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Abstract

Stripe-array diode lasers naturally operate in an anti-phase supermode.
This produces a sharp double lobe far field at angles ±α depending on the
period of the array. In this paper a 40 emitter gain guided stripe-array lat-
erally coupled by off-axis filtered feedback is investigated experimentally and
numerically. We predict theoretically and confirm experimentally that at dou-
bled feedback angle 2α a stable higher order supermode exists with twice the
number of emitters per array period. The theoretical model is based on time
domain traveling wave equations for optical fields coupled to the carrier den-
sity equation taking into account diffusion of carriers. Feedback from the
external reflector is modeled using Fresnel integration.

1 Introduction

High power broad area diode lasers (BALs) reach electro-optical efficiencies of more
than 70% [1] and can exhibit output powers of more than 20 W [2] as single emit-
ters and several hundred Watts when they are combined in laser bars [3]. The main
drawbacks of BALs are poor spatial beam quality in the lateral direction and lon-
gitudinal multimode operation. Several techniques for improving the spatial beam
quality of BALs and laser bars exist. This includes the use of phase masks [4],
phase conjugation [5] and off-axis feedback [6, 7, 8, 9, 10]. Laterally coupled stripe-
arrays have a similar emitting area as BALs. These devices typically operate in a
supermode, where each stripe corresponds to a single laser emitter and neighboring
emitters are coupled anti-phase. This anti-phase supermode can be stabilized by
off-axis feedback [11, 12].

In this work, we investigate numerically and experimentally a 40 emitter stripe-array
with an off-axis filtered feedback. We extend the dynamic 2+1-dimensional traveling
wave BAL model [13] by including a filtered off-axis feedback, which is calculated
using Fresnel integration. We have verified our model by comparing the simulation
results to the previously reported experimental data [14] on anti-phase operation
at the feedback angle αFB = λ0/(2d), where λ0 is the central wavelength and d
is the stripe pitch. At twice larger feedback angle λ0/d our simulations predict
a field emission with the lateral mode characterized by a pair of anti-phase near
field intensity peaks per stripe pitch. In this regime, due to strong global coupling,
the array has double the number of emitters than stripes. Experimental evidence
supporting this theoretical prediction is given.
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Figure 1: 40 emitter stripe-array (a) and setup of the off-axis ECDL in the slow-axis
plane (b).

2 Experimental setup

The stripe-array used in this work is depicted in Fig. 1 (a). The emitter had a
width of w = 400 µm and the chip length was l = 1500 µm. 40 contact stripes each
with a width of wstripe = 4 µm and a pitch of d = 10 µm were realized by etching
trenches with a depth of 200 nm into the p-doped cap layer before metalization.
The active region consisted of a 7 nm thick InGaAs quantum well embedded in a
880 nm thick AlGaAs core region [15]. To be operated in an external cavity diode
laser (ECDL) the front facet was AR coated with R0 ≈ 4 · 10−4, while the back
facet had R−l > 90 %. This device yielded more than 6 W of output power when
operated in an on-axis ECDL [16], but with a lateral beam quality of M2 ≈ 35, only.

The experimental setup of the off-axis ECDL is depicted in Fig. 1 (b) and is de-
scribed in more detail in Ref. [14]. The cavity consisted of only four optical compo-
nents: the stripe-array, a fast axis collimator (FAC), a half wave-plate (HWP) and
a holographic reflective diffraction grating (g = 1800 lines/mm). In direction of the
fast-axis, a Littrow type feedback was realized. In slow-axis direction, the grating
possessed no wavelength selectivity. It was used to select the feedback angle. By
stabilizing the anti-phase supermode, more than 1 W of diffraction limited, tunable
light could be achieved [14].

3 Mathematical model

To simulate the dynamics of the stripe-array we use the 2+1 dimensional traveling
wave (TW) model discussed in details in Ref. [13]. According to this model the
spatio-temporal evolution of slowly varying complex amplitudes ψ±(t, z, x) of two
counterpropagating waves is governed by the TW equations

∂tψ
± +

ivg

2k0n
∂xxψ

± = vg [∓∂z − iβ(z, x)] ψ± + F±
sp, − l < z < 0, − w

2
< x <

w

2
,
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where vg, k0 = 2π/λ0, n, and F±
sp are the group velocity of light, the free-space

central wavenumber, the reference refractive index, and the Langevine noise term,
respectively. l is the chip length and w is the lateral width of the stripe-array. The
complex propagation factor β describes linear loss, gain, and refractive index in
the semiconductor material. This factor depends on the excess carrier density and
takes into account the refractive index change due to Joulean heating. The equation
for the carrier density contains a term describing carrier diffusion in the direction
x. The wavelength dependence of the material gain is described by an additional
linear equation which introduces Lorentzian spectral filtering. The variation of the
injection current in x- direction is approximated by a peace-wise constant function.
For a full description of parameters used in simulations we refer to [13].

The amplitudes ψ± satisfy the following boundary conditions:

ψ+(t,−l, x) =
√

R−lψ
−(t,−l, x), ψ−(t, 0, x) =

√
R0ψ

+(t, 0, x)+(1−R0)FψFB(t, x),

at the laser facets z = −l and z = 0. Here, R−l = 0.9 and R0 = 4 · 10−4 are the
reflectivities of these facets. The linear operator F accounts for the spectral filtering
performed by the grating. It is modeled by a Gaussian filter with the full width at
half maximum of ∼ 0.1nm. Such a narrow spectral filter is required to obtain a
stable single compound cavity mode cw operation. Replacing the feedback mirror
by an infinite reflecting plane located at a distance D = 3.9cm from the right facet
and tilted by the angle αFB, we express the optical field ψFB(t, x) reinjected into
the chip by means of the Fresnel integral:

ψFB(t, x) =

√
1

iλ02D

w/2∫

−w/2

ψ+
(
t− 2D

c0

, 0, x′
)

e−ik0dist(x′,x) dx′.

Here dist(x′, x) denotes the shortest distance between two lateral points x′ and x at
the output facet of the array which the light takes to travel via the reflection from
the external plane.

4 Discussion of numerical and experimental re-

sults

Near- and far field distributions of the stripe-array at off-axis feedback angles αFB =
λ0/(2d) ≈ 2.8◦ and αFB = λ0/d ≈ 5.6◦ have been measured and calculated numeri-
cally. Experimental results are depicted in Fig. 2 and the theoretical simulations are
shown in Fig. 3. The lefthand side in these figures show the results for a feedback
angle of αFB = 2.8◦, the righthand side the results for αFB = 5.6◦, respectively. The
far fields (a, b in the figures) exhibit two asymmetric lobes at the angles ±αFB. In
qualitative agreement with the measurements, the simulations show a strong output
lobe and a reduced feedback lobe at the location of the mirror (+αFB), which is
usual when asymmetric feedback is applied [7, 8].
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Measured near fields are shown in Fig. 2 (c, d), calculated near fields and phases are
shown in Fig. 3 (c-f). The two lower graphs (e, f) show zoomed near fields of three
stripes. In these graphs the area where the carriers are injected through is indicated
by the grey vertical stripes.

For αFB = 2.8◦, the near field has ≈ 40 maxima with nearly flat peak intensity
distribution as can be seen in panels c) in Figs. 2 and 3. As expected, the po-
sitions of these maxima correspond to the contact stripes, see panel e) of Fig. 3.
As it is known from previous studies, the stripe-array operates stable in the anti-
phase regime when the feedback angle is close to αFB = λ0/(2d). The near field
phase is shown by black bullets in Fig. 3 (c,e), where the π phase shift between
emitters and the corresponding stripes can be seen. This supermode is stabilized
with the external cavity, because the phase difference of the optical fields reinjected
into the neighboring stripes of the amplifier (i.e., at the positions x and x ± d) is
d2π sin αFB/λ0 ≈ π.

The phase of the reinjected field is shown by gray bullets in Fig. 3 (c,e). Since
neighboring emitters are synchronized in anti-phase the feedback becomes maximal
and a plane wave resonator is established [17]. Thus, the (native) antiphase coupling
between neighboring stripes is supported by the external feedback and the laser
operates at maximal output power (> 1W ) in a stable anti-phase supermode.

For αFB = 5.6◦, the distribution of the maxima in the near field becomes strongly
inhomogeneous. The calculated near fields presented in panels e,f) of Fig. 3 indicate
that the number of field maxima is doubled. This may be understood by assuming
that each stripe locally operates in its second transverse mode. By doubling the
feedback angle to αFB = 5.6◦, the feedback phase rotates approximately twice as
fast when moving along the lateral x axis, see gray bullets in Fig. 3 (d,f). In this case
two lateral positions x and x±d are connected in-phase by the feedback field, while
x and x ± d/2 are coupled anti-phase. Hence a supermode with about a doubled
number of near field maxima becomes stable.

It is seen from Fig. 3 (d,f) that this higher supermode can be considered to consist
of ∼ 40 second order modes of individual stripes coupled to each other. Similarly to
the lowest order anti-phase supermode this higher order supermode maximizes the
feedback and establishes a plane wave resonator [17]. However, since the distance
between the anti-phase near field maxima is halved, the angle of the far field peaks
is doubled.

Figure 4 shows a full spatial plot of the calculated higher order supermode. Since
the distance between the near field maxima are narrowed, the portion of the area
occupied by the emitters divided by the total area of the stripes is reduced. Hence,
the conversion of carriers into photons through stimulated recombination is also
reduced. Correspondingly, in simulations we have observed an optical power drop
off of about 50%.

4



-200 -100 0 100 200
lateral position,          m

0

0.5

1

in
te

ns
ity

,  
a.

u.

µ
-200 -100 0 100 200

lateral position,          mµ

-6 -4 -2 0 2 4 6
angle,      degrees

0

0.5

1
in

te
ns

ity
, a

.u
.

-6 -4 -2 0 2 4 6
angle,      degrees

a) b)

c) d)

Figure 2: Measured far fields (a,b) and near fields (c,d) for αFB = 2.8◦ (a,c) and
αFB = 5.6◦ (b,d).
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Figure 3: Calculated far fields (a,b), full (c,d) and zoomed (e,f) near field intensity
(black curves) and phase (black bullets) for αFB = 2.8◦ (a,c,e) and αFB = 2.6◦

(b,d,f). The location of the contact stripes are indicated by the shaded vertical bars
in the zoomed near fields (e,f). Grey lines and bullets in (c,d,e,f) represent intensity
and phase of the reinjected field.
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Figure 4: Calculated forward field intensity for the supermode at αFB = 5.6◦.

5 Conclusion

We have performed a numerical and experimental study of a multistripe diode laser
array with strong global coupling between the stripes via off-axis optical feedback.
Stable anti-phase synchronization of individual stripes can be achieved by adjust-
ing the feedback angle to αFB ≈ λ0/2d, where d is the stripe pitch. This angle
corresponds to a feedback phase difference of ∼ π between neighboring stripes.
Numerical results for this regime, which correspond to the lowest order lateral anti-
phase supermode, are in agreement with the experimental data. Furthermore, we
have predicted theoretically and verified experimentally that at twice larger feed-
back angle αFB ≈ λ0/d a higher order stable lateral supermode exists with twice the
number of emitters per period d. In this regime the feedback phase between neigh-
boring stripes rotates by ∼ 2π. Thus there exist two anti-phase emitters within the
lateral distance d which collectively form a plane wave resonator at doubled angle.

Previous theoretical studies of globally coupled laser arrays were mainly concen-
trated on investigation of in-phase and anti-phase synchronization between the lasers
resulting from on-axis feedback (see e.g. [18]). Numerical investigation of synchro-
nization of a diode laser array close to threshold by angular optical injection was
performed in [17]. However, up to our knowledge, a comprehensive time domain
numerical modeling of the high power behavior of stripe-arrays taking into account
off-axis filtered optical feedback, diffraction, lateral coupling between the stripes via
overlapping fields, and carrier diffusion, has not been performed before.

Thus, for the first time self consistent dynamic modeling of an external cavity com-
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prising an array of coupled diode lasers is presented.
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