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Coherent Kinks in High-Power Ridge
Waveguide Laser Diodes
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Abstract—Coherent coupling of lateral modes is suggested to ex-
plain the phenomena associated with beam-steering kinks, which
appear in the L—1 curves of many ridge waveguide lasers. The
analysis that is presented explains quantitatively the previously
reported experiments.

Index Terms—Laser modes, modeling, semiconductor device
modeling, semiconductor lasers.

I. INTRODUCTION

N RECENT years, high-power ridge waveguide (RWQ)

laser diodes at A = 980 nm have been widely used in a
variety of applications such as pump sources in Er-doped fiber
amplifiers (EDFAs). These lasers are renowned for their relia-
bility, beam quality, and high power output [1], [2]. Present-day
applications, however, are limited by the maximum kink-free
power output available from these devices.

Experimental results presented in the literature [3]-[7] pro-
duced L—1I curves for RWG lasers of the type shown in Fig. 1.
At the so-called “kink,” there is a slight beam steering [4],
[8]-[11] on the order of 1°-3°, which can cause a significant
reduction of the power available for coupling into a single-mode
fiber. Observations of the spontaneous emission, from the top of
the device, showed a beat pattern along the laser ridge [9], [10].
When the L—I curve measurements are made with short
(< 100 ns) pulses and with a low duty cycle, the coherent kinks
are shifted to higher power levels [12], [13], indicating that
indeed a temperature rise is involved.

The most common explanation for kinks is that the laser
oscillates simultaneously in the two lowest order lateral modes
(TEgp and TE; at vy and v4), which are both above threshold
[9], [14], [15]. This explanation, however, fails to describe the
observed beam steering as well as the beat pattern in the top-
side spontaneous emission. A model that assumes that the two
modes are locked in frequency and phase, on the other hand,
explains the beam-steering kink and mode-beating phenomena.
Since the two modes oscillate at a common frequency v, we
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Fig. 1. Typical L—1I curve for high-power RWG lasers. Kinks are observed

when a limited aperture detector is used or when the light coupled into a fiber
is measured. Usually, only one kink is observed.

shall refer to these kinks also as coherent kinks to distinguish
them from ordinary kinks [16], [17].

To illustrate the proposed mechanism, let us consider
the RWG drawn schematically in Fig. 2(a). Employing the
effective-index method, we obtain an effective lateral wave-
guide, the refractive-index distribution of which is shown in
Fig. 2(b). Calculating the propagation constant for the two
lowest order lateral modes, namely, TEq and TE;, as a function
of frequency v or free space wavenumber ko = 27v/co, we
obtain the schematic dispersion diagram depicted in Fig. 2(c).

A laser mode, oscillating at frequency v and having a
propagation constant 3, must satisfy the resonance condition
2L = 2mq, where L is the laser length, and ¢ is an integer.
In the dispersion diagram of Fig. 2(c), we note that the TE,
mode satisfies the resonance condition at some point “A” with
frequency 1, whereas the TE; mode satisfies the resonance
condition at some other point “B” at frequency v, (where p # ¢
are both integers). This is the usual situation, i.e., the two
modes oscillate simultaneously at two different frequencies
vy # 11, as can be verified experimentally by measuring their
beat frequency Av = vy — 4. Only accidentally, the TE; mode
can oscillate exactly at the point “C” with frequency v; = 1.
Thus, most often, one may expect that due to spatial-hole
burning, two or more modes will reach threshold and oscil-
late simultaneously at different frequencies, thereby creating
ordinary incoherent kinks. Nevertheless, from the experimental
evidence in the literature, one finds that many RWG lasers (not
just a few) show the beam-steering-kink phenomena (i.e., lasing
in two coherent lateral modes that are locked in frequency and
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Fig. 2. Typical RWG laser. (a) Cross-sectional diagram. (b) Corresponding
lateral effective-index distribution. (c) Schematic of the dispersion diagram, for
the three-layer symmetric slab waveguide of (b), as a function of the free-space
wavenumber kq. The ordinate is in units of 23 to indicate the laser resonances
for each mode.

phase). In addition, a similar phenomenon has been found in
vertical-cavity surface-emitting laser structures [18].
Furthermore, as the current density is gradually increased,
the laser goes through several phases. Initially, above threshold,
the L—1I curve is linear, and the laser oscillates in a single
lateral mode (the TEy; mode). Then, at some specific power
level, the first coherent kink is observed, presumably due to the
onset of the TE; mode, which has reached threshold. With a fur-
ther increase in the injected current density, the coherent kink
disappears, and the RWG laser oscillates again in a single mode.
As the current density is still further increased, quite often, a
second coherent kink is observed [7], [12] and later, for higher
current densities, disappears. It is quite difficult to explain how
the TE; mode could stop and start oscillating time and again
once it reached threshold at some lower current densities.
From the experimental observations, we conclude that if
coherent kinks are created, as opposed to the incoherent ones,
the TE; mode must still be below threshold. Rather, it is driven
and constantly fed by the oscillating fundamental mode. The
mechanism for this effect is an elastic scattering (i.e., same
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wavelength) of light from the oscillating TE; mode into the
below-threshold TE; mode by means of any type of asymmet-
rically distributed imperfections and defects (e.g., hot spots,
scratches, tilted mirrors, Rayleigh scattering, etc.). That is, the
fundamental mode constantly feeds the TE; mode, at the same
wavelength, whether or not the latter mode is in resonance. Due
to reciprocity, a similar scattering occurs from the TE; mode
into the TEy mode. It is emphasized here that this scattering
should be an elastic process. Otherwise, light scattered from
the oscillating TE; mode at point “A” could feed the TE; mode
at point “B,” which resonates at a different frequency. Even if
the latter mode is not above threshold, this should result in an
incoherent kink.

It is clear that as long as the driven TE; mode at point
“C” is not in resonance, it will remain negligibly small due
to destructive interference. As the current density increases,
the junction temperature underneath the ridge also rises, re-
sulting in an increased effective-index step (On/0T > 0) and
increased AG = By — (1. Eventually the TE; mode gets into
resonance. If elastic scattering into the TE; mode is strong
enough to overcome the extra cavity losses, the TE; mode
builds up on the account of the driving TE( mode and a coherent
kink is generated. With a continued increase of the current
density, the temperature difference AT is further elevated, and
the driven TE; mode gets out of resonance again.

In the next section, the mathematical equations for this phe-
nomenon are presented, along with vital remarks regarding their
solution method. Some numerical examples and discussions
are given in Section III. Finally, concluding remarks are given
in Section IV.

II. MATHEMATICAL MODEL

Although the following model can be adapted to any index-
guided semiconductor laser, for definiteness, we consider a
weakly index-guided single quantum-well (QW) InGaAs laser.
The objective is to obtain the steady-state device characteristics
under the influence of coherent lateral-mode coupling. There-
fore, we derive a set of phenomenological equations, in which
we include coupling terms. The equations are solved in a self-
consistent manner with the effect of nonlinear gain distribution
due to the stimulated recombination.

The electric-field distribution in the cavity is represented
as a superposition of forward- and backward-propagating
modes, namely

E(y,2) =Y [Bf (2) + B, (2)] - Gyly) )

p=0

where G, (y), p = 0,1 are the lateral-mode profiles of the quasi-
TEq and TE; modes, respectively, for the effective waveguide
of Fig. 2(b). As a matter of convenience, these modes are
normalized to satisfy

/ Goy) - Coly) - dy = Q-6 )
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where Q,, p = 0,1 is the effective width in which the mode
TE,, is concentrated, and ¢, is the Kronecker delta function,
which equals unity for p = ¢, and zero otherwise. The field
coefficients E;,t(z) then satisfy a set of four coupled equations

dEE(2)
+ p
dz

iﬁp—k% (Tpg(z)—a) E;f(z) +iK(2) ~Eqi (2)

p=0,1, ¢=01, p#q )
in which 3y and (3; are the two propagation constants at the
same wavelength A, g(z) is the local material gain per unit
length, « is the scattering loss per unit length, I',, is the power
filling factor in the active region (I', = T'*I'}), and x(z) is a
coupling coefficient expressed by

x / An2(y,2) - Goly)-Ga(y)-dy (4

where An?(y,z) is the index perturbation. Note that only

asymmetrical perturbations may couple the two lowest order

lateral modes. In the present analysis, we select some arbitrary

numerical values for x(z). Furthermore, in this simple model,

the lateral power filling factors I'y are constants and not affected

by current spreading, carrier diffusion, or spatial-hole burning.
In order to eliminate rapid phase variations, we define

E;(z) =A, - exp(ifpz), p=20,1 (5a)
E, (2) =B -exp(—ifpz), p=0,1 (5b)
and (3) reduce to
d
—U=M-U (6a)
dz

where the transpose of U is UT = (A, By, A1, B1), and M
is given by (6b), shown at the bottom of the page. Note the
phase terms in (6b). Since the field propagating in the cavity
sees the same conditions every round trip, the coupling coef-
ficient has a natural period of 2L, and the main contribution
to the mode coupling comes from the Fourier component that
approximately cancels the phase term. This is exactly the source
of our coherent kinks. It is implicitly assumed that the TE,
mode is in resonance and oscillates at any current density above
threshold. Thus, unless the resonance condition 2LAS = 27m
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average out to zero. Note also that (6a) and (6b) resembles the
coupled-mode equations of Kogelnik [19], except that the self-
coupling terms include the local z-dependent saturable material
gain per unit length g(z), where [20]

W)

9(z) =go-In ( (7)

In (7), N(z) is the injected carrier density, IV, is the carrier
density necessary to reach transparency, and gg is a constant.
The numerical values of N;, and gg, as well as other para-

meters, are given in Table 1. The carrier density N(z) and its
dependence on the photon density is given by

ni-J
q-d

0 (5 5o

x ([Ao]? + |Bol|* + |A1 > + [B1]?)  (8)

where ¢ is the elementary charge, d is the QW thickness, J
is the current density per unit area, 7; is the internal quantum
efficiency, co is the speed of light in free space, p is the
permeability, and 7 = (a + bN + ¢cN 2)_1 is the spontaneous
carrier lifetime, which includes radiative- and nonradiative-
recombination as well as Auger-recombination terms. The
numerical values of these parameters are given in Table I.
Interference terms between Ag and A1, as well as between By
and Bj, do not appear on the right-hand side of (8), because
of the orthogonality relation (2). Also, the interference between
forward- and backward-propagating modes is washed out by
axial carrier diffusion and does not appear in (8). As mentioned
above, the effects of lateral carrier diffusion and current spread-
ing are neglected in the present simplified analysis.

Assuming a back mirror at z = —L/2, with power reflectiv-
ity, for the TEy and TE; modes, of Ry, ,,, p = 0,1, respectively,
and a front mirror (from which power is extracted) at z = L/2,
with power reflectivity of I%¢ ,, the boundary conditions are

(—=L/2) =\/Ro, - E, (-L/2), p=0,1 (%)
(L/2) =+/Rep,-Ef (L/2), p=0,1  (9b)

or, in terms of the slowly varying envelope functions A, and
B,,, we obtain

is approximately met, there is no Fourier component of x(z) —L/2) =+/Ryp - Bp(—L/2) -exp (i-B,-L) (10a)
that cancels the phase terms in (6b), and therefore, the coupling
of the oscillating TEy mode into the driven TE; mode will L/ 2) =V Rep- Ap (L/2) - exp (i-Bp-L). (10b)
%(Fog — ) 0 ik(z) - e iR 0
_ 0 —3(Tog —a) 0 —ik(z) - "B
M= ik(z) - ez 0 1(Tg—a) 0 (6b)
0 —ik(z) - e "ABE 0 1(Tg—a)
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TABLE 1
LIST OF THE MATERIAL AND RWG LASER PARAMETERS

Parameter description Symbol Value
Radiation wavelength A 0.98 pm
Laser length L 750 pm
Ridge width w 4.0 pm
QW thickness d 80 A
Front facet reflectivity for TEq power Ryro 0.1
Back facet reflectivity for TE, power Rpo 0.9
Front facet reflectivity for TE; power Ri1 0.09
Back facet reflectivity for TE; power Rp 0.89
Non-radiative recombination coefficient a 2.1x10% 57!
Spontaneous radiative recombination term b 8x107" em’s™!
Auger coefficient c 3.5%107°% cm®™!
Scattering loss a 5 cm’!
Transparency carrier density Ng 1.8x10"8 em™
Gain constant 20 2400 cm’!
Transversal power filling factor r 0.015
Lateral power filling factor for TEq ry 0.90
Lateral power filling factor for TE, rY 0.87
Internal efficiency i 0.9

Thus, in addition to the slow phase change of A,(z) and B,(z) 6 T T T Y T

along the laser, they also accumulate a phase difference of
exp(i20,L) each complete cavity round trip. Finally, the near-
field distribution just outside the front mirror is given by

Eout(y) =V 1- Rf,O . EJ(L/2) ' GO(y)

+/1—Re1-EF(L/2)-Gi(y). (11)
The far-field distribution of the output field is given by the
Fourier transform of Eoyut(y) [21]. The total power output is ob-
tained by integrating over the power density (the Poynting vec-
tor’s z-component), which, due to the orthogonality relation (2),
results in

Pou = (Gt ) {1 = oo 40(2/2)

+ (1= Rea) | 4(Z/2)P) (12)

where Qp =~ Q1 = @Q was used. As we shall see in the next
section, the total power output increases linearly with pumping
current density, whether or not the TE; mode is excited. How-
ever, the power coupled into a single-mode fiber, will show the
coherent-kink nonlinearities, due to the beam steering, and is
obtained directly from the far-field distribution.

III. DISCUSSION AND RESULTS

We apply our model to the laser structure shown in Fig. 2,
including some simplified thermal considerations (i.e., a tem-
perature rise of AT only underneath the ridge). From a spectral

2L AB/ 2n

0 2 4 6 8 10 12
Current Density (kAcm'z)

Fig. 3. Variation of A3 = By — (31 with the injected current density. Indi-
cated are the conditions for the coherent-kink resonances. For current densities
smaller than 1.8 kA/ch, the TE;1 mode is cut off. The temperature rise AT at
m = 3,4, and 5 amounts to 9.5, 15, and 23 °C, respectively.

shift measurement [22], we find the approximate temperature
rise, as a function of the current density. Assuming dn /90T =
3 x 1074, one obtains a monotonic increase of A3 with current
density (see Fig. 3). As a matter of convenience, we plot the
resonance difference 2LA /2. That is, we keep the TEg mode
at a cavity resonance of 2Ly = 27q (implicitly assuming a
gradual wavelength shift with the increase of An.g), and when
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Fig. 4. Power output as a function of current density. The total power is
nearly linear above threshold. At the location of the coherent kinks, there
is a significant contribution from the TE; mode. The inset shows a fourfold
magnification of the m = 5 resonance.

the TE; cavity resonance of 2L3; = 27p is reached, we define
the coherent-kink order m as

m=q—p=2LAS/2n. (13)

Note that, for our specific example, the m = 3 coherent kink is
just barely above cutoff.

The power output as a function of the injected current density
is depicted in Fig. 4. The solid lines represent the power in
the TEy and TE; modes separately. However, when a totally
integrating sphere is used to measure the power output, the
total power in both modes is detected, which is described by
the dotted lines. The coherent kinks are actually obtained only
when a limiting aperture (e.g., single-mode fiber) is used. The
inset shows a four-times magnification of the m = 5 resonance
and its vicinity. Note the missing of the m = 4 resonance. Here,
and in the examples that follow, the coupling coefficient was
arbitrary selected as

o ={m

0
—2cm™1, 0 '

(14)

VARSI
R A

Dol A

z
<

Since the even-order Fourier components of x(z) vanish, the
m = 4 resonance does not appear. Although the fifth-order
Fourier component of k(z) is smaller than the third-order
Fourier component, nevertheless, the m = 5 resonance contains
more power due to the higher injected current.

The power density |E(y,z)|? along the cavity for the
m = 3 resonance is presented in Fig. 5. There are exactly
three maxima alternatively shifted from the optical axis, which
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Fig. 5. Lateral and longitudinal intensity distribution inside the laser cavity
for the m = 3 resonance. (a) Three-dimensional plot of the energy density.
(b) Contour diagram of the energy distribution.

originate from the lateral-mode beating, in agreement with
previously reported experimental measurements [9], [10]. The
power density at the front mirror is higher than that near the
back mirror due to the higher reflectivity of the latter. Similarly,
the power density for the m = 5 resonance is drawn in Fig. 6.
Here, we have five maxima, which are alternatively shifted from
the optical axis. Since the injected current density is signifi-
cantly higher than at the m = 3 resonance, the power density
is also much higher, resulting in a slightly more pronounced
internal power asymmetry.

The far-field distribution of the output field at the
m = b resonance is given in Fig. 7 (solid line). For comparison,
the far-field pattern of the TE; mode (dashed line) is also
presented. Note the significant steering of the combined mode,
which amounts to a 3° beam shift. Statistically, 50% of the
lasers may have index perturbations An?(y, z) located on one
side of the optical axis, whereas the other lasers may have the
index perturbations located on the opposite side. Therefore, the
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Fig. 6. Lateral and longitudinal intensity distribution inside the laser cavity
for the m = 5 resonance. (a) Three-dimensional plot of the energy density.
(b) Contour diagram of the energy distribution.

sign of the coupling coefficient x(z) [see (4)] will differ for
the two groups. As a result, half of the lasers will have their
output beam shifted to the opposite direction. It is worthwhile
to indicate that the amount of beam steering is a monotonic
function of the coupling-coefficient magnitude.

The far-field pattern determines the amount of light cou-
pled into a fiber. This is because the fiber core does not trap
angular spectrum components that propagate at angles larger
than the numerical aperture of the fiber. The amount of power
coupled into a fiber is an important parameter that determines
the power in the coherent kinks. For a typical direct-coupled
single-mode fiber, only the TEy mode couples, and thus, with
numerical aperture of 0.11, the power coupled into the fiber
core is reduced by nearly 5% (experimentally measured) at the
m = 5 resonance. Therefore, one obtains an L—I curve similar
to Fig. 4.
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Fig. 8. Relative wavelength shift as a function of current density due to the
coherent coupling between the TEg and TE; modes.

We note that at, and near, the coherent kinks, the power
contained in the TE; mode may be quite significant to influence
the oscillating lowest order TEy mode. Since the coupling term
in (3), which includes the TE;-mode amplitude, is complex, the
phase of the fundamental mode will also be affected. Therefore,
the wavelength at which the lasing TE; mode oscillates is
significantly shifted near each of the coherent kinks. In Fig. 8,
we present the relative wavelength shift A)/)\, from the oscil-
lating wavelength at threshold Ay, as a function of the injected
current density, where AX = A — A\¢,. Note that this shift is
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solely due to the coupling effect. It does not include band-gap
change with temperature and the direct impact of the index
variation with temperature. Therefore, the wavelength shift,
which clearly demonstrates a resonance phenomenon, vanishes
at the center of each of the coherent kinks.

IV. CONCLUSION

In this paper, a simple model has been presented in order to
explain beam-steering kinks in the L—1I curve of RWG lasers. It
is postulated that the source of these kinks is an elastic coupling
between the oscillating TE; mode, which is above threshold,
and a driven TE; mode, which is below threshold due to its
excess mirror losses and/or smaller power filling factor. As the
injected current density is increased, and with it the junction
temperature, the TE; mode is brought in and out of resonance
time and again, drawing power from the TE; mode at each
coherent kink. In this model, the physical mechanism for the
mode coupling could be any asymmetric perturbation, which is
lumped into a coupling parameter. That is, two different per-
turbations (e.g., a scratch or a hot spot), at different locations,
may cause the same coherent kinks, as long as the appropriate
Fourier components of the coupling coefficients are the same. It
is shown that the coupled differential equations, which include
saturable gain, give rise to all the phenomena reported earlier
in association with the coherent kinks. In this paper, various
lateral effects, such as current spreading, carrier diffusion, and
lateral spatial-hole burning, were neglected. These may affect
the magnitude of the coherent-kink phenomenon and will be
considered elsewhere.
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