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Abstract— The optical coupling between dual elements of
photonic crystal vertical cavity surface emitting laser arrays
is characterized. The optically coupled microcavity lasers have
independent bias injection currents. Output power and beam
analysis measurements are used to quantify the effects of optical
coherence in nominally 850 nm emitting arrays. Modelling and
experiment show how the optical coupling is influenced by
photonic crystal lattice period and the independent current
injection into the elements.

Index Terms— Laser modes, optical coupling, phased arrays,
semiconductor laser arrays, vertical-cavity surface emitting lasers
(VCSEL).

I. INTRODUCTION

COHERENTLY coupled two-element arrays of pho-
tonic crystal (PhC) vertical cavity surface emitting

lasers (VCSELs) have been shown to exhibit novel dynamic
properties such as increased small-signal modulation band-
width [1], [2], enhanced digital data transmission [3], and
reduced intensity noise and harmonic distortion [4]. These
properties make them attractive for next-generation optical
communications systems, however the modulation enhance-
ment is dependent on the engineering of the array structure to
enable effective optical coupling as well as the electrical tuning
of the bias injection currents to operate at the prerequisite
coherently coupled regime. These require developing the the-
ory and model to understand the coupling behavior and the link
between the array design and coupling, as well as developing
the experimental methods to characterize these devices and
tune them into coherence.

Past theoretical analysis of coupled VCSEL arrays has
primarily involved one-dimensional real refractive index
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Fig. 1. SEM image of a 2 × 1 PhC VCSEL array with inset of magnified
cavity.

waveguide models [5] for the analysis of the array modes
and their (real) coupling coefficient, and coupling coefficient
formulations of the laser rate equations for the analysis of
dynamics [6], [7]. A recently developed two-dimensional
complex index waveguide model improves on past work by
enabling the calculation of the complex coupling coefficient
as a function of physical array structure [8] and is used here.

Many different methods of coupled VCSEL array character-
ization have been previously proposed with relative strengths
and weaknesses [9]. One recently proposed method is a
Fourier-method beam profile analysis [9] that can provide
insight into the array coupling, lasing mode suppression ratio,
and inter-cavity phase difference in a simple but resilient
manner [10]. Another is optical power analysis that exploits
the coherent power enhancement effect to estimate the imag-
inary coupling coefficient from the strength of the power
enhancement effect [7] using either conventional modeling
techniques [11], [12] or machine learning methods [13].

In this work we use output power and beam analysis to
quantify the effects of coherence for photonic crystal VCSEL
arrays. We use optical power analysis on a collection of
PhC VCSEL arrays and show the relation between the pho-
tonic crystal period and the magnitude of imaginary coupling
coefficient, as well as its trends with increased injection cur-
rent. We use Fourier-method beam profile analysis for determi-
nation of coherent coupling and demonstrate array supermode
transitions with increase driving current. We adapt our pre-
viously proposed two-dimensional complex index waveguide
model to experimental VCSEL arrays by fitting the model
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TABLE I

NOMINAL DESIGN PARAMETERS FOR THE PHC STRUCTURE OF 2 × 1
VCSEL ARRAYS [17]

parameters to match experimental estimates of imaginary
coupling coefficient. Finally our complex waveguide model
predicts supermode transitions with increased injection current
(decreasing cavity index) consistent with the array measure-
ments.

P. Daniel Dapkus submitted his doctoral thesis on charac-
terization of laser operation from amphoterically doped GaAs
in 1970 at the University of Illinois [14]. He continued III-V
semiconductor and optoelectronic device research during his
long and distinguished career overlapping both industry and
academia. A half century later we follow his pioneering work
and leverage many of his foundational discoveries to report
on the lasing characteristics of more complexly structured, but
essentially doped (Al)GaAs semiconductors.

II. PHOTONIC CRYSTAL VCSEL ARRAYS

Nominally symmetric two-element photonic crystal VCSEL
arrays such as shown in Fig. 1 have been previously fabri-
cated [2] and are characterized in this work. The conventional
VCSEL epitaxy for 850 nm emission that is used is grown by
metal organic chemical vapor deposition [15]. The photonic
crystal patterns are defined using conventional optical lithog-
raphy and etched into the top distributed Bragg reflector mirror
using anisotropic etching. The dual array elements are defined
by a missing hole in the photonic crystal and are electrically
isolated by ion implantation with an independent electrical
contact [2] as depicted in Fig. 1.

The photonic crystal pattern has been shown to influence the
modal properties of individual photonic crystal VCSELs [16].
Here we focus on three array designs with varying period
but fixed fill factor (ratio of hole diameter to period). Each
cavity has a gain area defined by an ion implanted aperture
with an optical aperture defined by the inner edge of the holes
surrounding the defect cavity; thus the cavity diameter is twice
the period with hole diameter subtracted. As is evident in
the inset of Fig. 1, the inner two holes between the dual
elements have reduced diameter to enhance coupling [17].
Three photonic crystal designs are considered with photonic
crystal period of 4.0, 4.5, and 5.0 μm. With reduced period
length, the cavity diameter and separation between the cavities
also are reduced. The nominal design parameters for the
photonic crystal VCSEL arrays are listed in Table I.

The photonic crystal VCSEL arrays were characterized at
the wafer-level using unpackaged arrays with cascade con-
tacts as shown in Fig. 1. The two electrically independent
lasers were driven continuous wave using a separate precision
source-measure instrument. The output power and far-field
beam profile measurements were obtained separately from
multiple arrays of each of the three photonic crystal designs.

For the beam profile measurements, the optical train was set on
a computer-controlled linear stage that enabled adjustment of
the position of the focal plane in order to capture a beam image
of the far-field. The VCSEL array behavior and performance
is strongly dependent on the operating conditions, and thus we
must characterize these devices across a wide range of driving
currents and often with small current steps (e.g. 10 μA).
Computer-controlled automated data collection was used to
collect the data sets to be discussed next.

III. OPTICAL POWER ANALYSIS

The total optical power emitted by an array was measured
across a range of injection currents to the two independent
cavities. These automated power measurements are made for
a collection of neighboring arrays for each of the three array
designs. A representative example of the output power versus
injection currents I1 and I2 are shown in Fig. 2a, 3a, and 4a
for array designs # 1, 2, and 3 respectively. For each array
type, we observe performance variations even for neighboring
arrays, but several characteristics are consistently observed.
We find each element has approximately equal threshold
current, the output power generally increases with increasing
current, where the power emitted from each element simply
adds together.

The key feature of these optical power measurements
is the “coherent ridge” features that tends to occur close
to the equal-injection diagonal (where I1 ≈ I2) of
Fig. 2-3. The excess output power observed along the coherent
ridge is a region where the optical power is greater than the
sum of the element laser powers when operated individually.
This phenomena occurs because the coherent optical array
supermode has better confinement with the gain region than
the individual cavity modes [7]. This ridge is consistently
more prominent in design # 1 arrays (Fig. 2a) as compared to
design # 2 arrays (Fig. 3a), and is barely discernible in design
# 3 arrays (Fig. 4a).

Past work has shown that the strength of power enhance-
ment is related to the magnitude of the imaginary coupling
coefficient, |κi | [7]. In order to extract the imaginary coupling
coefficient from the coherent ridge measurements, we need to
estimate the output power in the absence of lasing operation of
the coherent supermode. The estimation of uncoupled power
is nontrivial as accurate estimates need to incorporate thermal
cross-talk effects (for example, where the heat from cavity
2 increases the threshold current thus decreases optical power
in cavity 1). Past work has explore multi-variable polynomial
modeling [9], artificial neural network modeling [9], [13],
as well as single-variable polynomial modeling [10], [11].
In this work we use a two-step refining single-variable poly-
nomial model evaluated separately on each one-dimensional
slice of the optical power measurement data [10].

We determine the uncoupled optical power and optical
power enhancement for each of the characterized arrays to
estimate the magnitude of the imaginary coupling coefficient.
The result of this analysis applied to the data sets for the
representative arrays, is shown in Fig. 2b, 3b, and 4b for
photonic crystal designs # 1, 2, and 3, respectively. Com-
parison of output power and the extracted value of plots in
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Fig. 2. Optical power measurement and estimated imaginary coupling
coefficient of a design # 1 array.

Fig. 2, 3, 4 illustrates that the latter plots distinctly reveal
the coherent ridge, even in Fig. 4b corresponding to photonic
crystal design # 3. For every photonic crystal array data set
collected, extracting the excess power produced from nearly
degenerate supermodes when the array is biased in the power
ridge under approximately equal-injection condition, distinctly
highlights coherent operation of the array.

If we consider the magnitude of |κi | along the coherent
ridge with increasing current, we find that |κi | tends to reach
a maximum at not much above threshold, before decreasing
to a relative minimum, as has been previously reported [7].
In some cases, as in Fig. 2b, |κi | will increase with current
toward a second maximum. The minimum value of |κi | has

Fig. 3. Optical power measurement and estimated imaginary coupling
coefficient of a design # 2 array.

been identified with a transition from one array supermode
to another [11]. Past experimental analysis of the imagi-
nary coupling coefficient showed estimated maximal values
of 150 GHz [7].

While the arrays of a particular design should nominally be
identical, the optical power measurements and analysis show
significant variation in the optical power performance and
coupling between distinct arrays of the same design. In order
to compare the coupling as a function of PhC lattice period,
we find the maximal estimated |κi | for each measured array
and plot as a function of photonic crystal period in Fig. 5.
While the |κi | can vary by a factor of ∼ 2 within a given
design, the average value of |κi | shows a distinct trend of
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Fig. 4. Optical power measurement and estimated imaginary coupling
coefficient of a design # 3 array.

decreasing |κi | with increased PhC lattice period, a trend
consistent with prior waveguide model results [8].

IV. BEAM PROFILE ANALYSIS

The beam profile of the photonic crystal laser arrays tend
to develop interference fringes when the elements are coher-
ently coupled. These fringes form the basis of beam profile
analysis [9]. We measure the far-field beam profiles of the
representative photonic crystal design # 1 array (see Fig. 2)
at various injection currents in the vicinity of the coherent
ridge. The beam profiles are then analyzed using the Fourier-
method [9], [10] where the fast Fourier transform (FFT) is
calculated for the beam intensity profile, and the value of the
highest-magnitude (non-zero-frequency) side-peak in the FFT

Fig. 5. Estimated peak imaginary coupling coefficient as a function of PhC
lattice period. Average value is drawn in as curve.

is divided by the zero-frequency component. The magnitude
of this ratio is the “peak ratio” and the phase of this ratio is
referred to as the “peak phase”. The calculated Fourier “peak
ratio” metric and “peak phase” are plotted in Fig. 6a and
6b, respectively. The peak ratio, which ideally varies from 0
(uncoupled lasers) and 0.5 (fully coupled lasers), distinctly
shows the coherent ridge as two regions of high peak ratio.
Comparing Fig. 2b and 6a suggests the lower current region
corresponds to the discernible coherent ridge and the second
high peak ratio region (at higher current) corresponds to where
the coherent ridge should appear, if it were discernible from
optical power measurements.

The Fourier peak phase, plotted in Fig. 6b, corresponds
to the relative phase of the supermode field in the two
cavities. We can discern two primary trends in Fig. 6b. First,
perpendicular to the coherent ridge (I1 ∝ −I2) but within the
coherent region the phase has a smoothly varying gradient,
indicating beam-steering and non-Hermitian modes [18], [19].
Second, at higher currents along the coherent ridge (I1 ∝ I2)
the phase tends to be relatively constant except in the region
of low |κi | and low peak ratio at approximately (I1, I2) =
(4.5, 5.2), where a discontinuity of approximately 180◦ is
found, as would be expected for a transition from one array
supermode to the other [12].

We can better understand the supermode behavior by look-
ing at a selection of far-field beam profiles such as shown
in Fig. 7. Three sets of beam profiles are compared; the
specific current ranges in Fig. 7a, 7b, and 7c are depicted
in Fig. 6. First consider the profiles taken across the lower
and upper coherent regions in Fig. 7a and 7b, respectively.
Both sets show some beam-steering, but the steering per unit
of current change is stronger in the upper coherent region [18].
Furthermore, the lower coherent region exhibits four-lobed
out-of-phase supermode profile, while the upper coherent
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Fig. 6. Fourier beam analysis of design # 1 VCSEL array, with the 6a Fourier
peak ratio and 6b Fourier peak phase metrics.

region has a three-lobed in-phase supermode, in agreement
with the phase transition appearing in Fig. 6b.

Another phenomenon observed in the beam profile analysis
are regions of lowered Fourier peak ratio within coherent
ridges. Consider the series of beam profiles in Fig. 7c.
While all of the beam profiles are of moderate coherence,
the third beam profile in this series (6.4 mA, 7.0 mA) has
significantly lower coherence (peak ratio). The Fourier beam
profile analysis predicts lowered peak ratio as optical coupling
diminishes (development of asymmetric cavity modes) and
reduction of mode suppression ratio [17]. Breaking optical
coupling is expected at the outer edges of a coherent ridge,
not along its diagonal center. Thus lower peak ratio within

Fig. 7. Select beam intensity profiles from a design # 1 VCSEL array. 7a
shows beam-steering at the low-power coherent ridge, 7b shows beam-steering
at the high-power coherent ridge and 7c shows a transition from an out-of-
phase-like beam to an in-phase-like beam with a dip in visibility at the bottom
of the higher-power coherent ridge. The locations of these beam profiles on
the peak ratio ridge are marked in 6a.

TABLE II

WAVEGUIDE MODEL PARAMETERS FOR A DESIGN # 1 2 × 1
VCSEL ARRAY. POSITIVE IMAGINARY INDEX INDICATES LOSS,

NEGATIVE GAIN

coherent ridges can be identified with regions of lowered mode
suppression ratio.

V. MODELING AND THEORY

We build on the previously proposed waveguide model of
VCSEL arrays [8] by adjusting the model parameters to fit
experimental device performance. The photonic crystal para-
meters are given Table I. The complex imaginary index values
for use in the waveguide model were fit to match the mea-
sured (average) imaginary coupling coefficients extracted from
the three photonic crystal designs. This, however, implies that
our parameter fitting is under-constrained as the waveguide
model has three real index parameters and two imaginary
index parameters, but we are fitting to only three experimental
values. The derived model parameters, listed in Table II, are
thus not unique and need additional refinement.

We use the parameters in Table II to create a complex index
waveguide structure corresponding to the photonic crystal,
such as illustrated in Fig. 8. Note the calculation domain
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Fig. 8. Refractive index structure for a 2×1 VCSEL array waveguide model.

Fig. 9. Process flow diagram for waveguide modeling and coupling
coefficient calculation.

Fig. 10. 10a and 10b Mode intensity profiles for modes with highest
confinement factors for a 2 × 1 VCSEL array waveguide model, and 10c
and 10d their corresponding far-field intensity profiles.

in Fig. 8 accounts for the effects of the etched photonic
crystal and carrier index suppression (but does not include
thermal effects). A scalar waveguide eigenmode solver is used

Fig. 11. Real and imaginary coupling coefficient for 2 × 1 VCSEL array as
a function of cavity index suppression.

to find the modal fields with the highest confinement factor,
that is supermodes with the greatest proportion of the modal
power contained within the gain area of the array. We find a
pair of dominant supermodes (e.g. in-phase and out-of-phase
mode). The complex coupling coefficient is estimated using
the complex modal effective indices for the two supermodes
and is primarily determined by the difference between the
modal effective indices for the two supermodes. The imaginary
component of the modal effective index incorporates the
gains and losses experienced by the mode, and as such the
imaginary coupling coefficient is related to the gain splitting
and difference in threshold gain for the two supermodes. This
gain and threshold splitting is driving force behind the power
enhancement effect [7] that we use to estimate the imaginary
coupling coefficient. The intensity profiles for the primary and
secondary array supermodes as well as the calculated beam
profiles using Fraunhofer diffraction [18] are illustrated in
Fig. 10. This modeling process flow is summarized in Fig. 9
and the details of the complex coupling coefficient estimation
have been previously detailed [8].

With this model we can explore the effects of (symmetric)
current injection into the two cavities. We presume the primary
effect of current injection in the waveguide model is index
suppression in the cores of the waveguides, with higher injec-
tion leading to stronger index suppression [20]. The calculated
complex coupling coefficient derived from the splitting in
the modal effective index for the two array supermodes [21]
with increased index suppression (corresponding to increased
current injection) is plotted in Fig. 11. Fig. 11b illustrates the
imaginary component has an initial increase in |κi |, followed
by a drop toward zero, and a subsequent increase. These
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Fig. 12. Modal field intensity profiles for the primary modes (a, c, e, and
g) and secondary modes (b, d, f, and h) as a function of index suppression
(nsuppression = [0, 0.0025, 0.0045, 0.007]).

trends are in agreement with the experimental measurements
of Fig. 2b. Moreover, the range of calculated in Fig. 11b are
consistent with the experimental measurements in Fig. 2b, 3b,
and 4b.

To better understand the evolution of the imaginary com-
ponent of the coupling coefficient, we can analyze the array

supermodes. We solve for the supermode profiles for a series
of index suppression values and plot the results in Fig. 12.
Note varying the suppression between Fig. 12c- 12d and
Fig. 12e-12f (i.e. 0.0025 ≤ nsuppresion ≤ 0.0045) we can
observe the dominant supermode switches from out-of-phase
to in-phase. Comparing Fig. 11b to Fig. 12 we find that the
transition of the dominant supermode is associated with the
decreased value of |κi |. The switch of the dominant supermode
would naturally be expected to occur at low values of mode
suppression ratio, which is consistent with the observations of
the peak ratio in Fig. 6a.

Finally, the real component of the calculated coupling
coefficient in Fig. 11a ranges from tens to 100 GHz. The
real coupling coefficient is related to the frequency detuning
between the supermodes [7]. Due to limitations of our model,
these values should be considered approximate. The super-
mode dynamics in dual-element photonic crystal arrays have
been shown to lead to increased small signal modulation [1]
as well as enhanced data transmission rates [3].

VI. CONCLUSION

Semiconductor lasers have significantly evolved over the
course of the illustrious career of Prof. P. D. Dapkus, due
in no small part to the impact of his research. The results
reported herein would not have been possible without his prior
contributions to optoelectronic device physics, semiconductor
materials, and the technology used to epitaxially grow the
requisite heterostructures.

In this work we use optical power enhancement analysis
to estimate the imaginary coupling coefficient for a collection
of two-element photonic crystal VCSEL arrays. From mea-
surements and complex waveguide analysis, we find strong
optical coupling between the elements with approximately
equal current injection. Despite variations observed in array
behavior, we find a distinct trend of lowered imaginary
coupling coefficient as the photonic crystal lattice period is
increased, in agreement with complex waveguide modeling.
We refine our waveguide model using experimental estimates
of imaginary coupling coefficient. Modeling current injection
as increased index suppression in the cavities reveals the
imaginary coupling coefficient increases with increased current
to a relative maximum, and then decreases in agreement with
experimental observations. Beam profile analysis shows that
this decrease is associated with an array supermode transition.

The refined complex waveguide model allows us to explore
the influence of array design and injection on the complex
coupling coefficient. Combined with Fourier beam analysis
this reveals conditions for reduced imaginary coupling coeffi-
cient, or equivalently lower mode suppression ratio, which are
operating conditions that are expected to achieve improved
modulation bandwidth.
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