[0031] Referring to FIG. 1a, there is shoWn a cross 
sectional schematic 100 of the surface-emitting photonic 
crystal distributed feedback (SE PCDFB) laser in accor 
dance With one embodiment of the present invention. Laser 
100 includes a laser Waveguide comprised of an active 
region 106 con?gured to produce optical gain upon receiv 
ing optical or electrical pumping, the active region 106 
having a lateral pumped gain area 109. The laser 100 also 
includes a top and bottom optical claddings 102, 104, 
respectively, and a periodic tWo-dimensional grating 110 
having an order higher than the fundamental, the grating 110 
con?gured to induce modulation of a modal refractive indeX. 
In the eXample embodiment shoWn in FIG. 1a, the grating 
110 Which eXtends over an area 111 is formed in a layer 112 
in the Waveguide. Other arrangements of forming gratings in 
multiple layers of materials are also possible. The lateral 
pumped gain area 109, contained Within the grating area 111, 
is pumped either optically or electrically to produce gain in 
one or more lasing modes Whose modal indeX is modulated 
by the grating 110. It Will be appreciated that the lateral 
pumped gain area 109 is the lateral eXtent of a gain region 
Whose vertical eXtent is the active region 106. 

[0032] Electrodes 116, 118 are provided for connecting the 
laser 100 to a voltage source. In an eXemplary embodiment, 
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the electrode 116 is an optically opaque electrode con?gured 
to apply an input voltage to the laser apparatus, the opaque 
electrode covering a portion of the lateral pumped gain area, 
and the electrode 118 is transparent. In one embodiment, the 
lateral pumped gain area 109 has a nearly circular shape of 
diameter D, and Wherein the gain area 109 is enclosed by an 
unpumped region 108 contained Within the grating area 111, 
the unpumped region 108 con?gured so as to not receive the 
optical or electrical pumping. In one embodiment, etch 
features of the grating 110 are substantially circular With a 
diameter of about 60-70% of the period of the hexagonal 
lattice. 

[0033] FIG. 1b is a reciprocal-space diagram of the hex 
agonal lattice of the 2D grating Which produces surface 
emission in accordance With one embodiment of the present 
invention. The primary symmetry points I“, X, and J are 
illustrated in the ?gure along With the boundary of the ?rst 
Brillouin Zone shoWn as a thin line. Since diffraction pro 
cesses taking place at this Zone boundary do not produce any 
surface emission, one of the higher Zone boundaries must be 
employed for this purpose. Both m=1 and m=2 Zone bound 
aries (in the notation de?ned beloW) are shoWn in the ?gure. 
It Will be demonstrated that the greatest ?exibility and the 
optimiZed designs are obtained using diffraction at m=2. 

[0034] Time-Domain Fourier-Galerkin Formalism 

[0035] In the TDFG, Bloch expansion of the ?eld and 
dielectric-constant components are substituted into a Wave 
equation for a TM polariZed electric ?eld. The modi?cations 
for TE-polariZed light are addressed as beloW: 

[0036] Where 6k(r,t) are optical ?eld components With 
Wave vector k, K(G) represents the diffractive coupling 
corresponding to a reciprocal lattice vector G, n0 is the 
average value of the modal refractive index nm(r), and 
uuO=kOnO/c is the center frequency. The carrier contribution 
may be Written out explicitly as: G=l?cg(l—iot)—oq, Where To 
is the active-region optical con?nement factor, g(r,N) is the 
material gain, N is the carrier density calculated from the 
appropriate rate equation, ot=—4 rc/7»(dnm/dN)/(dg/dN) is the 
lineWidth enhancement factor (LEF), Which measures the 
focusing/defocusing induced by carrier-density perturba 
tions, and 0t is the internal loss. The product of the threshold 
gain and the LEF (Fcgthot) is a ?gure of merit that governs 
the optical coherence properties of high-poWer single-mode 
lasers. In edge-emitting semiconductor lasers, a loW value of 
that product is nearly alWays desired. 

[0037] Retention of the explicit time dependence in Eq. 
(1) alloWs modeling of the spectral properties. In one 
embodiment, the time derivatives can be treated Without 
approximation (apart from the discretiZation of the spatial 
and time intervals). For a particular PC lattice symmetry, Eq. 
(1) can be simpli?ed considerably by limiting the expansion 
to a small number of reciprocal lattice vectors G. 

[0038] For example, consider a square lattice With period 
A as shoWn in FIG. 1c, the four equivalent propagation 
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directions are labeled P1, P2, —P1, and —P2. TWo sets of 
high-symmetry propagation angles are possible: (1) With P1 
oriented along the diagonal of the primitive unit cell; and (2) 
With P1 bisecting the side of the primitive unit cell. Since at 
a given Wavelength the period is larger by a factor of V2 for 
the ?rst choice (P1={1,1}, P2={—1,1}, —P1={—1,—1}, and 
—P2={1,—1}, Where the {l,m} represents components along 
the tWo axes in units of 2 J's/A), it is adopted in one 
embodiment of the invention. HoWever, the inventive con 
cepts are equally applicable to lasers employing a second 
choice of orientation. The square lattice provides nonZero 
coupling into an orthogonal in-plane propagation direction 
only for TM-polariZed light. For notational simplicity, the 
coordinate system is rotated such that the Z-axis points along 
the diagonal of the unit cell {1,1}. Also consider kono= 
mm/2/A, i.e., A=m7»c/(\/2n0), Where AC is the grating’s reso 
nance Wavelength. 

[0039] In an embodiment With a square lattice, the grating 
is de?ned on the square lattice With four equivalent propa 
gation directions spaced at 90° angles, and the grating is 
con?gured to produce three distinct in-plane diffraction 
processes from one of said equivalent propagation directions 
into another one of the equivalent propagation directions, 
the ?rst of said diffraction processes being re?ection by an 
angle of 180° and having a coupling coef?cient K1, and the 
second and third of said diffraction processes being diffrac 
tion by an angle of 90° and having a coupling coefficient of 
K2, and an out-of-plane diffraction process from one of said 
equivalent propagation directions into a direction perpen 
dicular to all four of said directions and having a coupling 
coef?cient KO. 

[0040] It Would be dif?cult to start from a scalar Wave 
equation and then treat the surface-emitting terms on the 
same footing as the in-plane coupling terms. Scalar equa 
tions are generally Written for the ?eld component polariZed 
in a direction that is not considered further, Whereas all three 
spatial dimensions are to be considered in the present 
invention. Rather than attempt a full vectorial rederivation 
from MaxWell’s equations, the inventors introduce the sur 
face-emitting terms as a perturbation, along With the terms 
that reduce to the previously treated 1 D form. This approxi 
mation should be valid as long as the grating is suf?ciently 
“Weak”, Which applies to the simulations that folloW in the 
sense that both An/nO and the dielectric contrast at the grating 
interface are small. On the other hand, the Weak-grating 
assumption may break doWn in such cases as a metalliZed 
grating With a large coef?cient coupling the guided modes to 
the ?eld radiating normal to the Waveguide. 

[0041] The inventors have observed that strong coupling 
to the surface emission is not a necessary condition for 
obtaining high-ef?ciency coherent emission from a large 
device area. In fact, it Was found to be undesirable for the 
surface-emitting coef?cient to be either substantially larger 
or substantially smaller than the internal loss. 

[0042] The in-plane coupling coef?cients, K1 and K2, are 
introduced by folloWing the discussion disclosed in the 
publication “Photonic-Crystal Distributed-Feedback quan 
tum Cascade Lasers”, IEEE J. Quantum Electronics, June 
2002, the entire disclosure of Which is incorporated by 
references. It is Well knoWn that in addition to the in-plane 
diffraction, Bragg re?ections With m>1 also produce losses 
associated With emission out of the plane. That emission, 
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into a layer With n1<nO, occurs at an angle 4) With respect to 
normal Whenever sin ¢=nO(P1—G)/n1P1<1 for any G. Focus 
ing on the m=2 case, the surface-emitting terms can be 
added as a perturbation of the equations to treat edge 
emitting PCDFB lasers. For “Weak” gratings, the Green’s 
function solution of the ridge-Waveguide problem leads to 
the introduction of a surface out-coupling coef?cient, KO, 
de?ned more precisely as beloW. 

[0043] In one exemplary embodiment, it may not be 
necessary to include more than four components, since the 
net poWer in the higher-order components is expected to be 
loWer by tWo orders of magnitude. For example, it is 
assumed that all of the ?eld components should couple to the 
radiating Wave at the same rate, provided that the etched 
features do not have a loWer symmetry than the lattice (e.g., 
When the features are circular). Thus all four components 
experience an out-coupling loss proportional to the product 
of K0 and the radiating-?eld magnitude, Which is given by 
the coherent sum of the ?eld components. 

[0044] The resulting ?nal form of the propagation equa 
tions for a square lattice With TM polariZation is: 

6x 2 

[0045] Similar equations hold for al and a2, except for a 
reversal of the sign in front of the ?rst derivative and 
removing the bars from the ?eld components in the ?rst 
coupling term. Note the close analogy of Eqs. (2) and (3) to 
the ?eld equations derived previously for 1D DFB structures 
in a co-pending application having application Ser. No. 
10/385,165 and ?led on Mar. 7, 2003, the entire contents of 
Which are incorporated herein by reference, With the impor 
tant difference (aside from the doubling of dimensions and 
components) being retention of the second-order derivatives 
throughout our formalism. Since the K2 coef?cient vanishes 
for TE polariZation, the square lattice Was found to be not a 
viable choice for large-area coherent emission in that polar 
iZation. 

[0046] Examining the coupling coef?cients, K0, K1, and K2, 
more closely, it is observed that for the m=2 coupling order, 
the Wavevector and reciprocal lattice vectors are de?ned: 

k={0,0}, G1={1,1}, G_1={—1,—1}, G2={—1,1}, and G_2= 
{1,-1}. For a relatively small index modulation (An), the 
folloWing expressions for the in-plane coupling coefficients 
K1 and K2 are obtained: 

27rAn l v (4) 
K1= —ff dxdZeXpI-M? - Gi?'rl 

A 61L R 

27rAn l v (5) 
K2 : —ff dxdz eXpI-Mh — G2)"] 

A 61L R 

[0047] Where i=1, 2, 6L is the area of the reciprocal-lattice 
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|G1—G_2|=|G_1—G2|. Considering index-modulation regions 
R that are symmetric With respect to re?ection along the 
propagation axes, the imaginary parts of Eqs. (4) and (5) 
vanish. For example, for simplicity, the present discussion is 
con?ned to features R (e.g., circles, squares oriented along 
one of the axes etc.) that have identical arguments in the 
exponent of Eqs. (4) and (5) for all the equivalent couplings, 
although a certain amount of asymmetry can be tolerated in 
practice and is included in the scope of the present invention. 

[0048] With these assumptions, the coefficient K1 accounts 
for the re?ection-like diffraction into the counter-propagat 
ing Wave, e.g., from P1 into —P1 or from P2 into —P2. The 
coef?cient K2 represents diffraction into the perpendicular 
in-plane component, e.g., from P1 into P2 or —P2, or from P2 
into P1 or —P1. The corresponding expression for the surface 
coupling coef?cient, KO, Which quanti?es diffraction from all 
four Waves P1, —P1, P2, and —P2 into the radiating Wave, is 
given by 

AHL 

[0049] Where dg is the thickness of the grating layer and Pg 
is its con?nement factor. For m=2, G1—G_1=2G1, and in the 
Weak-modulation limit K1 and K2 are proportional to An 
Whereas KOMAnZ. Equations (4)-(6) are generaliZed to the 
case of complex coupling by setting the imaginary part 
lm{An}=—(7t/4 J'c)Ag or (M4 rc)Aot. 

[0050] Since the gain is in principle a spatio-temporal 
function that depends on the complex ?eld components via 
the carrier rate equation, Eqs. (2) and (3) are in fact 
second-order nonlinear differential equations in 3 dimen 
sions. In the folloWing a split-step Fourier-Galerkin solution 
of these equations is described, subject to Dirichlet bound 
ary conditions in the tWo spatial dimensions based on 
approximate lineariZation for short time intervals At. In 
order to perform the lineariZation, in Eqs. (2) and (3) the 
gain term is separated from the diffraction-coupling terms, 
transforming the latter into the frequency domain using fast 
Fourier transformations Without the gain term, Eqs. 
(2) and (3) then read: 

[0051] Where the components With tildes have been 
obtained using the discrete Fourier transform of the original 
variables on a mesh (Ax,AZ) in the laser plane. Since the 
lattice is square, consider Ax=AZ. In Eqs. (7) and (8), the 
indices corresponding to the spatial frequencies are labeled 
IX and IZ (OéI §LX—1, 0§IZ§LZ—1). Thus for each time 
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step, Eqs. (7) and (8) can be solved using the fourth-order 
Runge-Kutta method applicable to ordinary differential 
equations of the ?rst order. Numerical simulations by the 
inventors con?rm that the Fourier-Galerkin method 
described above offers a much higher precision than other 
possible approaches. For example, the ?nite-difference 
approximation Was found to be unsuitable oWing to a 
substantial phase error. 

[0052] The second part of the split-step TDFG algorithm 
involves evaluation of the optical-gain and refractive-index 
?uctuation terms from the rate equation for the carrier 
density and the appropriate gain vs. density model. The ?eld 
components are back-transformed to real space and inte 
grated at each spatial mesh point, for example, using the 
Runge-Kutta method. The procedure may be repeated until 
turn-on transients are eliminated. The output spectra are 
obtained from the poWer spectrum of the surface-emitting 
?eld. The etendue determined from the 2D near-?eld and 
far-?eld pro?les is de?ned as the geometric average of the 
?gures of merit measured along the tWo orthogonal in-plane 
directions. 

[0053] In one embodiment, the ?gure of merit identi?ed 
herein is in most cases equivalent to the M2 ?gure of merit 
and is proportional to the product of the standard deviation 
of the near-?eld pro?le and the average angle of the far-?eld 
pro?le. The standard deviation is not employed for the 
far-?eld pro?le in order to minimiZe the experimental mea 
surement error at large angles. The result for the geometric 
average of the ?gures of merit is then normaliZed to the 
etendue of a circular Gaussian beam With diffraction-limited 
beam quality. In most cases, the symmetry of the device 
structure leads to a symmetric output beam. 

[0054] The TDFG algorithm of the present invention does 
not include spontaneous emission. Generally the spontane 
ous emission magnitude can only be roughly estimated, and 
the inventors have found that it has negligible in?uence on 
the operation far above threshold. While the primary role of 
spontaneous emission is to provide seeding for the initial 
laser turn-on dynamics, simulations by the inventors con?rm 
that any initial distribution (obtained With a pseudorandom 
number generator) leads to the same steady-state solutions 
described beloW. 

[0055] The poWer emitted from the surface is calculated 
from the expression: 

[0056] Where the coherent sum of the ?eld components is 
proportional to the amplitude of the surface-emitting ?eld. 
An important difference exists betWeen the intensity of the 
Waveguide-con?ned laser light, Which is proportional to the 
sum of the squares of the individual ?eld components 
because carrier diffusion Washes out effects on the scale of 
kc/no, and the intensity of the light emitted normal to the 
laser plane, Which is proportional to the square of the sum 
of these components. 

[0057] A similar TDFG algorithm as described above is 
applicable to the hexagonal lattice With period A. For 
example, consider the six-fold coupling that takes place at 
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the F point With propagation vectors pointing along the F-X 
directions. De?ning [3=(4\/3/3)mrc/A[A=(2x/3/3)m7tc/no, 
m=1, 2, 3, . . .], the relevant reciprocal lattice vectors 

become: G1=[3(0,1), G_1=[3(0,—1), G2=[3(\/3/2, 1/z), G2=[3(— 
\/3/2, —1/z), G3=[3(—\/3/2, 1/z), and G_3=[3(\/3/2, —1/z). There 
are noW six equivalent propagation directions [P1=(0,1); 
P2=(\/3/2, 1/z); and P3=(—\/3/2, In one embodiment, for 
circular features (and other shapes that preserve the distance 
from the origin to the intersection of the reciprocal-lattice 
vectors With the Brillouin-Zone boundary), three distinct 
coupling coef?cients can be calculated. The inventors use a 
convention Whereby K1 is the DFB-like coef?cient corre 
sponding to distributed re?ection by 180° (e.g., from P1 to 
P_1), K2 is the coef?cient for diffraction by a 60° angle (e.g., 
P1 to P2, P1 to P3) or P_2 to P3) and K3 is the coef?cient for 
diffraction by 120° (e.g., P1 to P_2, P1 to P_3, or P2 to P_1). 
The coupling coef?cients K1 and K2 are computed using Eqs. 
(4) and (5), and the coupling coef?cient K3from: 

[0058] The surface-emitting coef?cient K0 is again calcu 
lated from Eq. Evaluations of the coupling coef?cients 
corresponding to circular features can be found in the above 
incorporated reference. In place of Eqs. (7) and (8), the 
folloWing formulas are employed: 

am 0 ‘2x1.~ Ii 47% 47% + (11) 
6; no IiLZAzal a1 

0&2 (12) 

0.13 (13) 

V R11 ~ 4/75 11 [ 47% 47% ]~ + a1 + 

[0059] For example, the hexagonal lattice can also be used 
to obtain surface emission With TE-polariZed light. In that 
case, the folloWing substitutions should be made in Eqs. 
(11)-(13): K1%—K1, KZQKZ/Z, and K3%—K32. In the folloW 
ing, the values of Kzand K3 for TE polariZation are divided 
by a factor of 2 as compared to the de?nitions in Eqs. (5) and 
(10). The sign change in tWo of the three coupling coef? 
cients leads to different optimiZed designs for TE- and 
TM-polariZed surface-emitting PCDFB lasers. 

[0060] In one embodiment of the SE PCDFB laser using 
the disclosed self-pumping/self-focusing (SPSF) mecha 
nism, the pumped area 109 (Which may be pumped either 
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optically or electrically) is circular and has a top-hat injec 
tion pro?le, although similar results are obtained for a 
Gaussian pro?le, and small deviations from circularity are 
not of signi?cance. In the exemplary embodiment shoWn in 
FIG. 1a, the pumped spot 109 (FIG. 1a) is taken to be far 
aWay from any facets and/or discontinuities in the grating 
110 (FIG. 1a). The properties of the active-region 106 are 
assumed to be uniform over the entire simulation area, 
although this is not required by the TDFG formalism. In an 
exemplary case, for de?niteness, the optical or electrical 
pump injection level is assumed to be 10 times the threshold 
value. 

[0061] In a preferred embodiment, the gain spectrum is 
considered to be much broader than any spectral features 
associated With the grating 110 (FIG. 1a) and the peak of the 
gain spectrum is aligned With the cavity resonance Wave 
length. The inventors have observed that the lattice tem 
perature increase does not substantially detune the gain peak 
from the cavity resonance for pulsed-mode operation. 

[0062] Since the SE PCDFB relies on diffraction from 
higher grating orders, the index modulation An is preferred 
to be rather large, e.g., several percent of the modal refrac 
tive index. In the preferred embodiment, the grating 110 
(FIG. 1a) is realiZed by etching holes into the grating layer 
112 and epitaxially regroWing a loWer-index cladding mate 
rial 102 (FIG. 1a) In other embodiments, a metallic grating 
may be deposited, a dielectric material With index loWer than 
that of the Waveguide core is deposited, or the holes are left 
empty. In the case Where a metallic grating is deposited, the 
inventors have observed that modulations of the imaginary 
part of the refractive index generally dominate and there is 
a large dielectric contrast across the interface. 

[0063] For the regroWth approach, the dielectric deposi 
tion approach, or the approach in Which the holes are left 
empty, the modulation of An is primarily real, With only a 
small imaginary contribution arising from variations of the 
optical con?nement factor in the active region. For example, 
in the folloWing sample calculations the modulation is taken 
to be purely real, although the results Were found to be 
unchanged When the simulation includes an imaginary com 
ponent of the expected magnitude. 

[0064] Since for most interband semiconductor lasers the 
optical gain is greater for TE polariZation than for TM, in the 
sample calculations a hexagonal lattice Was used. In one 
embodiment, for de?niteness, the inventors have used a 
parameter set characteristic of the mid-IR “W” active region 
With 40 periods emitting at kc=4.6 pm. HoWever, the results 
Would be the same for any active region With the same 
differential gain of 10-15 cm2 and optical con?nement factor 
per period of z1%. Assuming that the mid-IR test structure 
includes a GaSb grating layer on top of the active region, We 
obtain dg/Fg=1.5 pm. Since K0 scales quadratically With An 
Whereas the other coupling coef?cients scale linearly (at 
relatively small An), the results observed by the inventors 
are expected to hold at least qualitatively When dg/l“g varies 
someWhat. 

[0065] The TDFG simulations shoW that a single-mode SE 
PCDFB laser can display at least three distinct near-?eld 
patterns. Although tWo of those correspond to undesirable 
far-?eld pro?les, the third (preferred) mode may be selected 
by folloWing a set of design rules that Will be presented 
beloW. 
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[0066] FIG. 2(a) illustrates that the near-?eld character 
istic for one of the three modes form an annular pattern, With 
six peaks spaced almost evenly around the perimeter of the 
annulus. The diagrams in the loWer right-hand corner illus 
trate schematically the signs of the six ?eld components 
displaced from the origin in their propagation directions. For 
this mode, the phases of the six ?eld components alternate 
as a function of aZimuthal angle, so that no tWo adjacent 
components separated by 60° experience constructive inter 
ference. 

[0067] For the second mode structure illustrated in FIG. 
2(b), the phase is ?ipped as one crosses a given axis. This 
produces a near-?eld structure that has only tWo lobes. Both 
of the modes shoWn in FIGS. 2(a) and 2(b) may be classi?ed 
as out-of-phase, since pronounced destructive interference 
in the surface-emitted component substantially reduces the 
output poWer and also degrades the beam quality. The 
simulations shoW that a small amount of gain coupling (on 
the order of 10% of the index modulation) leads to stabili 
Zation of the six-lobe pattern FIG. 2(a) in those cases Where 
the tWo-lobe pattern FIG. 2(b) Would otherWise dominate. 

[0068] In one embodiment, the PC DFB laser is con?g 
ured to maximiZe the output poWer of the optical beam from 
the laser so that a differential quantum ef?ciency is no 
smaller than about 3%, and the laser is further con?gured to 
optimiZe the beam quality of the optical beam so that it is no 
Worse than about three times the diffraction limit. 

[0069] A third mode, Which can have the loWest threshold 
gain under certain conditions, is symmetric and single-lobed 
because all six components have the same phase. FIG. 2(a) 
shows that the symmetric near-?eld pattern for this in-phase 
mode is close to a circular Gaussian pro?le. 

[0070] FIG. 3 shoWs that the corresponding far-?eld pat 
tern (solid curve) is also single-lobed, and quite narroW. On 
the other hand, the second out-of-phase mode is double 
lobed in the far-?eld (dashed curve of FIG. 3) as it Was in 
the near-?eld (FIG. 2b), along the same phase-?ip axis. The 
net angular divergence is clearly much smaller for the 
in-phase mode, resulting in a beam quality that is typically 
no more than 20-30% greater than the diffraction limit (DL) 
When the near-?eld and far-?eld characteristics are com 
bined. 

[0071] In one embodiment, the present invention relates to 
means of stabiliZing the in-phase mode in FIG. 2(c) over the 
out-of-phase modes in FIG. 2(a) and FIG. 2(b) by means of 
reducing its threshold gain relative to all the other modes. 
From simulations that explored a broad range of the avail 
able design space, the inventors have determined that opera 
tion in the symmetric (in-phase) single mode can be reliably 
selected as long as the folloWing exemplary criteria are met 
(except as noted, the conditions for TM polariZation are 
similar): 

[0072] (1) The mode must preferably be alloWed to 
self-pump regions someWhat beyond the nominal 
pump spot (the self-pumping requirement). 

[0073] (2) The lineWidth enhancement factor and the 
internal loss are preferred to be suf?ciently large, 
With the tWo minimum values being interdependent. 
This self-focusing condition Will be expressed more 
precisely beloW. 














