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Abstract—The modulation properties of two-element photonic
crystal ion-implanted coherently coupled vertical cavity surface
emitting laser arrays emitting at 850 nm are reported. Single mode
emission into either the in-phase or out-of-phase supermode and
significant modulation bandwidth enhancement are obtained for
both operating conditions. We model our device as a monolithically
integrated, mutually optically injection-locked laser system and
show that the phase detuning and injection ratio between array elements are critical parameters influencing modulation bandwidth.
Comparison of our experimental measurements to our model is
consistent with mutual injection locking. Modulation bandwidth
greater than 30 GHz and up to 37 GHz is consistently found for
several array designs. We show the modulation response can be
tailored for different applications.
Index Terms—Phased arrays, semiconductor laser arrays, vertical cavity surface emitting lasers (VCSELs).

I. INTRODUCTION
HE effects of optically coupling two or more semiconductor lasers have been explored for more than four decades
[1]. These prior studies include investigation of the interaction
between discrete laser diode sources as well as the interaction
between laser elements of monolithic laser arrays. There have
been several different perspectives used in the analysis of optical
coupling between semiconductor lasers, which include injection
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locking to study temporal dynamics [2], as well as emission supermodes derived from coupled-mode theory to characterize
spatial coherence [3], [4]. Vertical cavity surface emitting lasers
(VCSEL) are interesting candidates for optically coupled arrays,
and both injection-locking, as well as supermode analysis have
been separately explored.
The majority of prior injection-locking VCSEL studies have
used an external VCSEL or other laser source to lock another VCSEL to increase its modulation bandwidth [5]–[9].
The injection-locking results have been successfully modelled
using a rate equation approach to account for the effects of the
magnitude of the injected field as well as frequency detuning
between the VCSELs [2]. Dramatic modulation bandwidth increase to 50 GHz was demonstrated for a 1.55 μm VCSEL
under extremely high optical intensity injection conditions [7].
Two-dimensional VCSEL arrays as large as 5 × 5 have also
been successfully externally injection-locked to operate in the
coherent low divergence in-phase super mode [10].
A supermode analysis of 2-dimensional VCSEL arrays identified the in-phase (out-of-phase) supermodes with an on-axis
far-field intensity maximum (null), respectively [11]. The outof-phase mode arises when the fields of the adjacent elements
in the VCSEL array have a π -phase difference. More recently
we have studied 1- and 2-dimensional VCSEL arrays and have
shown that arbitrary phase difference between array elements is
possible [12]. Further, the phase can be controlled by an independent bias applied to each element, which enables continuous
2-dimensional beam steering [13], [14].
VCSELs are widely deployed as low-cost high performance
laser sources for fiber optic data transmission in computer
servers, data centers, supercomputers, and throughout the
internet. The modulation bandwidth for free-running VCSELs
typically ranges from ten to twenty GHz. An interesting
discovery is that the modulation bandwidth can be appreciably
improved in coherently coupled VCSEL arrays [15]–[17]. Dalir
and Koyama have reported 30 Ghz bandwidth [15] and as high
as 36 Gbps data rate [16] from dual optically coupled oxideconfined VCSELs. We have previously reported small signal
bandwidth as high as 37 GHz using a two-element coherent
VCSEL array [17]. Moreover, we have shown that electroni-
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cally tunable phase tuning between two coupled VCSELs can
lead to various conditions of coherently coupled operation [18].
In this paper we report theory and modulation measurements
of two-element coherently-coupled implant-defined photonic
crystal VCSEL arrays emitting nominally at 850 nm. The two
strongly optically-coupled VCSELs in the array are modeled as
monolithic mutual injection-locked lasers based on the well established injection-locking laser rate equations [2]. We have designed and fabricated optically coupled and electrically isolated
1 × 2 VCSEL arrays emitting at 850 nm and have developed
an operation procedure where bias conditions are leveraged to
control the index profile and coupling phase for optimum modulation bandwidth. Experimentally we demonstrate modulation
bandwidth enhancement for both in-phase and out-of-phase operation to as high as 37 GHz, as well as 25 Gbps data rate, both
limited by our experimental setups.
We first describe the design for achieving single supermode
operation in photonic crystal VCSEL arrays, as well as our
fabrication approach based entirely on conventional processing
which allows for independent phase tuning of the array elements. Next we present the injection-locking model, where we
have explicitly incorporated the relative phase between the array
elements. In the analysis section, we compare our modeling and
measurement results to analyze various dynamic phenomena.
We finally summarize the high speed modulation performance
and report several device designs that achieve bandwidth in
excess of 30 GHz in single transverse mode operation.
II. DESIGN AND FABRICATION OF PHASED VCSEL ARRAYS
Transverse electrical and optical confinement are critical in
VCSEL and VCSEL array designs for achieving high efficiency
or low threshold current. While oxide-confined VCSELs have
dominated the short-haul optical interconnect market due to
low threshold current, high power conversion efficiency, and
high modulation bandwidth, they typically emit into multiple
transverse modes due to the inherent large index contrast [19].
Decreasing the size of the oxide aperture can eliminate the
higher order modes, but at the cost of increasing the series resistance and current density, hence degrading VCSEL reliability.
This dilemma motivated our research efforts on ion-implanted
photonic crystal VCSELs [20], where electrical and optical confinement are separately provided by proton-implantation and
photonic crystal patterns, respectively. The photonic crystal,
consisting of periodic pattern of air holes etched into the top
distributed Bragg reflector, provides optical confinement that
is controlled by the photonic crystal pattern, hole separation b,
hole diameter a, and hole etch depth. Holes missing from the
photonic crystal pattern create the optical cavities of the array
elements. The index difference is chosen to be around 10−3 ,
which implies only a few to a single transverse mode are confined. For the coupled arrays, we use similar photonic crystal
designs that provided single transverse mode emission [21], but
incorporate two or more missing holes to delineate two or more
elements within the coupled VCSEL array [22]–[26].
Coherently coupled photonic crystal VCSEL arrays were initially fabricated by simply having multiple defects (missing
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Fig. 1. (a) Cross-sectional sketch and (b) and (c) scanning electron micrographs of 1 × 2 optically coupled, phased vertical cavity laser array. The array
in (b) has square-lattice with b = 3.6 μm and b/a = 0.6 and the array in (c)
has hexagonal-lattice with b = 2.4 μm and b/a = 0.6.

holes) adjacent to each other [22]. Modifying the size and position of the near-element holes was shown to influence the
coupling properties and promote in-phase coupling [24]. Furthermore, by coupling through the gap between the holes and/or
eliminating the inter-element holes, the index guiding between
elements is suppressed. Moreover, due to the electronic suppression of the index in each element during current injection,
the arrays are antiguided, since the refractive index between elements is higher than in the individual laser optical apertures
[26]. With properly designed inter-element spacing, the antiguided photonic crystal arrays can operate in-phase consistently
for arrays as large as 3 × 3 [27], [28].
Fig. 1 shows a side view sketch and images of square and
hexagonal photonic crystal designs for 2 × 1 arrays. The size
of ion-implantation gain aperture is chosen to be slightly larger
than the optical aperture to insure relatively low series resistance
[20]. The use of ion implantation to independently define the
gain aperture of each element means that relatively low current
density can be maintained. Electrical isolation between the elements is important to allow independent current injection into
each element. As shown in Fig. 1(a), multiple ion implant steps
with varying acceleration ion energies were done between the elements to create stacked implant damage to the top surface [29].
A fabrication challenge for multiple element ion-implanted
photonic crystal VCSEL arrays is non-uniformity among the
elements of the array caused by fabrication imperfections [28].
In arrays where all the elements share the same electrode, this
variation leads to differing series resistance, and thus the current
is unequally divided among the elements. The result is spectral
detuning among the array elements, which will degrade the array
coherence. This can be overcome by individually controlling
the injection current into each element, which allows tuning the
array into coherence [18].
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In addition to forcing the elements in the phased VCSEL
array to spectrally align, the ability to control injected currents
to individual array elements has enabled other aspects of coherent VCSEL arrays, including high-speed beam steering up to
100 MHz [30] based on phase or wavelength detuning [31],
observation of gain tuning and parity-time symmetry breaking
[32], and modulation bandwidth enhancement [17]. The latter
aspect is the focus of this paper. As indicated in Fig. 1, each
array has two anode contacts, one to each element, with low
capacitance contact pads on polyimide in a ground-signalsignal-ground geometry for high speed on-wafer probing.
III. MODELING OF COHERENT VCSEL ARRAYS
We model the coupled two-element photonic crystal VCSEL
array as a monolithically integrated, mutually optically
injection-locked laser system. The master laser array element
is modeled as a single-mode laser, with a contribution of optical
feedback originating from the slave laser array element. This is
achieved using the single-mode injection locking rate equations
without an isolator [33]–[36], written in terms of the normalized
complex field envelope Em ,


dEm 1
1
= (1 + jα) g (Nm −Ntr ) −
· Em + κEin j,s ej Ψ
dt
2
τp
where Ein j,s is the injected field from the slave laser array element, g is linear gain coefficient, α is semiconductor linewidth
enhancement factor, Nm is carrier number, Ntr is transparency
carrier number, τp is photon lifetime, κ is coupling coefficient,
and Ψ is the preferential phase of the coupled mode, being 0 or
π for the in-phase or out-of-phase coupled mode, respectively.
The frequency detuning between master and slave laser array
elements is set to zero since the feedback will be at the same
wavelength as the master laser.
Similarly, the slave laser array element is modeled as having
strong optical injection from the master laser array element [33],
with complex field rate equation given by,


dE s
1
1
jΨ
=
(1
+
jα)
g
(N
−
N
)
−
s
tr
dt
2
τ p · Es + κEin j,m e
−j2πΔfin j Es
where Ein j,m is the injected field from the master laser array element and Δfin j is the detuning frequency defined
as the difference between the locked frequency of the coupled mode fC and the free-running laser element frequency
ff r : Δfin j ≡ fC − ff r . Writing these equations in terms of
the photon numbers and phase gives the well-known injectionlocked laser coupled rate equations for photon density, phase,
and carrier number. For the slave laser, these are



1
dSs
= g (Ns − Ntr ) −
· Ss + 2κ Sin j,m Ss cos (φs )
dt
τp



α
Sin j,m
dφs
1
=
sin (φs )
−κ
g (Ns − Ntr ) −
dt
2
τp
Ss
− 2πΔfin j
dNs
1
= Js − Ns − g(Ns − Ntr ) · Ss
dt
τn

TABLE I
LIST OF SIMULATION PARAMETERS
Symbol

Parameter

–
L
–
–
τn
τp
g
–
nt r
–
Ith
α
–

Wavelength
Length of cavity
Length of active region
Reflectivity of output mirror
Carrier lifetime
Photon lifetime
Linear gain coefficient
Optical confinement factor
Transparency carrier number
Operating current
Threshold current
Linewidth enhancement factor
Injection coupling rate

Value

Units

850
1 × 10 −4
24 × 10 −7
0.998
2
2 × 10 −3
2 × 10−1 6
0.043
5.23 × 101 8
4 × Ith
2
4
802

nm
cm
cm
–
ns
ns
cm2
–
#
mA
mA
–
1/ns

where Ss is photon number, Js is current number, and Ns
is carrier number, and φs is the phase detuning defined
as the difference between slave and master taking into account the coupled mode phase: φs ≡ φslav e − φm aster − Ψ.
Due to the leaky nature of the anti-guided coupling mechanism,
the electromagnetic field in the inter-element coupling region
has real propagation vectors and shows standing wave patterns.
An odd number of inter-element intensity maxima corresponds
to in-phase operation and even number for out-of-phase operation [26], [37], [38]. The published values of κ for injection
locked VCSELs vary greatly, from 1.0 × 1011 to 5.0 × 1013
[39], and the coupling coefficient is in general a complex number with its phase varying with the inter-element spacing [40],
[41]. For our analysis we use a value of 8.02 × 1011 as taken
from [42]. The modulation response of the injection locked
laser array element can be simulated using small signal analysis.
However, doing so requires that we designate one array element
as the master and the other array element as the slave. Stability
analysis gives us the phase (wavelength) detuning boundaries of
the stable locking range for an injection locked laser [43], [44].
Solving the coupled rate equations for the steady-state values of
photon number, phase, and carrier number, the requirements for
real phase and stable gain give constraints on the phase (wavelength) detuning for injection locking [43]. This constraint is
known as Mogensen’s locking range and given by
π
≤ φ ≤ cot−1 α
−
2


Sin j,m 
Sin j,m
−κ
1 + α2 ≤ 2πΔfin j ≤ −κ
Ss
Ss
which is of course related to wavelength detuning by Δλin j =
(c/f0 ) − (c/(f0 − Δfin j )) Further constraints on the stable
portion of the locking range for frequency response are imposed
by the dynamic equation solutions for the frequency response
to remain stable [43], [44].
Using the small signal analytic model we can simulate the
small signal frequency response across the entire locking range.
The various laser parameters required for simulation are given
in Table I and are either calculated or typical values for 850 nm
VCSELs are used [45]. The borders of the map are created by
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Fig. 2. Simulated maps of the locking range showing modulation response
resonance frequency vs. injection ratio and (a) spectral resonance wavelength
detuning or (b) relative coupling phase detuning for one element being injection
locked by another.

stability analysis [43], [44] while the response is calculated by
small signal analysis [33], [35], [39], [46], [47]. The plots in
Fig. 2 show the resonance frequency for the simulated stable
locked regions of the array. In the plots of Fig. 2, the abscissa is
the injection ratio, while the ordinate is either the wavelength or
phase detuning between the array elements. The color scale corresponds to the resonance frequency of the modulation response.
Fig. 2 shows the general trend that the resonance frequency increases with injection ratio and reduced wavelength (phase) detuning value. The locking range maps are useful in developing
device designs as well as operating procedures to induce a desired response, and have been thoroughly analyzed for injection
locked lasers [33], [35], [36], [39], [42]–[44], [46]–[51].
The effect of phase (wavelength) detuning at a fixed injection ratio for the resonance frequency is shown in Fig. 3(a).
The response has a high frequency resonance peak at the low
phase (wavelength) detuning end of the locking range, whereas
it is highly damped without resonance peak at the high detuning
end. Low bandwidth applications requiring high linearity may
benefit from the response at the high detuning end, whereas
high frequency and narrow-band applications such as RF photonic link technology may benefit from the response at the low
detuning end.
The effect of increasing field injection while the wavelength
detuning is held at zero for the resonance frequency is shown in
Fig. 3(b). The response becomes more damped as the injection
ratio is increased, and produces a large 3-dB bandwidth. This
is the ideal behavior for optical communications applications
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Fig. 3. Simulated modulation response curves for (a) decreasing value
of wavelength or phase detuning at a fixed injection ratio and
(b) increasing injection ratio at a fixed wavelength detuning of zero, for one
element being injection locked by another.

requiring large broadband 3-dB bandwidth. Not only is this
behavior the most desirable but, as we will show, also the most
likely to be produced by the coherently coupled VCSEL arrays.
As will be shown in the following section, the spectral detuning
for the array elements when under coherently coupled operation
are very near zero, and by manipulation of the field distribution
large injection ratios can be achieved.
IV. ANALYSIS
As shown by the theoretical analysis of the previous section,
the modulation response performance depends on the field injection ratio and phase (or wavelength) detuning between the
two elements while locked. In this section we analyze the qualitative agreement between experimental data and locking range
dynamics based on mutual injection locking theory.
To analyze the effects of phase (wavelength) detuning on the
modulation response, we use the experimental data presented in
Figs. 4–6 from a square-lattice photonic crystal VCSEL array
with b = 3.3 μm and b/a = 0.6. The current injected into the
array elements are denoted as I1 and I2 . The spectral data in
Fig. 4 shows that for constant I1 = 5.1 mA, the array becomes
coherently coupled for I2 varying between 3.8 to 5.1 mA. Measurements of the far-field intensity profile and spectral behavior
confirm that the array lases in the out-of-phase coupled mode. As
predicted by coupled mode theory and demonstrated in Fig. 4,
the out-of-phase mode prefers higher frequency and the coupled array lases at a wavelength near the natural resonance of
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Fig. 4. Spectral data showing resonance wavelength vs. bias currents (I1 =
5.1 mA while I2 is varied) for fundamental modes of elements 1 (red square)
and 2 (blue diamond) and the coupled mode (black circles) through locking
range.

Fig. 5. Coherence phase (triangle) and magnitude (circle) extracted via nearand far-field analysis. Phase constraints of injection locking for Element 1 and
Element 2 are indicated with red and blue, respectively, dashed lines and shading.

Fig. 6. Modulation response vs. bias currents (I1 = 5.1 mA while I2 is
varied) throughout the locking range.

whichever element is blue-detuned. Therefore, the wavelength
detuning between the natural resonance of at least one element
and the coupled mode wavelength is very near zero detuning
throughout the locking range (e.g. the wavelength detuning is
near zero for Element 2 through most of the locking range in
Fig. 4).
For an array element to be injection locked, its phase
relative to that of the other element must satisfy π/2 ≤ φ ≤
(π + cot−1 α) for the out-of-phase coupled mode. Note that further constraints are imposed by the dynamic equation solutions
for the frequency response to remain stable. By propagating
the experimentally determined near-field apertures to the
far-field via the Fraunhofer approximation such that the prop-

Fig. 7. Micrographs of (left) hexagonal-lattice VCSEL array with b = 2.7
μm and b/a = 0.6 and (right) near-field intensity with the left element having
I1 = 7.9 mA and the right element having I2 = 6.8 mA and small signal
modulation applied.

Fig. 8.

Modulation response at the bias conditions in Fig. 7.

agated profile closely matches the experimentally determined
far-field intensity profile, we may extract the phase detuning
and coherence magnitude of the laser array [31]. The results are
plotted in Fig. 5 where the shaded regions of the plot indicate
phase relationships for which Element 1, Element 2, and both
elements, respectively, satisfy the phase conditions to be injection locked. Note that the absolute values of phase are subject to
the alignment of the equipment when the data is collected, but
that relative phase change across the locking range should be
accurate.
The modulation response at bias conditions throughout the
locking range for various currents are shown by Fig. 6. In this
plot, the modulation response shows the lack of an enhanced
resonance peak when phase conditions are met for Element 1 to
be injection locked (I2 ≤ 4.5 mA), whereas there is a clear enhanced modulation response resonance peak at 25 GHz for bias
at which the near-zero-wavelength-detuned Element 2 has relative phase satisfying the conditions for being injection locked
(4.6 mA < I2 < 4.9 mA). This shows qualitative agreement between experimental data and the theory of mutual injection locking. By comparing the modulation response in Fig. 6 with the
coherence magnitude in Fig. 5, we see also that the magnitude
of modulation response at mid-frequencies (10 to 20 GHz) reduces with decreasing coherence magnitude. This behavior has
been observed for multiple arrays.
To analyze the effects of field injection ratio on the modulation
response, we use the experimental data in Figs. 7 and 8 from
a hexagonal-lattice photonic crystal VCSEL array with b =
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Fig. 9. Small signal modulation response showing 3-dB bandwidth beyond 30 GHz for devices with each of five photonic crystal designs on sample. A scanning
electron micrograph of the corresponding device is shown by the inset.

2.7 μm and b/a = 0.6. The array shown in Fig. 7 is biased
with DC currents of I1 = 7.9 mA and I2 = 6.8 mA. In Fig. 7,
this corresponds to the right Element 2 in an injection-locked
state with significantly lower field amplitude than for the left
Element 1, which has brighter intensity in the near-field inset.
We apply small signal modulation to Element 2 in order to take
full advantage of the effects of this asymmetric field distribution.
This gives the relatively flat 3-dB bandwidth of 33 GHz shown
in Fig. 8, which lacks the peak in low frequency gain (e.g.
Fig. 6) typically observed when the field distribution is more
symmetric.
The peak in the low frequency gain of the typical response,
when both elements lase with similar field distribution, is caused
by the master laser either being directly modulated by an electrical signal (if the small signal modulation is applied to the
master) or being modulated by optical feedback due to the field
of the slave being coupled to it. When the field amplitude being
coupled into the master from the modulated slave is significantly less, it has reduced effect on the light output from the
master [35]. Therefore, the response from direct modulation of
the slave laser will be relatively flat, without low frequency gain
from modulation of the master laser. Additionally, the modulation response should have a large 3-dB bandwidth enhancement
due to larger field injection ratio for the coupled element with
less field amplitude.
This indicates an operating procedure to achieve broadband
modulation response that is relatively flat over a large frequency
range: induce field distribution asymmetry (through either bias
conditions or cavity design) and modulate the element with
lower field amplitude in an injection-locked state.

V. HIGH-SPEED PERFORMANCE
Previously, we reported record high modulation bandwidth of
37 GHz with narrow spectral width emission at 980 nm wavelength from an array operating in the out-of-phase coupled mode
[17]. We demonstrate in Fig. 9 that several arrays of different
design, all emitting nominally at the 850 nm wavelength, are
capable of bandwidth enhancement beyond 30 GHz. The small
signal responses in Fig. 9 are not particularly flat and narrow
resonances can sometimes be seen, in agreement with other reports [52], [53]. Nevertheless, photonic crystal VCSEL arrays
are capable of large signal modulation as well. Fig. 10 shows
the small signal bandwidth as well as the eye pattern for 25 Gb/s

Fig. 10. Small signal response and inset eye-diagram showing open eyes at
25 Gb/s data rate.

data rate for an array under nearly identical bias conditions. Both
measurements were limited by the testing equipment. Together,
the performance demonstrated in Figs. 9 and 10 shows that coherently coupled photonic crystal VCSEL arrays are capable of
enhanced modulation response suitable for optical communications applications.
The 2 × 1 photonic crystal coherent VCSEL arrays used in
Ref. [17] employed a focused ion beam etch (FIBE) for current
isolation between array elements, whereas those of Fig. 9 employed a stacked ion implantation step as previously discussed.
The FIBE-induced optical loss between array elements will tend
to pin the supermode null of the electric field such that the outof-phase coupled mode is preferred. The out-of-phase on-axis
null in the far-field intensity profile and is undesirable for coupling the array emission to optical fiber. All previous reports
of bandwidth enhancement from coupled VCSEL arrays has
occurred for out-of-phase coupling [15]–[17].
Modulation bandwidth enhancement in the more desirable
in-phase coherently coupled operation is presented in Fig. 11.
Fig. 11 shows the small signal modulation response and optical
spectrum with inset far-field intensity profile for a 1 × 2 phased
photonic crystal VCSEL array with small signal modulation
applied to element 2 and DC bias of I1 = 7.2 mA and I2 =
7.1 mA. The modulation bandwidth of 37 GHz is demonstrated
while the array operates in the in-phase coupled mode, as shown
by the on-axis peak in far-field intensity profile and inter-element
lobe in near-field intensity profile (not shown). At this bias
condition the emission gives 2.9mW of output power and is
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Fig. 11. (a) Small signal modulation response and (b) optical spectrum with
inset far-field intensity profile for 1 × 2 phased VCSEL array (hexagonal lattice with b = 2.7 μm and b/a = 0.6) with small signal modulation applied to
Element 2 and DC bias of I1 = 7.2 mA and I2 = 7.1 mA.

highly single-mode with a side-mode suppression ratio (SMSR)
of 40 dB as shown in Fig. 11.
VI. CONCLUSION
In conclusion, we have analyzed two-element phased VCSEL
arrays from the perspective of monolithic injection locking and
have incorporated the phase difference between the elements
which arise for the supermode array emission. Our modeling
indicates the phase between elements and the injection ratio
are critical parameters that influence the modulation bandwidth.
We have also reported on the design and fabrication of photonic
crystal ion-implanted VCSEL arrays that can be tuned to coherence . From the coherent near- and far-fields we extract the
relative phase and find qualitative agreement with our experimental observations. Significant modulation enhancement to
>30 GHz is obtained for both in-phase and out-of-phase supermode operation. From our theory we can expect that designs
that induce asymmetric field injection under injection-locked
coherent operation should lead to further improvements. Therefore coherently coupled VCSEL arrays may enable significant
modulation enhancement, perhaps leading to 100 Gb/s data rate
from direct modulation of semiconductor lasers.
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