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Gain-Coupled DFB Lasers Versus Index-Coupled and
Phase-Shifted DFB Lasers: A Comparison Based on
Spatial Hole Burning Corrected Yield

Klaus David, Geert Morthier, Patrick Vankwikelberge, Roel G. Baets, Member, IEEE,
Thomas Wolf, and Bernd Borchert

Abstract—A statistical yield analysis is presented for gain- and
index-coupled DFB laser structures, allowing a comparison of
their single longitudinal mode (SLM) yield capabilities. For the
yield calculations, we take into account the threshold gain dif-
ference A gL and the longitudional spatial hole burning (SHB).

By comparing the experimental and theoretical yield of in-
dex-coupled DFB lasers, the significance of spatial hole burning
for correct yield predictions is illustrated. For the purpose of
comparison, yield calculations for various \ /4-shifted DFB la-
sers (with low facet reflectivities) are presented in a novel way.
The most emphasis, however, is on partly gain-coupled DFB
lasers. First, estimations of practical Kgain (22in coupling coef-
ficient) values for gain and for loss gratings are discussed. Then,
for low facet reflectivities, the spatial hole burning corrected
yield for various «y,, and k4. (index-coupling coefficient)
combinations is given. Results for cleaved facets are also pre-
sented. In both cases, a large increase of the spatial hole burn-
ing corrected yield has been found. For all structures, design
criteria for the optimization of the spatial hole burning cor-
rected yield are discussed.

I. INTRODUCTION

DVANCED optical communication systems, espe-

cially coherent systems, require stable single-mode
lasers with low linewidth [1]. Favorite candidates are DFB
lasers. One problem of perfectly AR-coated index-cou-
pled DFB lasers is the degeneracy into two modes, sym-
metric to the Bragg frequency [2]. One solution to this
problem is the use of non-AR-coated facets. This, how-
ever, causes a yield problem associated with the uncer-
tainty of the facet phases [3]. Another solution is the in-
troduction of a \ /4 phase shift. For perfect AR coatings,
these lasers show a high yield, which deteriorates rapidly,
however, for reflectivities of only a few percent [4]. An-
other drawback is the high spatial hole burning (SHB)
caused by the phase shift [5]. This can be reduced by
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modulation of the stripe width [6] or multiple phase shifts.
The latter type of laser has been extensively studied for
various facet reflectivities and positions of the phase shifts
in [4].

An alternative approach is the introduction of gain cou-
pling (induced by a gain grating), which has recently been
realized experimentally [7], [8]. Purely gain-coupled la-
sers were treated theoretically in [2] where it was shown
that they have one lasing mode exactly at the Bragg fre-
quency (for AR-coated facets), thereby solving the de-
generacy problem. In [9], [10], various degrees of gain
coupling have been examined. It is shown there that even
a small degree of gain coupling enhances the performance
considerably in terms of threshold gain difference and re-
moves the degeneracy of an AR-coated DFB laser. More-
over, a complete elimination of spatial hole burning is
possible [10]. For non-AR-coated devices, investigations
of yield (with no account taken of spatial hole burning)
have been published [11], [12] and show a relevant im-
provement in yield, even for small amounts of gain cou-
pling. First results of spatial hole burning (SHB) cor-
rected yield of partly gain-coupled DFB lasers have been
given in [13] and will be extended here. In addition, first
experimental [14] and theoretical [13] results show a po-
tential for lower feedback sensitivity compared to other
DFB lasers.

The consideration of spatial hole burning is important
because this nonlinearity has a strong effect on various
performance aspects of DFB lasers. It has been found both
experimentally [5] and theoretically [15] that lasers can
become multimoded at low or moderate power levels due
to strong spatial hole burning. Moreover, it can give rise
to a less flat FM response [16], an increased linewidth
[17], and nonlinearities of the P~/ curve. The latter prop-
erty is crucial in analog systems where low harmonic dis-
tortion is desired [18]. This means that spatial hole burn-
ing corrected yield gives information of the percentage of
lasers with, e.g., low harmonic distortions and not only
of the SLM yield.

This paper is organized as follows. Section II presents
the basics of the used laser model. Section III illustrates
the importance of spatial hole burning for correct yield
predictions by comparing experimental to modeled yield

0018-9197/91/0600-1714$01.00 © 1991 IEEE



DAVID et al.: GAIN-COUPLED VERSUS INDEX-COUPLED DFB LASERS

for index-coupled DFB lasers. SHB corrected yield is
given in Section IV for phase-shifted DFB lasers, and in
Section V for partly gain-coupled DFB lasers. The section
about gain coupling includes a discussion of complex
coupling coefficients. Finally, the conclusions are sum-
marized in Section VI.

II. THE MODEL

We present here the threshold analysis method which
has been used in our yield calculations and which is based
on our laser model CLADISS [15], [16].

In most DFB lasers, only the lowest order TE mode
will reach threshold. The forward (+) and backward (—)
propagating parts of the lateral electrical laser field of this
considered TE mode consist of several longitudinal modes
(with mode number m) and can be written as

Ef(x,y,z,1) = Re {*ﬁ(x, Y X EL@ e"(“””"‘*“)}

E;(x,y,z,0) = Re {@(x, y) 2ELQ ej(wmuﬂbz)}

1)

with 8, = w/A for a first-order grating. For all longitu-
dinal modes, the same transverse/lateral field distribution
& (x, y) is used, which is assumed to be independent of
time and of axial position z. The lasing frequency of the
mth mode is represented by w,,. The complex amplitudes
E; and E,, satisfy the following coupled-mode equa-
tions:

dE, | . R
d—Z +]A6mEr: =]beEm
dE, | . -
& + jABWE,, = jxyEn. (2)

Ky is the coupling coefficient that couples the backward
into the forward wave, and it is given by

be = _ngain eje + Kindex+ (33)
Kysis the coupling coefficient that couples the forward into
the backward wave, and it is then given by

Kpr = —ngain e_je + Kindex- (3b)
O defines the phase between the gain and index grating
(see Section V-A). kjqex can be chosen to be real, without
loss of generality, by choosing the location of the origin
of the z axis. Then kg, and Ky, are real numbers rep-
resentative of the coupling coefficient of the gain and in-
dex grating, respectively. It can easily be verified [9] that
for the index grating,

(3o)

P
Kep = Ko
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and for the gain grating,
(3d)

In addition, the following boundary conditions are satis-
fied:

Kﬂ, = '—KZ}.

E. (0 = p,E, (0

En (L) = pEy (L) e¥7P. @
Furthermore, we have
AB,, = 2mn,/\ — B, + TAy — 0.5ja;y 5)
with Ay = 27 /N(An, + jAn) = Ay, +jAy; (©)
Ay, = —apa(NN
Avy; = a(MN — b(N).

All parameters in the above formulas are explained in
Table 1. The choice of the origin of the z axis is shown in
Fig. 1(a); it is taken at the top of the grating. The dis-
placement between the facet and the reference plane at 2
= 0 and z = L is accounted for in the phases of the re-
flection coefficients p; and p,. The amplitude reflectivity
can be written as p;/, = pro/r0 €XP (=j2mA;,/A), in
which p;/, are the facet reflectivities (at the left and right
facet) and the phasor expresses the phase between the
grating and facet; see Fig. 1(a).

The terms An, and An; represent the variations of the
real and imaginary parts of the active layer refractive in-
dex due to changes of the carrier density. This carrier den-
sity N is given by the following subthreshold static rate
equation, in which the longitudinal diffusion term has been
neglected because the diffusion length is usually short
compared to the axial variations (see again Table I):

nJ N
L= 4
gd T

The amplitude and phase resonances are defined as fol-
lows. The laser cavity is divided into two parts, as shown
in Fig. 1(b), which can then be replaced by effective re-
flectivities, p, for the left part and pg for the right part,
respectively. Those reflectivities depend on the frequency
w,, and the applied current /. Using the complex roundtrip
gain p; pg, the phase and amplitude resonance conditions
become

BN?* + CN°. 0

pL(wmv I) pR(wm! 1) -1=0. (8)

In this way, the threshold analysis reduces to the search
of the 100ts (W, m, In. m) Of the above equation. The couple
with the lowest threshold current I, , defines the laser
threshold. The reflection coefficients p; and pp are cal-
culated by means of the propagator matrices of the left
and right parts of the cavity.

CLADISS solves (8) by means of a two-step procedure.
In the first step, a scanning procedure over a sufficiently
wide frequency window is combined with a bisection al-
gorithm for the currents. For each root found with the
bisection procedure, CLADISS activates a Newton-
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TABLE 1

Parameter Typical Value

Ay, 6 Linewidth enhancement factor

Qi (um™) 50 - 107"  Internal waveguide losses

B (um’/s) 100 Bimolecular recombination

C (um®/s) 20 - 107 Auger recombination

d (pm) 0.12 Active layer thickness

N (um~3) Carrier density

hy (eV) Photon energy related to A

2wA /A [—m, 7] Phase between grating and facet at
left facet

27A, /A [—7, 7] Phase between grating and facet at
right facet

T 0.5 Power confinement factor in active
layer

Kindex (cm™") Coupling coefficient for index
coupling

Kgain (cm™") Coupling coefficient for gain
coupling

L (um) +300 Laser length

A (pm) Wavelength of the lasing mode

A (pm) 0.2413 Grating period

n, 3.25 Unperturbed effective refractive
index

n 0.8 Current injection efficiency

q ©) 1.6 - 107" Electron charge

T (s) 5.0 - 107°  Carrier lifetime

0 Field reflectivity at left facet

o, Field reflectivity at right facet

Gain = a(AN)N — b(N) (um=1)
a(N) = 0.88 107° (h» — 0.752°°7 (um?)

with
b(N) = 1.63.22 (hv — 0.668)*™*  (um™")
fnc\‘et reference reference u{e'
\
plo § P pr E pro
Gio Jum
: N
N oz N z
S o A L-a \/ L S
A B < N

=)
o

Pr=pioexp(-j2nA/A) Pr=proexp(§2nA/A)

p“< >9R

(b)
Fig. 1. (a) Phases between grating and facets. (b) Division of the laser
cavity into two parts for the calculation of the roundtrip gain.

Raphson algorithm. This second step allows a more ac-
curate determination of the modal thresholds and wave-
lengths. In addition, by dividing the laser cavity into many
small segments and propagating a field of arbitrary
strength from segment to segment by using propagator
matrices, the longitudinal power profile along the laser
cavity is obtained. We express the spatial hole burning as
an f number, that is, the ratio of minimum to maximum
optical power density along the cavity. f = 1 means zero
spatial hole burning, and smaller values imply a more in-
homogeneous distribution [4]. For a yield calculation of
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one laser, we take into account 16 - 16 facet phase com-
binations.

III. PureLY INDEX-CouPLED DFB LASERS

In this section, we present experimental and theoretical
yield data. A comparison of both illustrates the impor-
tance of spatial hole burning for yield calculations.

The experimental data are obtained from ridge-wave-
guide DFB lasers with cleaved facets and a first-order
grating in the InP substrate emitting at 1.55 um [19]. The
grating is fabricated by conventional holographic expo-
sure and wet chemical etching, resulting in corrugation
depths of typically 120 nm. In a single-step LPE process,
the grating is overgrown with a quaternary layer, fol-
lowed by an InP layer, the active, anti-meltback, etch-
stopping, ridge, and contact layers. Devices are fabri-
cated using standard techniques [20].

After overgrowth, the corrugation depth is typically 30-
50 nm as measured from SEM micrographs. Since con-
trolled variation of the corrugation depth is very difficult
in LPE growth, control of the coupling constant is
achieved by the composition (A, = 1.12 or 1.2 um), the
thickness (d = 0.1-0.3 um) of the quaternary overgrowth
layer, and the thickness of the InP layer below the active
layer (d = 0-0.15 pm). The coupling constant « is eval-
uated according to [21] for a sinusoidal first-order grating:

TA nFindexcorrugalion

K= 3N . C)]
An is the difference in refractive index between the over-
growth layer (n(Q, 1,) = 3.29 or n(Q,,) = 3.34) and InP
(n = 3.17). Tindexcorrugation 1s calculated by a standard slab-
waveguide model as the transverse confinement factor in
a layer with a thickness corresponding to the grating depth
and with a refractive index of (n(InP) + n(Q))/2.

The experimental yield is defined as the percentage of
devices which show a stable single-mode emission (at
least 20 dB SMSR, typically more than 30 dB SMSR) at
an approximate output power of 5 mW. Since LPE growth
inevitably produces local defects, which prevents devices
located there from correct operation, all lasers with
threshold currents above 100 mA or differential efficien-
cies below 0.02 W /A per mirror are omitted from the
statistics. Typically, about 50 devices are taken into ac-
count for each «L value. The comparison of the experi-
mental yield to the conventional theoretical yield shows a
large discrepancy for higher kL values, as seen in Fig.
2(a). The calculation of conventional yield is performed
for a number of facet phases, and the yield is defined as
the percentage of cases where the threshold gain differ-
ence AgL exceeds a given value, as in [3]. To find an
explanation for this discrepancy, we will look more
closely at the theoretical calculations.

Fig. 3(a) shows the modeling result for k.. = 1 and both
facets cleaved. In addition to the conventional yield curve
(the f = 0 curve), SHB corrected yield curves are also
given (f = 0.2, 0.4, 0.6, and 0.8, which is in order of
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Fig. 2. (a) The comparison between experimental and theoretical yield (not
SHB, f = 0) shows a large discrepancy for larger «L values. (b) SHB cor-
rected yield calculations for five different amounts of spatial hole burning
(f = 0 corresponds to the conventional, uncorrelated yield), all for AgL
= 0.05.

decreasing spatial hole burning). In general, no simple
relation between f and AgL is found. Fig. 3(b) and (c¢)
give the yield curves for kL = 1.5 and 3, respectively.
The three conventional yield curves agree very well with
other published theoretical results (e.g., [3]). If low spa-
tial hole burning is required, a significant reduction of the
yield can be observed.

As a critical value for single-mode operation, AgL =
0.05 is sometimes used in the literature; see [4], [5]. A
summary of the yield for AgL = 0.05 and 5 f numbers is
given in Fig. 2(b). According to the conventional yield
curve, it would be advantageous to increase L, until for
very high kL values, the yield drops [3]. By considering
spatial hole burning, the situation is quite different, and
smaller kL values become favorable, as seen in Fig. 2(b).
Indeed, these SHB corrected yield curves give a good pre-
diction of the experimentally observed trend; compare to
Fig. 2(a). For kL values larger than about 1.6, the f =
0.3 curve gives a good fit with the experimental data. For
smaller kL values, it predicts a slightly too small yield.
This is due to the fact that for smaller kL values, spatial
hole burning becomes less and less important for the per-
formance of the laser, until for xL = O (Fabry-Perot), it
has no influence anymore. This can also be observed in
Fig. 2(b) because the difference between the conventional
yield curve and the SHB corrected yield curves decreases
with decreasing «L. For the first two experimental points
in Fig. 2(a), the f = 0.2 curve should therefore give the
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Fig. 3. Yield of index-coupled DFB with both facets cleaved (32% reflec-
tivity). (a)-(c): kL = 1, 2, and 3, respectively.

1

agl 2

correct yield. The slight deviation can be attributed to the
inaccuracies of the experimental «L values.

In summary, by taking spatial hole burning (SHB) into
account, the discrepancy between experiment and theory
can be explained, and correct trends of the yield can be
obtained theoretically.

One simple method to improve the relatively poor yield
of the former lasers is the application of an AR coating
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Fig. 4. Yield of index-coupled DFB with xL = 1.5 and one facet with 1%
reflectivity. (a) Reflectivity of the other facet is 32%, (b) 81%.

and/or a high-reflectivity coating. This has been shown in
[22] with conventional yield calculations. In [23], AR-
coated/cleaved DFB lasers have been analyzed taking
SHB into account. As can be seen in Fig. 4(a), a relevant
improvement for AgL results by applying one AR coat-
ing. Even further improvement of AgL can be obtained
by increasing the reflectivity of the cleaved facet (see also
[4]); compare Fig. 4(a) and (b). A similar laser as in Fig.
4(b) has already been studied both experimentally and
theoretically in [24]. There, an experimental yield of 53 %

is reported, which is lower than their theoretical predic-

tion. In [24], the reason for this difference was unknown.

It can be understood by a closer look at Fig. 4(b). For f
= 0.2 and AgL = 0.05, the calculated yield gives a good

prediction of the experimental yield, and it is consider-
ably smaller than the conventional theoretical yield. For
still higher reflectivities, the laser becomes similar to a

folded A\ /4-shifted DFB, which leads us to the next sec-
tion.

IV. PHASE-SHIFTED DFB LASER
The N /4-shifted DFB laser with the lowest spatial hole
burning has been found to have a «L of 1.25 (for perfect
AR coatings!) as reported by Soda [5]. Our yield calcu-
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Fig. 5. Yield of A /4-shifted DFB with kL = 1.25. The reflectivity at both
facets is 3, 1, and 0.1% for (a)-(c), respectively. (d) SHB corrected yield
of \/4-shifted DFB for AgL = 0.3 and 1% facet reflectivity at both facets.
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lation for this optimized A /4-shifted DFB laser with 3, 1
and 0.1% reflectivity is shown in Fig. 5(a)-(c) (see also
[4]). Notice the relevant improvement of the SHB cor-
rected yield in comparison to the former lasers. In addi-
tion, the improvement of yield, especially in terms of spa-
tial hole burning reduction, can be seen for reduced facet
reflectivities (see [4]). But even for 0% reflectivity, the f
number cannot be improved above about 0.7. For appli-
cations where higher f numbers are necessary, multiple-
phase-shifted DFB lasers of corrugation pitch-modulated
DFB lasers can be a solution [4]. For a further comparison
to partly gain-coupled DFB lasers (see Section V-B), we
also present the SHB corrected yield for AgL = 0.3 as a
function of «L; see Fig. 5(d). It can be seen that for f =
0.2-0.3, the optimum becomes «L = 1.9 rather than 1.25.
This shows the usefulness of a representation as in Fig.
5(a)-(c) because for a wide variety of different criteria
(concerning fand AgL), the yield can be seen.

V. PARTLY GAIN-CoupPLED DFB LASERS
A. Complex Coupling Coefficient

Before we examine the yield of this type of laser, we
will first discuss gain gratings. Basically, two possibilities
exist for realizing a gain grating: a periodic gain variation
(with the problem that «g,;, depends on the injection level)
or an absorption grating, meaning a periodic loss varia-
tion along the laser cavity (with the advantage of an in-
jection level independent k,,;,, but with the disadvantage
of higher average losses). The following SHB corrected
yield calculations (Section V-B and V-C) are valid for both
types. Both gratings have been realized, and more details
about them can be found in [8], [12]. In [8], an experi-
mental kg, of about 40 /cm with almost pure gain cou-
pling is reported. This is achieved by a grating between
two cladding layers defining a second grating at the fol-
lowing active layer interface. This second grating causes
a periodic modulation of the confinement factor, and
therefore of the gain. The contribution to «;,4. Of the two
gratings cancels because of an appropriate phase between
both.

To get a feeling of how to realize kg, values, we will
first briefly review the calculation of «;,4.., and then, based
on this, estimates for «,;, are given and a new possibility
for enhancing the «g,;, values is presented. The deviation
of the coupled-mode equations for a slab waveguide with
grating perturbation gives the well-known result for k4.,
[211:

kg
Kindex = 55
23 index corrugation

where ko = 27 /N is the free-space wavenumber, £(X) is
the appropriate Fourier component of the perturbation
along the longitudinal coordinate (appropriate to the Bragg
scattering), Ae = A€jpgex = n? — n3, n, and n, being the
refractive indexes above and below the grating interface,
and we assume normalized optical fields (E(x)). If £(X)

eAe EXx) dx  (10)

— -
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is constant, (10) can be rewritten as
0
2
Kindex = ﬁ s(n% - nl)rindexcormgation (11)
With Tipgex cormgation DEINg the confinement factor of the
rectangular index grating. Considering a first-order rect-
angular grating with typical values (see, e.g., [21]), one
can give the following estimates:
kG
— = 1/um,
28 /e

n? —ni =36 -34 = 14,

€= 1/m,

I‘lindcxcorrugation = 13 10_2, AN=1 pm.

This gives, for L = 300 um, i qexL = 1-3.

The analysis above can be repeated for pure gain cou-
pling. Ae is now given by Aeyin = n.Ag,/ko, and-
Tingex cormugation becomes Ty, the confinement factor of the
gain grating. n, i§ the effective refractive index (8 =
n, ko). This results in

Kgin = 1/6 + Ag,T,. (12)
Ag, is given by
Agg = (8mat — (13)

with g, being the material gain and a,;. the losses in
the active layer. Before evaluating (12), we will first look
at the value for the material gain g,,, required for laser
operation:

Qgetive) T acrive

8modal = I-‘ﬂctive:(gmal - c‘active) - I‘cladt:lingD‘dadcling (14)

where

8modal = Mmodal power gain

I',.ive = confinement factor of the active layer
T jagding = confinement factor of the cladding layer
Qgjadding = losses in the cladding layers.

Setting ojaqqing = O and taking the values guogn =
100/cm, T,ve = 0.5 [see Fig. 6(a)l, and o,ive
250 /cm. For the hypothetical gain grating sketched in
Fig. 6(a) (where Ag, = gma), this results in a «g,, value
of about 42 /cm. A problem with these estimates is that
8modal 15 @ function of «,,, (see, e.g., [9]). For a purely
gain-coupled DFB with perfect AR coatings, curve a in
Fig. 6(c) sketches this relation. Curve b shows the pro-
portionality between Kgnin and gmoda- The intersection be-
tween curves a and b then gives a self-consistent opera-
tion point at and above threshold. For a kg, of about
42 /cm, it is shown that the above-chosen gmoqa is t00
large. To overcome this problem, we look at the structure
in Fig. 6(b) where an additional lossy cladding layer is
introduced. With Fcladding = 0.2, acladding = 650/cm,
Tactive = 0.4, T, = 0.8, and gyom = 0/cm, we get for
8ma = 375/cm a ky;, = 50/cm. This means a parallel
shift of curve b [Fig. 6(c)] to curve c¢. The intersection
point between curves a and ¢ is now a self-consistent so-
lution. For kgyin L = 1.57, gnoda indeed drops to almost

R
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Fig. 6. (a) Structure for the estimation of «,,;, for gain coupling and (b)

with additional lossy cladding layer. (c) Relation between kg, and the
modal gain g qga1-

zero (see [2], [10]). From these arguments, it is clear that
high «,,;, values can only be achieved at the expense of
the threshold current [25].

In summary, in semiconductor materials where mate-
rial gains of g, = 2-4 - 100/cm are possible, signifi-
cant gain-coupling kg, values should be possible. To en-
hance a high gp,, even for low g 4., @ lossy cladding
layer might be useful.

In cases where kg,in and kinqe, are caused by separate
gratings, any phase O [see (3a) and (3b)] between the gain
grating and the index grating becomes possible. From Fig.
7, we learn that phase 0 and 7 are most advantageous,
particularly for lower amounts of gain coupling. The only
difference between these two cases is a different lasing
wavelength (A): for © = 0°, \ is shorter than the Bragg
wavelength, and for © = 180°, N is longer. These are
actually the two possible cases if both kg, and kipgex are
caused by one grating. The presented yield calculations
are valid for © = 0° and § = 180°.

B. Partly Gain-Coupled DFB Lasers with Low Facet
Reflectivities

In [11], [12], the conventional yield of partly gain-cou-
pled DFB lasers has been studied. A significant increase
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Fig. 7. Threshold gain difference AgL (in arbitrary units) for three amounts
of Kkgain- This illustrates the influence of the phase 6 between the gain and
index grating on AgL. xL equals (k 3, + (Knaer)'/? and is kept constant.
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Fig. 8. SHB corrected yield of partly gain-coupled DFB lasers for AgL =
0.3, 1% facet reflectivity at both facets, and an optimized ;.. L (around
1.7 £ 0.2).

of both AgL and yield, even for cleaved facets, and small
amounts of gain coupling were the major results. This im-
provement in yield, and also other improvements of gain-
coupled DFB lasers, can intuitively be understood by the
following reasoning (see also [10]). In gain-coupled DFB
lasers, it is essential to consider the interaction between
the standing waves along the laser cavity and the periodic
variation of the gain (or loss). This explains, for example,
the fact that even negative threshold gain values are pos-
sible. The standing-wave pattern and the gain pattern
““try’’ to maximize (or minimize) their overlap (lowest
threshold gain!). This mechanism, not present in index-
coupled DFB lasers, works against the influence of the
facet/phase contribution, resulting in a higher yield.

Here we will consider the spatial hole burning as well.
In [26], the threshold gain difference requirements of sin-
gle-mode lasers for several optical systems have been
studied, and values up to AgL = 0.24 have been found
necessary. To be on the safe side, we will now also use
AgL = 0.3 as a threshold gain difference criterion.

In Fig. 8, the SHB corrected yield for AgL = 0.3, 1%
facet reflectivity, and various «;, values is given. The
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Fig. 9. Yield of partly gain-coupled DFB with «,;, = 26.18 /cm, Kingex =
49 /cm. The reflectivity at both facets is 3, 1, and 0.1% for (a)-(c), re-
spectively.

Kindex Values are the optimized values as given in [10].
Already, for Ky, = 26.18 /cm, the yield for f = 0.6 is
about 74%. This is more than twice the yield of the op-
timized A /4-shifted DFB; see Fig. 5(a). Because of the
superior yield figures of this last laser, we will look at it,
and study the influence of various facet reflectivities and
various amounts of k. In Fig. 9(a)-(c), the yield for
3, 1, and 0.1% facet reflectivity at both facets is given

-
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Fig. 10. SHB corrected yield of partly gain-coupled DFB lasers for AgL
= 0.3, Ky = 26.18/cm, and 1% facet reflectivity at both facets.
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Fig. 11. SHB corrected yield of partly gain-coupled DFB lasers for AgL
2 0.3, Kgain = 26.18/cm, and Kingex = 49/cm.

[compare to Fig. 5(a)-(c)]. The last figure shows, with
83% yield for AgL = 0.3 and f = 0.8, a performance
which is unattainable for any \ /4-shifted DFB. Fig. 10
shows the influence of kj,qxL on the yield; compare to
Fig. 5(d). It can be seen that the partly gain-coupled DFB
is less sensitive to Kipgex L inaccuracies than, e.g., the A /4-
shifted DFB, and «;,q.x L contributions between about 1
and 2 can be tolerated without a significant decrease of
the yield.

C. Partly Gain-Coupled DFB Lasers with High Facet
Reflectivities

Given the excellent yields of partly gain-coupled DFB
lasers with AR coatings, one may wonder how the yield
behaves for non-AR-coated facets. Fig. 11 shows the SHB
corrected yield for AgL = 0.3, Kgin = 26.18/cm, Kingex
= 49 /cm, and various facet reflectivities. In general, the
yield decreases with increasing facet reflectivity. For
cleaved facets, the SHB yield is shown in detail in Fig.
12. This shows the relevant improvement of SHB cor-
rected yield in comparison to pure index-coupled DFB la-
sers; see Section III. In Fig. 13, the influence of k4, ON
the yield can be seen. Two things can be observed: first,
the yield does not critically depend on «;.4.,, and second
for small k4., values, low spatial hole burning can be
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Fig. 12. Yield of partly gain-coupled DFB with xy,;, = 26.18 /cm, Kipgex
= 49 /cm, and both facets cleaved.
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Fig. 13. SHB corrected yield of partly gain-coupled DFB lasers for AgL
= 0.3, kgin = 26.18/cm, and both facets cleaved.

obtained. Finally, the SHB corrected yield for AgL =
0.3, kingex = 0/cm, cleaved facets, and various x,;, val-
ues is given in Fig. 14. A yield of about 30% (for f =
0.8!) becomes feasible for a DFB with cleaved facets. This
shows that AR coatings are not indispensable for gain-
coupled DFB lasers, making them even more attractive.

VI. CONCLUSIONS

The SLM yield of index-coupled DFB lasers with both
facets cleaved (32% reflectivity) and various «L values
was studied both theoretically and experimentally. It was
found that for «L values larger than about 1.6, the con-
ventional theoretical yield (no consideration of spatial hole
burning) and the experimental yield show a large discrep-
ancy. This problem could be solved by taking longitudi-
nal spatial hole burning (SHB) into account. The impor-
tance of SHB is also seen by looking at the yield of index-
coupled DFB lasers with one AR-coated facet and/or a
high-reflectivity coating at the other facet.

Next, \/4-shifted SFB lasers were analyzed for low
facet reflectivities. It was found that, depending on the
facet reflectivity and the degree of allowed SHB, a L of
1.25 (which is the optimum value for perfect AR coat-
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Fig. 14. SHB corrected yield of partly gain-coupled DFB lasers for AgL
= 0.3, Kipgex = 0/cm, and both facets cleaved.

ings) is not always the optimum choice. Small deviations
of the facet reflectivities AR (already about AR = 1%)
and the «L value (about AxL = 0.2) from the optimum
design values cause a significant deterioration of the yield.

Most of the attention in this paper has been devoted to
partly gain-coupled DFB lasers. First, estimates for the
gain-coupling coefficient x,,, were given. In materials
where sufficiently high material gains of a few 100/cm
are possible, Kg,, values of a few 10/cm should be at-
tainable, confirming published values of up to 40 /cm [8].
The influence of the phase between the index and gain
grating was shown. Both should be either in phase or out
of phase. Next, the SHB corrected yield of partly gain-
coupled DFB lasers with low facet reflectivities was ana-
lyzed. The results show a high yield with very large AgL
and small f numbers, unattainable for any A /4-shifted or
multiple-phase-shifted [4] DFB. In addition, this perfor-
mance is fairly insensitive to deviations of kg, L, large
deviations of kj,4.,, as well as moderate deviations of the
facet reflectivities from the optimum design values. This
should result in a high yield of deviations with high output
powers, high SMSR, low harmonic distortion, and low
linewidth. Finally, partly gain-coupled DFB lasers with
cleaved facets were examined. Especially for low kjgex
values, combined with sufficiently high «,,;, values, a high
SHB corrected yield again can be obtained.
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