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Abstract—We report and analyze the supermode switching with
current injection found for coherently-coupled dual-element ver-
tical cavity surface emitting laser arrays. The output power, spec-
tral characteristics, and far-field mode profile are measured for a
range of bias current operating conditions. The coupling-induced
enhanced output power from an in-phase or out-of-phase super-
mode is confirmed when approximately equal currents are injected
into each array element. We observe that the coherent supermode
switches from out-of-phase to in-phase supermode with increasing
equal current injection. The switching is found to be consistent
with coupled mode theory and a 1-dimensional spatial supermode
model. The calculated modal gain of the out-of-phase and in-phase
array supermodes are consistent with the observed switching of the
coherent supermodes.

Index Terms—Optical coupling, semiconductor laser arrays,
vertical-cavity surface emitting lasers (VCSEL).

1. INTRODUCTION

OHERENTLY-COUPLED phased laser diode arrays have
been previously explored for generation of diffraction lim-
ited and/or high brightness beams [1]. Optically-coupled vertical
cavity surface emitting laser (VCSEL) arrays [2] have shown
mode engineering [3], electronic beam-steering [4], increased
modulation bandwidth [5], and enhanced digital data rate [6].
When coherently coupled, a pair of VCSELSs can operate in a
single coherent supermode which extends into both cavities and
can be classified as the out-of-phase (far-field null on axis) or
in-phase (far-field maximum on axis) array supermode, respec-
tively [7]. Herein we report and analyze the supermode switching
observed for dual-element coherently-coupled photonic crystal
VCSEL arrays [8] with approximately equal current injection.
Coupled mode theory was previously used to extract the com-
plex coupling coefficient between the elements of a 2x1 VCSEL
array [9]. We extend our analysis with a simple 1-dimensional
antiguided supermode model [10] and show the dominant las-
ing supermode should switch with increasing current injection.
The output power, spectral properties, and far-field profiles are
characterized for 850nm 2x1 photonic crystal VCSEL arrays.
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Fig. 1. Top scanning electron micrograph image of dual-element VCSEL array
defined by two missing holes in the photonic crystal pattern [8]. Each cavity has
separate top anode contact and common cathode.

We observe the lowest threshold lasing supermode to switch
from out-of-phase to in-phase with increasing current injection,
consistent with the index change accompanying the increasing
bias current.

Fig. 1 shows the top-view of our 2-element coupled VCSEL
array. The missing holes in the photonic crystal etched in the
top distributed Bragg reflector mirror denotes the two VCSEL
cavities. The two VCSEL cavities are electrically isolated with
multiple proton implantations in the narrow region separating the
two cavities, as well as to define two circular current apertures
(within the missing hole region) that have independent top anode
contacts as apparent in Fig. 1. The design and fabrication of these
arrays can be found in detail in Ref. [8]. By independently adjust-
ing the bias currents injected into the two adjacent cavities, the
elements can be tuned into resonance where the array operates in
acoherent supermode [11]. Thus, for identical VCSEL elements,
coherent supermode emission is expected with approximately
equal currents in each cavity. Here we analyze a dual element
array with a cavity separation of do = 1.4 pm between the left
and right single-mode VCSEL elements which have a total gain
area of 101 pm?.

II. THEORY

From the combined analysis of coupled mode theory and
coupled rate equations, this system can be shown to be non-
Hermitian [12] and exception point modes can be identified [13].
The strength of coupling can be quantified using a complex
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coupling coefficient [9]. This analysis shows that the imagi-
nary component of the coupling coefficient corresponds to the
modal gain difference between the supermodes, while the real
component is related to the frequency difference between the
supermodes. Furthermore, the gain of the lowest loss array
supermode will be less than that of a single cavity individual
mode. As a consequence, when the VCSEL array is tuned into
coherent operation, an increase of the coherent array output
power is observed and has recently been characterized [14].

A. Complex Coupling Coefficient

The dual-element photonic crystal VCSEL array has been
shown to act as a non-Hermitian system with current-controlled
nonuniform gain/loss [15]. The coupling between the array
elements can be quantified using the complex coupling co-
efficient, K = K, + ix; . The real component, x, expresses
half the frequency splitting while the imaginary component, x;
represents half of the difference in gain between the in-phase and
out-of-phase array supermodes [9]. As noted above, coherent
emission into a supermode requires less gain than the individual
cavity modes; thus, when the array operation is adjusted from
two independent single element lasing modes to a coherent
supermode, enhanced output power, AP , is measured. The
magnitude of the imaginary coupling coefficient, |r;|, scales

with AP and the optical power of the uncoupled laser elements,
Puncoupled:

B aqigTNAP

Il = 27p (2hwamVa + adig TNPuncoupled)

ey

where aq;g 1s the differential gain, Ty is the carrier lifetime, 7p
is the cavity photon lifetime, v, is the mirror loss, V, is the
active volume of the laser array [14]. These latter parameters
are considered constant while AP and P ycouplea are the two
experimental variables that dictate |r;|. The current induced
variation of the refractive index causes a reversal of the power
transfer and the sign of k; expresses that variation. When the
out-of-phase supermode has lower threshold than the individual
elements, and hence becomes the dominant lasing mode, «; is
positive, and it is negative for in-phase array supermode [9].
Experimentally we can extract the magnitude of the imagi-
nary coupling coefficient from the measured output power as
a function of injected currents to the array elements [14]. We
next compute x; using a simple one-dimensional antiguided
supermode model to simulate the in-phase and out-of-phase
supermodes.

B. Antiguided Supermode of VCSEL Array

We can model the supermodes arising from our 2-element
VCSEL array using the leaky-mode index profile discussed
in Ref. [10]. Thermal heating from increased current injection
increases the refractive index, while the increased carrier density
associated with this injection creates a suppression in index
inside the laser cavities [16]. The two competing effects result
in an antiguided index profile where the index between the
laser elements is always greater than inside the laser cavities.
In Fig. 2(a) we show the approximated 1-dimensional refractive

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 28, NO. 1, JANUARY/FEBRUARY 2022

w
N
N

Refractive Index
w
pry

o
~

X pum
(a)

[

o .
(8] 1 00 T T T T 1 00 (@]
m ——
L ° oo o o ¢ 8
= . v -
[0) | Il ~a _E
2 : . £
— gos5 05 \ (0]
€ : \ =
o E b=
O 092' 2 0.1 0 1 0.1 0 1 . '092 o)
g . . Angle(rad) ; iiA_Angl/e(rad)ﬂ~1 ‘; \\ O
© 23415 3.42 é \ ()
< 2 341 3:;? 053 \\‘ %
qol_- 088' % 3.405 3v4.o5 TE ‘\\"0.88 L
o) X 34 0 o S ) -

= i 1
‘.L -10 0 10 -10 0 10 cC
S T T Yo T —
O 0.000 0.003 0.006 0.009
An,

(b)

Fig.2. (a) I-dimensional approximate index profile of 2-element VCSEL array
accounting for the thermal and carrier effects. The green arrows show the gain
apertures, An is the index difference between the central implanted region and
the outer cladding, d. is the fixed separation between elements; (b) calculated
confinement factor of the in-phase (circular points) and out-of-phase (square
points) supermodes as a function of An.. The inset shows the normalized far-
field intensity and near-field mode profiles at points (i) and (ii).

index profile of the 2-elemet array. The suppressed index in
the left and right gain apertures are denoted in Fig. 2(a). The
index difference between the center implanted region and the
cavity edge is An, and the separation of the cavities is fixed
to d. = 1.4 wm. Using finite difference method, we solve the
Helmbholtz wave equation,

PU@) | 202 () U (2) = n;; U(x) 2)

dz?

where, n. s is the effective index, kg is the vaccum wavenumber,
and U(x) is the modal field to be determined. The anti-guided
in-phase and out-of-phase supermodes are sketched in Fig. 2(b)
inset. We calculate the overlap of each supermode with the gain
regions (green arrows in Fig. 2(a)) to find the confinement factor
shown in Fig. 2(b). With fixed cavity separation and increasing
bias current to both cavities, we expect An,. indicated in Fig. 2(a)
to monotonically increase.
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For increasing An., the computed out-of-phase and in-phase
supermode confinement factors are shown in Fig. 2(b). For anti-
guided modes, the confinement factor of the supermodes, rather
than their effective index, determines which mode has the lowest
threshold gain [3]. The inset of Fig. 2(b) shows the simulated
near-field and far-field profiles at two different points denoted
as (i) and (ii). For this fixed cavity separation, Fig. 2(b) shows
that the out-of-phase mode has the highest confinement factor
for small values of An,., such as shown for point (i). As An,
increases, the in-phase supermode confinement factor increases,
while out-of-phase supermode confinement decreases, resulting
in a switch of the lowest threshold supermode.

III. EXPERIMENT AND ANALYSIS

In this section, we discuss the experimental results and ob-
servations on our coherently coupled 2-element VCSEL array.
The output power, near-field intensity, and far-field profile can
be measured as a function of the two bias currents, which can
be used to characterize the coherent properties of the arrays
[5], [17]. We first identify the coherently coupled region from
the enhanced output optical power as well as array emission
into a single spectral peak, which occurs with approximately
equal current injection into the elements. Then we analyze the
supermode with increasing current by observing the resulting
far-field profiles. Next, we estimate the strength of coupling
by determining the imaginary coupling coefficient. Finally, we
validate these results against our antiguided supermode model.

By varying the injection currents to left (Ir.r) and right
(Iright) VCSEL elements, we can create 3-dimensional color
contour maps to aid analysis [5], [17]. In Fig. 3(a) we present
a 3-dimensional map of the measured output optical power in
terms of the injection currents to the left and right laser elements,
Irefy and Irigne. The color scale represents the output power at
each coordinate (Ireft, IRight ). The region of power enhancement
from coherent coupling is evident along the “ridge” apparent
between points A and D in Fig. 3(a). This narrow region of excess
power arising from the formation of the supermode corresponds
to approximately equal currents injected into each element (i.e.,
along the diagonal in Fig. 3(a)). In Fig. 3(b) we show the spectral
mapping for this array. For this measurement the number of
resolvable spectral peaks above the noise floor were counted
and denoted in Fig. 3(b). Notice the power ridge apparent in
Fig. 3(a) also corresponds to a narrow region of apparently single
mode emission. Although an apparent side mode suppression
>30 dB is measured in this region, both supermode resonances
are expected within the measured single spectral linewidth.

Fig. 3(c) shows the far-field profiles measured at the points
denoted in Fig 3(a) and (b). The far-field profiles from the
apparent single spectral peak arises from dual supermode emis-
sion. At point A, near threshold, the array is found to operate
predominantly in the out-of-phase supermode (on axis null in
far-field). With increasing approximately equal injection into
each cavity (moving up the power ridge) the dominant super-
mode is observed to switch from the out-of-phase (points A
and B) to in-phase (points C and D) supermode. The in-phase

1700505
Lightfmw]
3.2
2.8
2.4
2.0
1.6
1.2
0.8
0.4
0.0
(@)
Number
of
= Spectral
£ Peaks
-
&
R 1
o m>1
0 2 4 6 8 10
ILeft [mA]
(b)
_10 A ;1.0 B
s s
?o.s %‘0 5
8 8
E0.0- 0.0
-1.0A%gleot(r)ad()).5 1.0 -1.0 -%r?gloe'?ra%)s 1.0
_1.0 c| ~1° D
s s
go 5 %o.s
s s
= 0.0 ~ 00

-1.0-0.5 00 05 1.0
Angle (rad)

-1.0 -%5 IOO( %5’) 1.0
ngle (ra
(c)

Fig. 3. Characteristics of 2-element VCSEL array: (a) 3-dimensional map of
output optical power versus injection currents to the left and right elements; (b)
map of the number of lasing peaks observed; and (c) selected far-field profiles
measured at points A, B, C, and D.

supermode (on axis maximum in far-field) remains dominant
with increasing current up to the maximum array output power.

To quantify the strength of coupling, next we compute AP
and |x;| along the coupled power-ridge where Irer, = IRight-
Fig. 4(a) shows the measured coupled power, Pcoupleq as well
as the interpolated uncoupled power, Pncoupleds Which we



1700505

3.0 S
2.5+
__2.01
% 1.51
1.0
>
|
0.5 —=— Pcoupled
0.0 : . ' +. Puncc:upled
3 4 5 6 7 8 9
Injected Current Iy = || en(MA)
(@)
——t 140 §
_ 0.351 ModT Switching Region 120 :(2/
% i 100 :
€ 0.281 ! F100 ©
& ! 2
2 0.211 ; 80 S
o [ o
o . 60 S
$ 0.14- i S
3 : +40 ©
i 0.07 i =
U ! i >
i -
000 B T T 1 T T T O ?
3 4 5 6 7 8 9 £
Injected Current Igigy = I en(MA)
(b)
Fig. 4. (a) Uncoupled and coupled output power as a function of current,

Ieft & IRignt along the power ridge shown in inset (white arrow); (b) excess
power, AP = Pcoupled — Puncoupled, (squares) and magnitude of imaginary
coupling coefficient, || (triangles) along the power ridge. The mode switch is
marked with vertical dashed line.

estimate by fixing one current and varying the other when the
currents are approximately equal. The inset of Fig. 4(a) shows
how the current varies along the peak of the coherent light emis-
sion. Fig. 4(a) shows that immediately above threshold, the co-
herent emission is always greater than would be measured in the
absence of coupling, i.e., Pcoupled — Puncouplea > 0. Fig. 4(b)
plots AP and using equation (1) plots |x;| along the power
ridge where Ipcf; & IRight. The increase of output power from
coherent coupling is seen to oscillate with increasing injection
current, where a relative minimum occurs somewhat above the
current where the dominant supermode emission switches. The
imaginary component of coupling coefficient s, |k;| , closely
follows AP with increasing injection. The maximum temporal
|k;| computed along the power ridge is &~ 130 GHz which
decreases by an order of magnitude at the point of minimum
AP. The dominant supermode switching occurs in between the
relative maxima of |, |, marked using the dash line in Fig 4(b).
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Since the out-of-phase supermode is observed at threshold, we
know that ;>0 and after the supermode switches to in-phase,
K 1s negative [9], [14].

Supermode switching and bistability in 2-element coherent
VCSEL arrays has been previously noted [15], [17]. The simple
anti-guided supermode model and the expected change in the
index profile across the array as current is injected, described in
the previous section, explains this mode switching phenomenon.
The change in the modal gain of the in-phase and out-of-phase
array supermode is an outcome of the index profile that varies
with current injection and thus influences the overall coherent
coupling.

IV. CONCLUSION

We characterize the coherent coupling of our dual-element
photonic crystal VCSEL array from extensive measurements of
the output optical power, spectral content, and far-field profiles
versus injection currents into both elements. The far-field in-
terference patterns show the resulting supermodes arising from
the coherent coupling between the two laser elements switches
from predominantly out-of-phase to in-phase with increasing
injection of current along the coherently coupled power ridge
(corresponding to roughly equal injection currents into each
cavity). This switching involves changes in the coupling induced
excess power and the corresponding imaginary component of
the coupling coefficient. This supermode switching is consistent
with a model of the expected coherent mode changes with vary-
ing current injection. The quantification of coherent coupling
will enable further control of the dynamic properties of these
arrays for emerging applications.
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