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Tilted Mirror for Lateral Mode Discrimination and
Higher Kink-Free Power in Fiber Pump Lasers

Genlin L. Tan,Member, IEEE Edward H. Sargent, and Jimmy M. X8gnior Member, IEEE

Abstract—Beam steering arising from interference between retains nevertheless the essential physics of the problem. The
the fundamental lateral mode and higher order lateral modes transverse optical mode distributions may be obtained either
limits the performance of 980-nm power lasers. In this paper, sing the effective index method in two dimensions, as in
we analyze the feasibility of using a tilted mirror to discriminate . .
against higher order modes. We calculate the reflectivity seen by 81, qr 2'_D f|n|te-.elemen.t method, as in FELES [21]. Whgn
different modes as a function of the thickness and tilt angle of considering the interaction between the mode and the tilted
the coating. Our results suggest that careful engineering of tilted facet, however, account must be taken of all three components
coated mirrors represents a viable technique for improving the of the vector field, even in the case of the TE mode, because
performance of power lasers. the tilted facet gives rise to a coupling between each of

Index Terms— Beam steering, discrete Fourier transform, these elements [22]. We employ a generalized vector transfer
Maxwell's  equations, power laser, ridge waveguide, matrix method [22] in order to calculate the reflected field. We
semiconductor lasers. take a convolution integral of the modal and reflected fields

in the space—frequency domain to calculate the multimode
|. INTRODUCTION reflectivities and their associated conversion coefficients.
EAM STEERING due to coherent coupling and Iocking,vént:gi gaptlar, we be%ml ?y i)r:eser:tlnlg tt.he refﬂtehctlvn%/l mtc.)d.fl'
between the fundamental and higher order lateral modes bply ourmode! to the calcuiation of the refiectivity
I a standard three-layer laser structure (Section Ill). In Section

[3]-[6]. Weak waveguiding via the use of a shallow ridge ﬁsv, we explain the results of Section Il using first-principles

. . ) hysical reasoning. We find that the important qualitative
one method of suppressing these undesirable modes; howeye . .
o o L eatures of the results obtained numerically are of general
the resulting increased sensitivity to injection effects and 10__,. .. o .
S i . R . applicability and technological importance. In Section V, we
inevitable variations in growth and processing is detrimental = . : .
. L provide a full calculation for the case of a typical 980-
to yield and reliability. ) . .
. .. _nm power laser structure. In Appendix A, we give a brief
We propose herein to take advantage of the fact that differen - . .
roof of the principal formulas (the generalized divergence,

lateral modes experience differing modal reflectivities Whez]rthogonality, and Parseval's formulas) used in the text. The

presented with a tilted facet mirror. In order to quantify thi%1 Lo : .
. . grivation of an accurate recursion formula for the reflectivity
phenomenon and to enable thereby the design of improve

devices, it is necessary to calculate accurately the reflectivitl%sthe coated facet is given in Appendix B,

of the different lateral modes. Previous works which used

mode-matching at the facet [7], [8] neglected the effect of!l- THEORY OF MULTIPLE LATERAL MODE REFLECTIVITY
three-dimensional mode shapes. The work of Lewin was

extended to full calculation in three dimensions, but wad- Reflectivity Formula for the Tilted Coated Facet

applied only to the case of uncoated facets [9]-[13]. For theFrom Maxwell’s equations, we can obtain the following
technologically important case of coated facet modal reflegquation which holds for both lossless media and media with
tivities, two-dimensional (2-D) calculations have previouslibss/gain (see Appendix A):

been reported for the cases of normal [13]-[15] and tilted

[16], [17] facets. Three-dimensional (3-D) calculations have V(B xHy+Hy x E;) =0 1)

been reported for laser amplifiers in [18] under the Scalgfhere E,, H,, and E, H, are any two different solutions

field a_pprOX|mat|on_ in media with a purely real_ index Obf Maxwell's equations in the waveguide. We may therefore
refraction. There exist, to our knowledge, no previous repotfSite for the reflected and incident fields

of full calculation of the reflectivity of 3-D modes from tilted
coated facets. VA(E'xH;+H xE;)=0 (2)
To treat such a complicated three-dimensional problem, ) ] ) o o
it is necessary to derive a suitably simplified model which EQuation (2) will be our starting point in deriving a formula
for the reflectivity of the coated laser facet. Fig. 1(a) shows
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together with the facet5;. S, is the normal surface (i.e.,
perpendicular to the axis) near the facef;, and S., S5 are
auxiliary surfaces which extend far away from the waveguide.
Integration of (2) over the small volume enclosed by these
four surfaces and application of the divergence theorem vyields

S,

Waveguide
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X

/ (E" x H;+ H" x E;) - ds = 0. 3)
S1...54

The guided modes under consideration decrease rapidly as they

N

penetrate laterally out of the waveguide core. The integrals in
(3) aboutS; and Ss may therefore be neglected, leading to
the equality

/ (E"xH;,+H" xE;)-ds
Sy

= (4)
The reflected fields at the artificial surfaggin the waveguide
may be expanded in terms of backward normal modes

(ErvHr) = ZRH(E—Hv‘H—H) ©)
1

where R,, is the expanding coefficient, anll_,, H_, is a
backward mode&—) which is related to the forward mode;
(1) according to

E_, =[Ey(,y) = Bz, y)le™
H_, =[-Hy(z,y)+H.u(x,y)le”" "> (6)
where E,, = [E,,,E,,] and H,, = [H,,,H,,] are the

Ty
the transverse components of the forward mode fields and
e’“* time dependence has been assumgdis the complex

propagation constant. This yields the expanded formula

/( Lx H,+ H;, x E;)-ds
St

/ (E" xH;+ H" x E;) - ds.
St

= ZRJk/ (E_j x H; —‘,—H_j X Ez) -ds
= Sa

:ZRJk/ (Etj XHti—Htj XEti)-dS (7)
= Sa

where Rj;, describes the conversion of incident mode k into
reflected modey.

Since transverse modes with different indices obey the
generalized orthogonality relationship at the normal surface
S, (see Appendix A), we may write

/ / de dy(E:, x Hy , — Hy , X By )5

(v # ). ®)

=60

Substitution of (8) into (7) eliminates all terms on the ”ghtwhere

hand side except those for whiéh= j:

/( Lx H,+ H;, x E;)-ds
S1

= Rik/ (Ey x Hy — Hy X Ey;) - ds
Sy
= R (B x Hyy — Hyy x Bz

= 2R (B X Hy ) = 2NoRg %)

X1

Fig. 1.
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vector of the surfaces i.e.

(a) An integral volume enclosed by the surfaéesS., S3, andSa.

(b) The waveguide and tilted coordinate systems. (c) Equivalent system for
N-layer coating to calculate the reflectivity for the plane wave. The waveguide
region (theOth layer) has been replaced with a homogeneous medium of
average refractive index. TheV + 1)th layer is air.

the unit normal

No = <(En X Hn)?L> (10)
Equation (9) may therefore be rewritten
Rip = (B}, x Hi + H). x Ei)7i5) [2No
=((E} x H; + H}, x E;)ig) [2No (11)
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where7i; is the unit vector normal to the coated facet anthe z axis of the waveguide, giving it direction sirie + 14),
(@ x b);, denotesa,, x b, wherea,, (b;,) is the component while the reflected field is at anghig — 6+ 7 and has direction
tangential to the coated facet of vecwotb). If k& = ¢, then (11) sineysin(x + 6y —8)/27 = ysin(0 — 6y) /27 =~ v —1y. If we
gives the amplitude reflection coefficient; otherwise, it givagnore for simplicity thex and ¢ dimensions [see Fig. 1(b)],
the amplitude conversion coefficient from incident mgd® then we may write

mode:. The reflectivityR;; is the ratio of the reflected intensity
to incident intensity R;; = |R;;|> and R;; = |R;;|. In order i
to calculate reflectivity and convertivity, we need therefore hi(v —10) = —R(v)hot(v + 10) (16)

only consider the calculation of the amplitude reflection angere the subscript denotes the transverse direction. The
conversion coefficient in the following context. reflection coefficient of (11) may therefore be written

ey (v —w) =R(v)eo (v + 1)

B. Calculation of the Integral of the Tangential Fields Ro = ([e; (v — 10) X hot(v — 10)
We can convert the integral of the product of the reflected + ki (v = v0) X eor(v — 0)]ig)/(2N0)
and incident field in the spatial domain to the integral of = (R(v)[eo:(v + 10) X hot(v — 10)
the product of their Fourier transformations in the frequency — hot(v +10) X eor(v — 10)ig) /(2No). (A7)

domain (see Appendix A)
From (17) it may be seen that an incident mode with a

Rij =((E; x Hi + Hj X E;)i4)/2No strong angular component in the direction= ~sin(;)/2r
=((e] x h; + h} x €;)1g)/2No (12) relative to thez axis will couple efficiently into a mode
) ) with a strong angular component in the direction + 214).
wheree, h are the Fourier transforms of fieldS, H. In the g gimpiifications which arise from working in the spatial
spatial frequency domain, the incident and reflected fields 3f8quency domain are manifested in (17) and (12), which

proportional in magnitude but different in direction due to thg, expressed purely in terms of incident and reflected plane
tilted facet. The effective index method may be used to obtgjjyes.

the transverse mode, from which the field at the tilted facet
may be calculated. From Fig. 1(b), we may write the field i&. Calculation of the Components of the
the tilted coordinate system [23] as Reflected Field of a Plane Wave

E(z,y)e 7" In order to compute the reflected field in the
= E(z,y cosfy — 2 sin go)e—jw(y’ sin6o+z’ cos o)) space—frequency domain, it is necessary only to consider the
(13) reflection of a plane wave

E H=FE Jlwt—vyz)
whered, is the angle between theaxis of the waveguide and (®,9,21) (=, y)ej(amwy) Hwtan)
the normal directior{z") of the tilted facet. Taking the Fourier =e(a, B)e e : (18)

transformation forz’ = 0 and employing the constant scalingrpe quantitiese(cv, 3) and k(a, 3) are related by Maxwell's

and displacement identities yields equations in the time—frequency domain
E(z,y cosbg)e i sinbo 3 32
( Y 1 0) [=S) [=S) _wﬂohx = Cr);_/ea; + <'Yp + /_>Gy (19)
= — 1 p p
cos o /_Oo /_Oo elé, (v —ysinby/2m)/ cos o) . +a_2 X o 00
. e—i2n(Eatry) d¢ dv (14) wiofty = | Tp -~ Cx T Cy

wheree is the Fourier transform of the normal mode figiti Where~y, = kxn} — o — 3 andn,, is the refractive index.
and¢, v are the corresponding Fourier variables. For the re- The facet coating is depicted in Fig. 1(c). It consists of
flected field, we replace with —~. Definingry = vsinfy/2r @ system ofN layers, each with refractive index, and

allows us to rewrite (12) as thicknesst,,, where (p = 1,2,..-,N — 1, N), bounded by
1 semi-infinite mediap = 0,p = N + 1). In the figure, light
i = —5(R(& v)e; (&, (v + 1)/ cosby) is incident from the left and the’ axis is normal to the
cos? 6 . ) : . .
0 facet under consideration. We may write the incident field as a
x hi(&, (v —10)/ cosbo) superposition of plane waves which must satisfy (19) and (20).
— h; (& (v + o) cos o) We employ the vector transfer matrix method [22] described
x ¢ (&, (v — 1g)/ cosbo] - i) /2No. (15) below in order to calculate the reflected field at the facet.

Consider the vectorA(z)-[el (z),el(z),ef(2),el(2)],

herein. Its physical significance may be understood by finghckward-propagating waves. Continuity across the interface
assumingf, to be a small quantity so thabsfy ~ 1 and , _ z, may be imposed as follows:

sinfy =~ 6. If the incident field is at anglé with respect to
the normal to the tilted facet then it will be reflected at an anglé¥p - A(zp —0) = My - A(2, +0),  p=0,1,--- N
—0 [see Fig 1(b)]. The incident field is at an andle 6, to the (22)
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where the transfer matrix is given by The magnetic field may thus be obtained from (29), (32), and
1 1 0 0 (33):
0 0 1 1 h” Co bo er
M, = 22 o= v
e Sa @ emlf] = o)),
a —a ¢ —cl, _ {co bo} [Rm Rm} [ex} (34)
anda = v, + a2 /v,,b = 7, + 3*/7,. Propagation across the ) @ o] LTy Rya ] Ley |
layer (p) is represented by [wrohZ]o = [aey, — Beglo
R R e
A(zp,—1) = D,A(z,) (23) =[-Ba { + “’“’} { “’} . (35)
P P [ ] Ry Ryz | |€y ],

where D, is a diagonal matrix and D, The leftmost layer under consideration is of course nonuni-

oo -1 —11 wi — ; i

dlag[gf”gfh ’SP’%{ | W'thlt.lgp = eXp(tJ’éPLPt)' F;ropagatlon form in the transverse direction because of the laser diode
across ¢ Z ben Ire. mullifayer coated sfructure - may lfgyer structure. In order to simplify computation an average
represented by index is obtained by weighting with the modal intensities, i.e.,

A(0) =M - A(zy) (24) /(n?|E12)/(|E|?). In Appendix B, we provide an accurate
recursion formula for determining by considering the real
where 2-D nonuniform refractive index distribution. The preceding
M =M;' M, DM M, Dy M uniform index approximation is nevertheless a suitable aver-

aging technique [22].

1 -1
My My My (25) For the TE modeg,(0) = 0 and onlye,(0) is an indepen-
Matrices M, have a simple structure dent variable. For the TM mode,,(0) = 0 and only ¢, (0)
is an independent variable. In the following discussions, we
1 0 —¢/A b/A consider only the TE mode since it is by far the more relevant
M-to1|l 0 ¢/A =b/A (26) to laser devices.
P20 1 a/A —c¢/A We use the effective index method to calculate the incident
0 1 —a/A ¢/Al, field E, as follows.
where A = ab — 2 = E2n2. 1) Calculate the effective indices of the center and side part

along the transverse direction (TE mode) using the 1-D
transfer-matrix method (TMM).

2) Calculate the effective index along the lateral direction
(TM mode) using 1-D TMM.

3) Approximate the 2-D mode by the direct product of the

CB(O) :Rmef(O) + Rmyef(()) (27) transverse and lateral fields.

Since there is no field incident from the right,
eB(zn) = eB(zx) = 0. The four output variables of
(24), ¢B(0), efy(o), el (z2n), e} (zn), may be written in terms
of the input variables:% (0), ¢/ (0) as follows:

Z

65(0) = Ryecf(0) + Ryyef(o) (28) We use a sta_ndard FFT to calcul_ate the Fourier transform

of the incident field and apply (15) in order to calculate the
whereR;;(«, /3) is the amplitude reflection or coupling coeffi-multi-mode reflectivities in the space-frequency domain. This
cient for the incident plane wauwg0). The incident magnetic method has greater accuracy and requires no inverse Fourier
fields are related to the incident electric fields by (19) andansformation.

(20), so that The present method resembles previous methods [18]-[20]
—h e bolle in its use of overlap integrals in the spatial frequency domain.
Who Sl B N Il I (29) However, in addition, the present technique takes full account

hy 1, ap co] ey,

of 3-D components of the electromagenetic field. When ap-
The z-components of the fields are not independent variablgdied to an example in [18], the present technique yields results
They may be obtained from the transverse components of thith the same qualitative features as reported in [18], but

fields using Maxwell's equations with quantitative differences which increase with the tilt angle
considered.
ez = (s + Pey)/p (30) | addition, the technique described in this work allows con-
whoh, = aey — fe,. (31) sideration of materials with gain or loss, increasing the range

of applicability of the method to quantitative consideration of

The reflected field at the facet may be written . .
active devices.

er |  |Rex Bzy|lex
L’l = {R I } L } (32) Il. M ULTIMODE REFLECTIVITY FOR A SIMPLE
v-o e T Lo DOUBLE HETEROJUNCTION STRUCTURE
and We now consider the case of a simple and generic double
o] = -1 (ac” + fe) = —_1[a 4] |:Racac ny} {%} heterojunction laser with active layer thickness @i and
S 7/ ) Ryz Ryy||ey], refractive index 3.45Alq2Ga sAs). The cladding of index

(33) 3.33 (Alg37Ga.e3As) is 1.5 um thick under the ridge and
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Fig. 2. Reflectivities versus coating layer thickness for a coating indef 1.7 and a normal facet.

0.2 um to the side. The ridge width is/om and our calculation tive features of the angular dependence (wherein the first-order
extends to a total width 25.0m. mode reaches a pronounced reflectivity minimum at a much
Because of the relatively large lateral effective index dismaller angle than the fundamental mode) are preserved. It
ference (which could be a result of either deliberate desidfclear that the anti-reflection properties desired of the front
or injection-induced perturbations), this structure admits thréacet of a laser may be obtained using the quarter-wave
lateral modes. The reflectivity of each mode is given in Fig. goating of Fig. 3(c) while simultaneously rejecting much more
as a function of coating thickness for a coating of refractivgirongly the first-order mode. By enabling further explorations
indexn ; = 1.7. The reflectivity calculated using a 2-D mode®f the facet tilt angle and coating thickness, our model permits
is also shown for comparison. We see that the 3-D reflectivirge design of a laser with suitably low fundamental mode
of the fundamental mode is close to that obtained from 2-fjreshold, high front-facet output efficiency, and strongly
calculation, but that the curves are shifted slightly down and tgiécted first-order mode. The fact that the angular positions
the left. The 3-D reflectivity method yields a minimum in th&f the modal reflectivity minima are relatively insensitive
fundamental mode reflectivity closer &/4n; than the 2-D to coating properties implies relaxed process tolerances and

method. Moreover, only the 3-D method permits calculatiort’{";lCtICaI fabnca:]l_on. e d hat the reflectiv
of the reflectivities of the higher order lateral modes, which n summary, this example demonstrates that the reflectivity

are seen to exhibit greater reflectivities than the fundamenll t?e Erstt-ordeorjamgdss _mﬁy be t_strongl¥ s_ulp przstshgdkfor tlt
mode everywhere but in the small range for which the coatifg J €S between'iand 5 1t the coaling material and thickness
thicknesst is close to 0.14:m (the minimum point) are properly selected in accordance with the properties of the
) s ) — e .\{vaveguide. At such small angles, the fundamental mode still
Fig. 3 gives the modal reflectivities as a function of the til

. . : experiences a sufficient reflectivity for the laser to exhibit ac-
angle of the coated facet (coating thickness Qufrfdand index le threshol . ical
1.7). Plotting on a logarithmic scale [Fig. 3(b)] better reveaFeptab e threshold current and improved optical power output

. . L €a%ue to the use of the tilted facet.
the behavior of the reflectivities around the minimum points.

The angular range within the first period is of greatest practical IV. QUALITATIVE DiSCUSSION
interest since the fundamental mode reflectivity is sufficient AND PHYSICAL GENERALIZATION

for lasing only in this range. At an angle of aboutl.&e  hijle it is necessary to employ full 3-D analysis in order
reflectivity of the first-order mode has a local minimum poinlg gptain quantitative solutions to the problem of modal
and is greatly suppressed relative to that of the fundamenfigfiectivity from a tilted, coated facet, a qualitative analysis
mode. We discuss qualitatively the physical reasons for this the results reported in Section Ill reveals that the heuristic
behavior in Section IV. features of these results are much more general than the
The effect of a moderate change in coating layer thicknesgecific case considered.
is highlighted by comparing Fig. 3(b) (0.1@m-thick coating)  Conceptually, the modal reflectivity is related to the ex-
and Fig. 3(c) (0.14:m-thick coating). While the absolutetent to which the components of the momentum present in
value of the reflectivity is altered, the angular position of ththe incident field are coupled back into the corresponding
first reflectivity minimum changes only slightly. The qualitabackward-propagating mode. In the small-angle approxima-
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Fig. 3. Reflectivities of the various modes versus tilt angle of the coated facet for a coating of thicknegsn0A4id refractive index 1.7 using (a)
linear and (b) logarithmic scales.

tion, the transverse momentum and the angle of the wafiest-, and second-order modes. Associated with the field in the

vector to the waveguide axis are proportional. The effect obre are two symmetrical peaks (with strongly attenuated side-

introducing a tilt to the facet is to shift the angular distributiofobes) centered about transverse momégtand —k,. (where

of the reflected field relative to that of the incident field inhe termk, appears in the spatial field distribution of the core,

direct proportion to the tilt angle. e.g., cos(k,z) for even modes). For the fundamental lateral
A first step in understanding reflectivities of different modesiode, the spacing between these peaks, is comparable to

is therefore to consider their transverse momentum distdr less than the width of the peakAfk,. This occurs because

butions. In Fig. 4, we represent schematically the Fouridlte widths of the individual peaks are givenby/w (wherew

transforms of the lateral field distributions of the fundamentdt the width of waveguide core), whereas for the fundamental
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Fig. 3. (Continued.)(c) Reflectivities of the various modes versus tilt angle of the coated facet for a coating of thicknegsn0ah@ refractive index 1.7.
In (c), the effect of increasing the coating to a thickness of Q. while retaining the same refractive index is shown for comparison.

mode, boundary conditions necessitate that < 7/w forthe the fundamental mode decreases more rapidly with increasing
case of weak guiding. As a result, the sum of the contributioasgle than do the higher order modes is also a consequence
from the left-going and right-going transverse momentuwf the smaller average momentum of the fundamental mode.
components is a single peak which is broader than either Tie periodic oscillations in the fundamental mode reflectivity
the contributing peaks. In contrast, for higher order modes,a result of the periodicity of the sidelobes of its momentum
the peak spacing exceeds the momentum uncertainty in thstribution, while the slow initial decrease in fundamental
principal peaks, and distinct, narrower principal peaks appegapde reflectivity with increasing angle occurs because of the

in the total momentum distribution. greater breadth of the central lobe.

With these observations regarding the transverse momentum
distribution of the various modes, we may proceed to estimate V. MODAL REFLECTIVITY FROM A TILTED
their reflectivities for different facet tilts. As argued above, COATED FACET FOR A 980-nm RWER LASER

tilting the facet is equivalent to imparting a shift in the \ye now turn to a discussion of modal reflectivities for a real
transverse momentum distribution of the reflected relative &uble-quantum-well 980-nm InGaAs—GaAs—AlGaAs power
the incident field. We illustrate this process for an untiltefiser originally designed for use with untilted facets to see how
facet in Fig. 5 in which we show the fundamental and firsty ,cn improvement in mode selectivity may be obtained by
order momentum distributions and associated shifts requirgging the mirrors. The structure, shown in Fig. 6, consists of
to reach the first reflectivity minima. The shift in transversg,  ,Gg, As wells bounded by GaAs which is in turn clad by
momentum associated with the facet tilt is such that thgyers of Al ,Ga, sAs and Al 3;Ga soAs. The ridge width is
product of the incident and reflected (shifted) momentum,m. The design values of front and back facet reflectivities
distributions have equal areas on either side of the vertical a¥ige 0.03 and 0.91.
The resulting overlap integral evaluates to zero and the firstThe reflectivities seen by the fundamental and first-order
reflectivity minimum is obtained. Because the first-order mogfiodes from a coated, tilted facet are shown as a function of tilt
is characterized by two distinct peaks which are narrowghgle for coating thicknesses for 0.10, 0.14, and QuiBwith
than the single peak of the fundamental mode, a smaller skiff index of 1.7, and for 0.14m with an index of 1.8 in Fig. 7.
is required, and the first-order mode reaches a reflectivityie first-order mode reflectivity reaches its first minimum at
minimum more rapidly and at a smaller angle. This accourgpproximately 1.2irrespective of coating thickness. The angle
for the technologically important prospect of discriminatingorresponding to the first local minimum reflectivity of the
against the first-order mode while maintaining an acceptalfiest-order mode is less than in the preceding case because of
fundamental mode reflectivity. the weaker lateral index guiding provided by this structure. If
The remaining qualitative features of Fig. 3(b) may bdesired, the laser waveguiding structure could be modified to
understood by similar reasoning. The fact that the envelopealfange the minimum first-order mode reflectivity angle.
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VI. CONCLUSION

By subjecting a specific laser waveguide structure to analy-
sis using our 3-D modal reflectivity model, we have obtained
a number of results which are more general than the case
considered. We have seen that the first-order mode exhibits
a reflectivity minimum at a smaller angle than that of the
fundamental mode, and that with the selection of a suitable
coating and facet tilt, the undesired first-order mode may
be strongly rejected. This may be achieved at a sufficiently
small tilt angle that there is an acceptably small increase in
threshold and decrease in differential quantum efficiency for
the fundamental mode. We have further demonstrated that the
optimum tilt angle is determined much more strongly by the
first order structure of the waveguide than by the coating thickness and
refractive index. Given the excellent degree of epitaxial control
~ of the vertical layer structure of laser waveguides, the use of
a tilted facet has the potential to be a highly effective and
practical way of suppressing higher order modes and achieving
improved laser far-field stability and power output.

Jfundamental

APPENDIX A
THE DERIVATION OF THE GENERALIZED DIVERGENCE,
ORTHOGONALITY, AND PARSEVAL'S FORMULAS

second order We start with the complex Maxwell's equations for any
medium:

\/ VX E=—jwuH (A1)

V x H = jweE (A2)

and consider two different solutions labeled 1 and 2. We form
the dot products oH 5 with (A1) with label 1, and off; with
(A2) with the label 2, subtract the results, and obtain
) . ) ) V-(El><H2):—jw(El-e-Eg—i—HQ-u-Hl). (A3)

The Iargest ratiaft /1Y, of ab_out 10 is achieved using a Now we exchange the labels 1 and 2 in (A3) and subtract the
coating thickness of 0.16m. This corresponds to a threefold :
) . - result from (A3) to obtain
increase in mirror loss over that of the fundamental mode.
Because the fundamental mode reflectivity is equal to 0.007 in V. (Ey x Hy) =V - (Ey x Hy)
the case considered, the laser would exhibit a somewhat higher =—jw(Hy - p-H —Hy - pu-Hy
threshold; however, its far field would exhibit much greater S -
stability than a laser with normal facets. Also, device length & © By =By -e- Bu). _ (AAT)
and even parameters can be adjusted to ensure the fundaméhtaland ¢ are symmetric tensors, then the right-hand side of
mode’s loss thereby, threshold be at the desired value. E\ibga above equation is zero. We have
when we factor in an angular uncertainty-50.3" due to mask V.(E,x Hy— E; x Hy) =0. (A5)

alignment tolerances, the reflectivity ratio may still exceet| 10 , o )
corresponding to a mirror loss ratio about 2. In general, for semiconductor materialjs a constant andis

The reflectivity ratioR, /R, at the first-order mode min- a scalar (general_ly complex) in_ the isotropic case, or a vector
imum reflectivity angle is shown in Fig. 8 as a function of? the nonisotropic case. Equation (A5) holds for both lossless

coating thickness for three choices of refractive index. THBedIa and gain/loss media, the second of which we consider

strongest suppression of the first-order mode is obtained {Brthis work. _ _
ns = 1.9 andt; ~ 0.143um. The optimum tilt angle of 14 'Equat|on (A5) is often derived (see, e.g., [21]) by starting
is a consequence of the waveguide structure; associated WiEH
a more strongly confining waveguide would be a larger tilt
angle. For a buried heterostructure laser with the same lateral V. (E1xH;-E;xH)=0 (A6)
dimension, the optimum tilt angle would be about 3

Lasers with very low facet reflectivities suffer from in-(where * denotes complex conjugate) which holds only for
creased sensitivity to external optical feedback. The precedingsless media, and replacing field 2 in (A6) with its time-
technique is equally applicable to the design of a device withversed field. This technique is not applicable to a medium
tilted, coated facets whose reflectivity at normal incidence vgith gain or loss, and the preceding derivation is therefore
greater than that considered in this example. needed for the case of laser diode.

-
-

Xk 0

~y

Fig. 4. Momentum-space representations of transverse modes.
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Fig. 5. Generation of the first reflectivity minima for (a) the fundamental modes and (b) the first-order modes. The shift in transverse momenteoh associa
with the facet tilt is such that the product of the incident and reflected (shifted) momentum distributions have equal areas on either side @fl thw@svertic

The resulting overlap integral evaluates to zero and the first reflectivity minimum is obtained. Because the first-order mode is characterizestibgttwo di
peaks which are narrower than the single peak of the fundamental mode, a smaller shift is required and the first-order mode reaches a reflectivity minimu

more rapidly and at a smaller angle. The first-order mode may be prevented

It is well known that the modes in gain medium waveguidas

from lasing while the fundamental mode retains an acceptably low threshold.

can be seen using a limiting procedure from discrete modes

are not mutually orthogonal, but there does exist a generalizedcontinuous modes. The terms remaining after integration
orthogonality relation between forward and backward normhécome (8) due t@, # /..

modes considered in the text [see (8)]. To prove this, weTo prove (12) (the generalized Parseval's formula that
assume that we have backward mode 1 and forward modec®nverts the integral in the spatial domain to an integral in

(A7a) fre

(A7h)

E, =E,(z,y)exp(jfyz)
By =E,(z,y) exp(=jBuz).
Substituting to (A5), we obtain

Vi (E,xH,+H, xE,)
— j(ﬁﬂ — /jy)(EtV X Ht,, — Ht,, X Et#) =0. (A8)

Here, we have separated the transvétsand the longitudinal

(#) components and used the transverse del operstor
Integrating (A8) over a cross section = const of the
waveguide and applying the divergence theorem to the first
term, we obtain

/ / da:dth-g:/dsg-et:()

whereg = (E, xH,+H, xE,), and the line integral extends
over an infinitely large curve enclosing the waveguide, with
¢; being a unit vector perpendicular to that curve. This line
integral vanishes if at least one of the two modes is a guide
mode with fields decaying exponentially toward infinity. The

(A9)

quency domain), we may consider 1-D scalar case without

loss of generality.

:/ dx / dy’ e;?(//) i 2mp'
i /oo du// hi(u//)e—jQﬂ'u”ac

= / / dp’ dp” e (' Yhi(p”)
./Oo dy =327 +1")z
| it d

/.

/

dul du// C;(I/L/)hz(u//)é(u +u//)

r(pe;(mhi)p) dp (A10)

integral also vanishes when both modes are radiation modebkgeree, h are the Fourier transform of, H.
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Fig. 6. 980-nm power laser structure.
APPENDIX B (j| and applying (B4) and the generalized transfer matrix,
RECURSIVE FORMULA FOR ACCURATE we obtain

CALCULATION OF MODAL REFLECTIVITY

. . (& c mi1 Mo e
In the calculation of the reflected field, we used an approx- |p, = | Pe T my mg Poiie (B6)
imate equivalent constant index for the 2-D index distribution Zo Zo Zn

of the waveguide. We may obtain the modal reflectivity mofgherem,; is matrix element of the transfer matrix. The above
accurately by extending the method described in [13] to th&pression may be rewritten as follows:

3-D case.

The zeroth layer of Fig. 1(c), being the laser waveguide e; —i—e]R =(my1 + mi2Pry1)en; = Aen;  (B7)
structure, has a nonuniform refractive index Pyle; — €)) = (ma1 +mpPrii)en; = Be,;  (BS)
n(z,y) =n+ An(z,y) (B1)

where the subscript, denotes interfacex, and e;, ¢} are

where 77 is an equivalent or average constant index ar@cident and reflected fields at interface 0. It will be seen
An(z,y) is the deviation from this value. In Fourier spaceshortly that an expression fon;; is not required since this

at interface 0, we may write quantity does not enter into the final computation.
. . . If £ is a constant thee}; may be obtained by solution of
> el +efliy = el (B2) (B7) and (B8):
J J
a1 ~1py-1/pg-1 -1y, _
D hald) + Bl = 3 huil) B3 G =ATHBTRTET L = A e = Rey - (B9)
_ ! o ! where R, is the amplitude reflection coefficient matrix for the
wherej is the Fourier index. It follows from (29) that plane wave incident on the coating. One way of calculating it
_ is to use the generalized transfer matrix method (25).
ha co bolles ey ] T ) .
who | =1, =P (B4) If P, is not constant, then multiplying (B3) k| and using
¥ Jo 0 Co[Cy]g ¥ lo

the identityX;/|5/)(j'| = 1, we obtain
We definee = [ez,¢,]t and b = [-hg,, hy]*. From the o
expressions foty, ag, and by, we may rewriteP, as follows: Z(ﬂpo + APz, y)|i" ) (e — e)]5")
JE— ]/
Ph=P AFy(x B5 —

- b= Lot ARGy (59) — Puoles - &) + Y GIAR .l )(e) - )
where Py is constant whileAFy(x,y) is a function of I
An(xz,y) as seen shortly. Projecting (B2) and (B3) onto = Be,;. (B10)
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Fig. 7. Reflectivities of the fundamental and first-order modes as a function of tilt angle for a refractive index of 1.7 and coating layer thicknesses (a
0.10, (b) 0.14, (c) 0.18&m and an index of 1.8 for thickness (d) 0.}4n.

10° . : : . We obtain, therefore,

n=1.7
""""""" n~=1.8

e; +e; =Ae,; (Bll)
T Pole; —€)) + Z APy (ey —e)) =Bey;. (B12)
From (B11) and (812;, we may solve fef;
el =(A™' + B~ Py)H(B Py — ATHE;

<" + (AT + BT Po) T BTN Y D AP (e — €))
P, '
=Rje; + (B + D)=~ ) ARy (ey — )
: (B13)
%00 012 014 016 0.18 020 wherel is the identity matrix and we have used the identity

) -1 15 \-1/p-17 -1
. iy . _ , R;+1=(A"'+B'Py) " {(B~*Py — A7Y)
Fig. 8. Minimum modal reflectivity ratioR; /R, as a function of coating _1 155 vl g1 1=
layer thickness for refractive indices of 1.7, 1.8, and 1.9. + (AT +B Py (AT + B Py)

=(A™' + B™'Py)"'B2P, (B14)
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o(i-2)
To To

APy = 1 1
To —To+ aa(— - _—)
To To

1 1

om0+ 98- =)
T 70
=
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(B19)

0
)
"0

aﬁ<i _
To

whereR; is the amplitude reflection matrix obtained assuming
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a constant refractive index in the Oth layer. From (B13), it may The authors wish to thank K. Lee and R. Gordon for their

be seen that the reflected field only depends”ynP, and
APy;;, and not on the matrix elememt;;.

We may now calculate the reflected field iteratively as
follows:

1) Zeroth-order approximation: (1]

¢/ = Rye;. (B15)

. 2
2) Zeroth-order correction: 4

Ae;(o) = (R;+D)(Py"/2) ZAPOM,(I—R)ej/. (B16) g
j/

3) ith-order correction obtained from tHél)th-order cor-
rection:

A = AeO — (R+1)(Py " /2)

ST APRypAeTY i=1,2,0 (B1T)
j/

ConsiderPy, Py = Py + APy,

(4]

(5]

(6]

af _ 83
> o Tot - [7]
Py = "o oo, (B18)
To+— To+—
To To [8]

and (B19), shown at the top of the page, where
9]

7o =ko 2 — o2 —/32
ro =koy/n(x,y)? — a2 — 32 [10]
_ koAn(z,y)7
o =
n?—a? -4 [11]
and (12]
1 1 kgtAn(zy)m
o 7o (n2 — a2 — B2)3/2 13

where «, 3 are the normalized space frequency variables
&X,vA. The dominant term\ Py, in the recursive formula is [14]

APy = / APy (€, v,z y)el2ree 1) [15]

i€ ey g, dy
:6P0(£7V7£/ - 571/ - V)

whereé F is the Fourier transform ah 7. It should be noted [17]
that P, andA P, are functions of the space frequency variables
(&,v). Itis therefore necessary to calculatéthe number of 2-
D sample points) Fourier transforms AfF,, which represents
an onerous computational effort. If the zeroth-order correctidtf]
is not sufficiently accurate, the preceding equations make it
possible to calculate\ Fy;;» in a parallel manner.

B20) 1
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