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Abstract—We demonstrate electronic beam steering using phased vertical cavity laser arrays at record high speed (1.4·108 deg/s)
and sensitivity to current (1.2 deg/100 μA). The relative phase
and coherence between the array elements are extracted with a
Fraunhoffer propagation method. The spatially resolved spectrum
and beam steering dynamics are also analyzed. The thermo-optic
effect is found to dominate the phase-shifting mechanism at lower
speed steering, while the electronic variation in index dominates at
higher speeds (≥10 MHz).
Index Terms—Beam steering, phased arrays, semiconductor
laser arrays, semiconductor lasers.

I. INTRODUCTION
PTICAL phased array technology has been sought for
several decades due to its promise of greater speed, accuracy, efficiency, and reliability than standard mechanical beam
steering methods [1], [2]. The applications for this technology include fiber switching, free-space communications, and
laser radar, and are as numerous and diverse as the approaches
used, which can be generally classified into continuous and discrete methods. While optical phased arrays using liquid crystals
are the most prominent for continuous steering [2], [3], alternative approaches include microelectromechanical systems [4],
[5] electrowetting [6], surface gratings [7], waveguides [8]–[10],
edge emitters [11], and vertical-cavity surface-emitting lasers
(VCSELs) [12], [13].
Among the multiple figures of merit for optical beam steering, speed is still a limiting factor for applications such as laser
radar. While mechanical methods clearly have inertial limitations, even the fastest methods using liquid crystals are limited
to speeds under 10 kHz [14], [15]. Beam steering above the kilohertz regime has only been shown previously with grating and
waveguide techniques, because rather than relying on mechanical or thermal changes, the index change with these methods can
rely more directly on an electric field [8], [10] or current [16],
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[17]. These methods, however, are often difficult to extend into
two dimensions, require elaborate setups with feedback control [8], are not conducive to free-space propagation [10], [16],
or suffer from low efficiency [7].
A distinctive characteristic of the phased VCSEL array is that
it acts as both the source and the beam steering mechanism.
In this sense, it is a closer analog to its phased array radar
counterpart. While all other methods alter the wavefront of an
incident beam, with VCSEL arrays, we can adjust the phase
of pixelated elements at their source. The primary advantages
of this approach include a very high electro-optical efficiency,
a natural extension into two dimensions [13], and fabrication
with standard lithographic processes onto a small section of a
semiconductor wafer.
As VCSEL arrays offer a fundamentally different approach,
our understanding of the physical beam steering mechanism
within them remains incomplete. The objective of this study is
to further understand the steering mechanism, which will aid in
optimizing these devices for particular applications.
We first describe the coherent VCSEL arrays in Section II, and
discuss our method to extract the relative phase and coherence of
the array elements in Section III. In Section IV, we compare the
spatially resolved spectrum of the array elements under varying
current injections to examine the beam steering mechanism.
Section V reports a dynamic analysis of the arrays in the 100 Hz,
100 kHz, and 100 MHz regimes. We conclude in Section VI and
show our data are consistent with carrier-induced thermal and
electronic index mechanisms.

II. PHASED VCSEL ARRAY
A cross-sectional sketch of a 2 × 1 VCSEL array with a
scanning electron microscope image inset is shown in Fig. 1.
The VCSEL wafer used for the arrays consists of a p-type top
distributed Bragg reflector (DBR) mirror with 27 periods and an
n-type bottom DBR mirror with 35 periods on an n-type GaAs
substrate. The active region located between the mirrors consists
of three GaAs quantum wells that emit nominally at 850 nm. The
photonic crystal hole pattern is designed to optically confine the
mode within the defects, which are aligned with ion-implanted
gain apertures of same size, the latter of which confine current
to the individual elements. The fabrication procedure has been
described in previous work [18], [19]. In an additional step, the
top metal contact is etched with a focused ion beam to create
electrical isolation between the contacts and allow preferential
current injection into either element.
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fit according to
I(x, y) = |Uleft (x, y)|2 + |Um id (x, y)|2 + |Uright (x, y)|2
⎤
⎡
Uleft (x, y)∗ Uright (x, y)ej Φ r i g h t
⎥
⎢
+ 2|γ|Re⎣ + Uleft (x, y)∗ Um id (x, y)ej Φ m i d
⎦
+ Um id (x, y)e−j Φ m i d Uright (x, y)ej Φ r i g h t
(2)

Fig. 1. 3-D sketch and scanning electron microscope image (inset) of a 2 × 1
VCSEL array.

Fig. 2. (a) Near field and (b) processed image of a VCSEL array while lasing
in the [+ − +] supermode. (c) Sketch of the electric field profile, where the
smaller intensity central lobe is π out of phase with the outer lobes.

III. PHASE AND COHERENCE
A. Method
We first extract the relative phase and coherence between
the array elements [20]. The near-field image in Fig. 2 shows
the array operating in the “in-phase” supermode, with current
separately applied to each element [20]. We designate this as the
[+ − +] supermode since the electric field profile, as depicted in
Fig. 2(c), has two zero crossings separating the three peaks [21].
After subtracting the background, the image is split into three
different sections of the supermode, as delineated by the red
lines shown in Fig. 2(b) [20].
The 2-D electric field amplitudes for each aperture are then
obtained as the square root of the measured intensity, and are
defined as |Uleft (ξ, η)| , |Um id (ξ, η)| , and |Uright (ξ, η)|, where
ξ and η are the near-field coordinates. Approximating the fields
in each of these apertures as self-coherent and monochromatic
with flat wavefronts, the beam is then “propagated” to the far
field using the Fraunhofer approximation [22]

U (x, y) =


2π
ej k 0 z j k 0 (x 2 +y 2 ) ∞
e 2z
|U (ξ, η)| ej λ0 z (xξ +y η ) dξdη
jλ0 z
−∞
(1)

where x and y are the far-field coordinates, z is the propagation
distance, and k0 and λ correspond to the free-space wavelength.
This approximation conveniently lends itself to a 2-D Fourier
transform. The relative phase of the right aperture Φright and
the magnitude of coherence between apertures |γ| can then be

where the propagated far-field intensity is denoted as I (x, y),
the relative phase of the middle aperture as Φm id , and the far
fields propagated from the left, middle, and right apertures as
Uleft (x, y) , Um id (x, y), and Uright (x, y), respectively. Since
adjacent near-field lobes in phased VCSEL arrays typically have
a π phase difference [23], [24], as per the sketch in Fig. 2(c),
Φm id is assumed to be π out of phase with the average phase of
the two outer apertures.
The parameters Φright and γ can then be extracted by matching the far-field measurements obtained with a goniometric radiometer to the far field propagated from the near field using
(1) and (2). The relative phase is first determined in an iterative
process until the relative amplitudes of the left and right far-field
lobes match those determined experimentally. This method is
used in contrast to that of previous works where the angular
shifts are matched [19], [25], because it is less subject to experimental error. Similarly, the coherence between elements is
determined by matching the relative amplitude of the far-field
nulls.
Near- and far-field measurements are taken over the range
of coherent operation of each array for fixed current injection
through the left contact, and varying current injection into the
right contact. The experimental and propagated-fit far-field profiles are compared in Fig. 3, where the 2-D profiles shown above
the plot depict the slices where the 1-D profiles are taken [20].
It is noteworthy that the near-field central lobe contained in
|Um id (ξ, η)|, in spite of its low intensity, has significant influence on the relative intensity of the far-field lobes. For this
reason, the experimentally determined near field, as opposed to
the typical Gaussian approximations used, leads us to a more
accurate far-field simulation, and therefore more accurate phase
retrieval.
B. Phase
It can be seen in Fig. 3 that as the current to the right element
is increased, the far field is pulled to the right over a beam steering range of 2◦ . This is caused by a linearly increasing relative
phase lag in the right element, as plotted in Fig. 4 [20]. The
maximum beam steering range is determined by the spacing
between elements, which also determines the dominant supermode [18]. Note also from this figure that the observed phase
range of coherent operation extends about 0.5π in either direction of the preferred phase relation between the elements
(in-phase). Beyond this phase range, the array approaches the
[+ −], or “out-of-phase,” supermode, which leads to a dramatic
decrease in coherence [26].
While ≈20 mA current difference has been reported to obtain
a π phase shift in slab-coupled lasers [27], we demonstrate
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Fig. 5. Spatially resolved spectra obtained from a magnified image onto 9 μm
(left and right) and 65 μm (middle) diameter core fiber. Current to the left
element was held at 3.6 mA, while current to the right element was varied.
Inset shows the approximate locations and diameters contributing to the spectra
shown.

This sensitivity relies on strong current confinement between
the array elements, which is dependent in our arrays on both the
ion implantation and the depth of the channel cut between the
contacts with a focused ion beam.
Fig. 3. Typical 2-D profiles of the measured and propagated-fit far fields and
1-D far-field profiles under fixed (varying) current to the left (right) contact.

C. Coherence
The coherence magnitude and emission wavelength are also
plotted against the current difference in Fig. 4 [20]. While the
array elements are highly coherent around their preferred operation with no phase difference, they lose coherence as they
are pulled away from it. This loss of coherence is also associated with the onset of a competing mode, as shown by the dual
emission peaks found at either end of the current difference in
Fig. 4. This corroborates previous results showing a reduction
in coherence when operated away from the preferred in-phase
or out-of-phase condition [26], and upon the onset of another
spectral mode [28].
IV. ARRAY SPECTRUM

Fig. 4. Relative phase, coherence, wavelength, and steering angle versus current difference between left and right elements.

this same phase shift over a differential current spread of only
170 μA. The fit lines in Fig. 4 correspond to record-high phase
and steering rates of 0.54π and 1.2◦ per 100 μA, respectively.

In order to elucidate the beam steering mechanism and to
characterize the array modes, we examine the spatially resolved
spectrum of each element in a VCSEL array operating near
980 nm. This array operates in conditions similar to that of the
850-nm array shown in Figs. 3 and 4, where spectral splitting is
observed with increased current difference and identical beam
steering behavior is observed. Hence, these results are independent of the emission wavelength.
Fibers with 9- and 62.5-μm diameter cores are placed at a
magnified image plane of the near field to capture the spatially
resolved spectra. The 65-μm core fiber was used to capture the
spectra encompassing both elements, while the 9-μm core fiber
was used to capture the spectra of the left and right elements.
The inset in Fig. 5 shows the approximate positions of the fiber
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in the near field where the spectra were obtained from. Fig. 5
also shows the spectra obtained with fixed current to the left
element (3.6 mA) and varying current to the right element at
the different locations/diameters shown by the inset. The array
operates coherently with 3.5 mA to the right element, but is
pulled out of coherence and into two spectral modes at 3.4 and
3.6 mA (similar to the largest and smallest current difference
in Fig. 4). Between these extremes, there is a current range of
0.12 mA with high coherence and SMSR >30 dB. In this current
range in Fig. 5, we see similar coherent behavior as that shown
in Fig. 4.
It is observed that at higher current to the right element,
while the overall spectra are red-shifted, the right element is
lasing at a predominantly longer wavelength than the left element. Similarly, with lower current to the right element, the
spectra are blue-shifted, while the right element is lasing at a
predominantly shorter wavelength than the left element. The
spectral data thus reveal that as the current to a given element
is increased with respect to the other, its respective resonant
wavelength also increases. This is consistent with the thermooptic effect for GaAs and AlAs, where ∂n/∂T ≈ 4·10−4 and
1·10−4 K−1 , respectively [29], [30].
The coherence and spectral data from Figs. 4 and 5 thus
suggest that as the resonant wavelength difference between the
elements increases with increasing current difference, the elements are eventually decoupled and the coherence is lost. The
phase extraction of Fig. 3 informs us that when current injection
to an element is increased under continuous wave operation,
the part of the supermode emanating from that element incurs a
relative phase lag.

Fig. 6. (a) Far-field profiles obtained from translating photoreceiver at 100 Hz
(dashed) and from goniometric radiometer with dc current (dotted). The far-field
data points at high and low currents to the right element are obtained from the
time-domain photocurrent signals, shown at angular locations of 0◦ and 3◦ .

V. BEAM STEERING DYNAMICS
A. 100 Hz
We first characterize beam steering at low modulation speeds
with an array similar to that shown in Fig. 2, which emits at
850 nm. The current to the left array element is held constant,
while the current to the right element is modulated in a square
wave with a pattern generator between 3.06 and 3.13 mA at
100 Hz. A photoreceiver located 6 cm from the VCSEL array
and subtending a 0.8◦ angular width is then translated across the
far field as indicated in Fig. 6 [31].
A temporal plot of injected current is also shown in Fig. 6
along with the detected signal at the angular locations of 0◦ and
3◦ . With the detector placed at 0◦ , the optical signal is found
to rise and fall with the current to the right element. At 3◦ ,
however, the detected signal varies oppositely with the injected
signal. At each of these measurement angles, the photocurrent
value is averaged over the times of the low and high input
signals, which gives us two points in the far field. The detector
is then translated to detect these values at angular increments,
and the far-field profiles corresponding to the low and high
current values, shown in Fig. 6, are obtained.
The dynamic far-field data show that at higher currents, the
far-field profile is shifted to the right over a range of ≈0.8◦ ,
which is consistent with the dc measurements obtained from the
goniometric radiometer, shown by the dotted lines in Fig. 6. Us-

Fig. 7. Photocurrent obtained at the angular positions of 0◦ and 3◦ , while the
right element current is modulated at 100 kHz.

ing the phase extraction technique described in Section III [20],
we find that a current change of only 70 μA into the right element
gives a phase shift of 0.3π, corresponding to approximate phase
and steering rates of 0.4π and 1.1◦ per 100 μA, respectively.
B. 100 kHz
Next, the modulation rate is increased to 100 kHz. At this
speed, we find that the far-field profile continues to shift to
the right with higher current to the right element, consistent
with measurements at 100 Hz and dc. However, as seen by
the temporal dependence of the spatially resolved signals in
Fig. 7, a rise/fall time on the order of 5 μs is evident [31].
Similar delays between 1 and 20 μs for steering and the onset
of lasing are observed in GaAs VCSELs dependent on thermal lensing [32]–[34]. The observed rise/fall time in Fig. 7 is
therefore consistent with a thermally dominated beam steering
mechanism. The increase of current to the right element is accompanied by an increase to the relative temperature on that
side of the array, which increases the relative index on that side
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ble of switching speeds over 40 GHz, well above the typical
modulation limit of VCSELs imposed by the relaxation oscillation frequency [36]. Future effort will be needed to increase the
steering angle range, decrease the central lobe divergence, and
to further elucidate the phase-shifting mechanism.
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Fig. 8. Far-field profiles at 100 MHz obtained from translating photoreceiver.
Profiles extracted from time-domain photocurrent at the angular locations of
−0.5 and 1.5◦ .
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