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ABSTRACT

We design and fabricate an on-chip laser source that produces a directional beam with low spatial coherence. The lasing modes are based on
the axial orbit in a stable cavity and have good directionality. To reduce the spatial coherence of emission, the number of transverse lasing
modes is maximized by fine-tuning the cavity geometry. In a cavity with the size of hundreds of micrometers, 1000 transverse modes
lase simultaneously and independently, reducing the speckle contrast to 0.03. Decoherence is reached in a few nanoseconds as a result of

frequency detuning of lasing modes. Such rapid decoherence will facilitate applications in ultrafast speckle-free full-field imaging.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5109234

The high spatial coherence of conventional lasers can introduce
coherent artifacts due to uncontrolled diffraction, reflection, and opti-
cal aberration. A common example is the speckle formed by the inter-
ference of coherent waves with random phase differences.” Speckle
noise is detrimental to full-field imaging applications such as displays,”
microscopy, optical coherence tomography, and holography.” It also
poses a problem for laser-based applications like material processing,
photolithography, and optical trapping of particles.

Various approaches to mitigate speckle artifacts have been devel-
oped. A traditional method is to average over many independent
speckle patterns generated by a moving diffuser,” colloidal solution,”
or fast scanning micromirrors.” However, the generation of a series of
uncorrelated speckle patterns is time-consuming and limited by the
mechanical speed. A more efficient approach is to design a multimode
laser that generates spatially incoherent emission, thus directly sup-
pressing speckle formation.” Low spatial coherence necessitates lasing
in numerous distinct spatial modes with independent oscillation
phases. For example, a degenerate cavity'"'* allows a large number of
transverse modes to lase, but the setup is bulky and hard to align.
Complex lasers with a compact size such as random lasers'” '® have
low spatial coherence and high photon degeneracy but are mostly opti-
cally pumped. For speckle-free imaging applications, wave-chaotic
semiconductor microlasers'” have the advantages of electrical pumping
and high internal quantum efficiency. However, disordered or wave-
chaotic cavity lasers typically have no preferential emission direction,

and the poor collection efficiency greatly reduces their external quan-
tum efficiency. Our goal is to create an electrically pumped multimode
semiconductor microlaser without disordered or wave-chaotic cavities
to combine low spatial coherence and directional emission.

Moreover, the speed of speckle suppression is crucial for imaging
applications. For instance, time-resolved optical imaging to observe fast
dynamics requires speckle-free image acquisition with a short integra-
tion time, and so the oscillation phases of different spatial lasing modes
must completely decorrelate during the integration time to attain deco-
herence. The finite linewidth Av of individual lasing modes leads to
their decoherence on a time scale of 1/Av. The frequency difference
between different lasing modes can lead to even faster decoherence. For
example, the emission from many random lasing modes with distinct
frequencies exhibits low spatial coherence already within ten nanosec-
onds."® The decoherence time was measured for a solid-state degener-
ate cavity laser.'” The intensity contrast of the laser speckle is reduced
by the dephasing between different longitudinal mode groups in tens of
nanoseconds, but complete decoherence requires a few microseconds
due to the small frequency spacing between transverse modes. We aim
to further shorten the decoherence time by utilizing the larger mode
spacings in a semiconductor microlaser.

Here, we design an electrically pumped chip-scale semiconductor
laser with spatially incoherent and directional emission. The emission
from conventional broad-area semiconductor lasers with flat end mir-
rors exhibits a good directionality. However, lasing occurs only in a
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few transverse modes since the high-order transverse modes have large
divergence angles and hence experience severe losses.”””" To lower the
spatial coherence, we need to increase the number of transverse lasing
modes. With curved end mirrors, the losses of high-order transverse
modes can be reduced. We consider two-dimensional (2D) symmetric
cavities with two circular concave mirrors with radius of curvature R, as
shown in Fig. 1(a). The mirrors are separated by the cavity length L. The
geometry of the cavity is determined by the parameter g=1 — L/R,
which is known as the cavity stability parameter. If R, is larger than L/2 or
g is within the range (—1, 1), the cavity is called stable in the sense that
rays starting near the cavity axis stay close to it and will remain inside the
cavity.” In the paraxial limit, the resonances in the stable cavity are
described by Hermite-Gaussian modes, which have different transverse
profiles depending on the transverse mode number m. Figure 1(b) shows
the spatial intensity profile of a high-order transverse mode with m = 10.

Reducing the speckle contrast C = 1/4/M to below the level of
human perception ~ 0.03*>** requires M ~1000 transverse modes to
lase simultaneously and independently. Previous designs of stable cavity
semiconductor lasers with curved facets” *’ exhibited less than 10
transverse lasing modes. The challenge is to increase the number of
transverse lasing modes by two orders of magnitude. To accommodate
higher order transverse modes, we increase the cavity width W. For
directional emission, all lasing modes must be based on the axial orbit,
which is formed by a ray traveling back and forth along the cavity axis
between the two mirrors. However, modes based on nonaxial orbits like
those in Fig. 1(c) can appear in wide cavities, yielding nondirectional
emission. We eliminate the reflecting surfaces at the lateral sides [black
dashed lines in Fig. 1(c)] to suppress the nonaxial modes based on the
periodic orbits with bounces from the sidewalls, such as the diamond
orbit.”’*”” In addition, we set W = L / V/2 to avoid the rectangle orbits
in the stable cavity. A schematic of our design is shown in Fig. 1(d).

To maximize the number of transverse modes with similarly
high Q factors, we optimize the cavity shape by fine tuning R, while
keeping L and W fixed. We numerically calculate the passive cavity
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FIG. 1. Schematic of the on-chip stable cavity laser. (a) 2D symmetric stable cavity
defined by two concave circular mirrors with radius of curvature R and distance L.
The cavity width W is the distance between two extremities of a curved mirror.
Rays impinging on the cavity boundary are described by coordinates (s, ), where
s is the coordinate along the curved boundary and y is the angle of incidence with
respect to the surface normal. (b) The spatial intensity profile of a high-order trans-
verse mode in a stable cavity. (c) Nonaxial orbits that lead to nondirectional emis-
sion. (d) Three-dimensional sketch of the on-chip stable cavity with directional
emission. The lasing modes are based on the axial orbit and thus have directional
emission. The shape of the top metal contact matches the spatial profile of high-
order transverse modes to ensure their spatial overlap with gain.
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modes using the finite element method (COMSOL). A 2D cavity with
L =20 um is simulated. The refractive index of the cavity n = 3.37 cor-
responds to the effective refractive index of the vertically guided mode
in the GaAs wafer used in the experiment. Transverse-electric (TE)
polarization (electric field parallel to the cavity plane) is considered
since GaAs quantum wells have higher gain for this polarization and
the lasing modes are TE polarized.

Degenerate cavities with conventional mirrors can support trans-
verse modes with nearly degenerate Q-factors thanks to their self-
imaging property.”**’ As an example of a degenerate cavity, we con-
sider the confocal geometry (g=0). For the on-chip design with
dielectric interfaces as mirrors, however, the Q-factor decreases signifi-
cantly as the transverse mode number m increases as shown in
Fig. 2(a). Figure 2(b) shows a typical mode laterally confined to the
cavity axis, resulting in negligible diffraction loss. We calculate its
Husimi projection” from the overlap of its spatial field distribution
with a minimal-uncertainty wave packet impinging onto the cavity
boundary. It visualizes the angle of incidence y of wave components at
different positions s of the cavity boundary. The high-intensity spots
in the Husimi map indicate that the dominant wave components have
a nonzero angle of incidence onto the cavity mirrors. As m increases,
wave components with increasingly higher incident angles appear.
Thus, high-order transverse modes in the confocal cavity experience
higher loss since the reflectivity at a dielectric-air interface decreases
with increasing y for TE-polarized light, making the confocal cavity
unsuitable for multimode lasing.

To solve this problem, we consider the concentric cavity
(g=—1), which does not have frequency degeneracy of its resonances.
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FIG. 2. Fine tuning of the cavity geometry to maximize the number of transverse
modes. (a) Dependence of quality factor Q on transverse mode number m for the opti-
mized near-concentric (g = —0.74), confocal (g = 0), and concentric (9 = —1) cavi-
ties. (b) Calculated spatial distributions of field amplitude (left) and corresponding
Husimi projections (right) for high-order transverse modes (m = 7) in confocal, concen-
tric, and near-concentric (g = —0.74) cavities. White solid lines in the left column rep-
resent the curved cavity facets, and while dashed lines in the right column mark the
endpoints of the facets. (c) Calculated number of high-Q resonances (black squares)
and the number of lasing modes (red triangles) that are based on axial orbit and exhibit
distinct transverse profiles as a function of cavity stability parameter g.
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Since the concentric mirrors are part of a circle, any ray passing
through the cavity center hits the boundaries perpendicularly. Indeed,
the Husimi projection in Fig. 2(b) is strongly localized at y = 0, and
thus, the angle-dependent reflectance is an insignificant loss mecha-
nism. However, as the mode profile exhibits a large divergence, light
leaks out via diffraction from the endpoints of the facets. These losses
are evident in the Husimi projection from the high-intensity spots just
outside the cavity facet. Since the higher order transverse modes expe-
rience stronger diffraction loss, the Q-factor decreases even more
quickly with m than for the confocal case as seen in Fig. 2(a).

We gradually vary g from —1 to 0 in search for the optimal geome-
try that supports the largest number of high-Q transverse modes. Figure
2(c) shows the number of transverse modes, which are based on the
axial orbit and have Q-factors exceeding 0.8 times the maximal Q-factor,
as a function of g. The optimal geometry ¢ = —0.74 is near concentric.
A slight deviation from the concentric shape makes the mode profiles
laterally localized to the cavity axis [see Fig. 2(b)]. Moreover, the Husimi
projection shows high-intensity spots centered at y = 0, which indicates
that most wave components have almost normal incidence on the cavity
facet. Therefore, the near-concentric geometry minimizes both losses
from angle-dependent reflectance and diffraction, resulting in the slow-
est decrease in Q with m. As the number of transverse modes scales line-
arly with the width W of the cavity when keeping the ratio W/L fixed,
we can apply this optimization result to the larger cavities used in
experiments (see the supplementary material).

The above optimization is based on the cavity resonances in the
absence of gain. Gain competition can limit the number of lasing
modes additionally. In order to quantify the effect of gain competition,
we calculate the number of lasing modes at steady state’ (see the
supplementary material). The red curve in Fig. 2(c) represents the
number of different transverse lasing modes at a pump level of two
times above the lasing threshold. In the confocal cavity, the number of
lasing modes based on the axial orbit is notably smaller than the num-
ber of high-Q passive modes due to the existence of nonaxial modes
with higher Q which lase first and saturate the gain for the axial modes
(see the supplementary material). For the optimized near-concentric
cavity, most of the passive transverse modes with high Q can lase, indi-
cating that gain competition is insignificant.

The experimental results for the on-chip stable cavity lasers are pre-
sented in Fig. 3. The cavities are fabricated by photolithography followed
by reactive ion etching from a commercial GaAs/AlGaAs quantum well
epiwafer. To ensure the spatial overlap of high-Q transverse modes with
the quantum well gain, the top metal contact for current injection is
shaped to match the spatial profile of the highest-order transverse lasing
modes. The scanning electron microscopy (SEM) images in Fig. 3(a)
show that the etched facets, which serve as curved end mirrors, are
smooth and vertical. The fabricated sample is mounted on a copper
block, and a tungsten needle is placed on the top gold contact for current
injection. Lasing is observed at room temperature with electrical pump-
ing for all the tested cavities with different sizes and shapes. To reduce
heating, the current pulses are 2 us-long with a 10 Hz repetition rate.
The emission is collected by an objective lens (NA = 0.4) and coupled
into a spectrometer. The inset of Fig. 3(b) shows the emission spectra
from an optimized near-concentric cavity (¢ = —0.74) at different pump
currents. A typical spectrum consists of many closely spaced narrow
peaks, indicating simultaneous lasing of many modes. More lasing peaks
appear at higher pump currents, and they merge to a smooth, broad
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FIG. 3. Lasing characteristics of the on-chip stable cavities. (a) SEM images of a
fabricated near-concentric (g = —0.74) cavity of length L =400 um. The etched
facet is vertical and smooth. (b) Total emission power vs pump current of a near-
concentric cavity with L =400 um. Inset: normalized emission spectra at different
pump currents. (c) Far-field intensity patterns of laser emission from three cavities
with g = —0.74, —1, and 0. The V-shaped orbit, which contributes to the sharp
peaks in the far-field pattern of the confocal cavity, is drawn in the inset. (d) The
number of transverse lasing modes in near-concentric (9 = —0.74), concentric (g
= —1), and confocal (g = 0) cavities with different lengths L. The error bars indi-
cate the variation between different cavities of the same g and L.

spectrum. The curve of emission power vs pump current for an
L =400 pum-long cavity in Fig. 3(b) shows a lasing threshold of 360 mA,
above which the emission power increases much more rapidly with the
pump current. The total emission power reaches 350 mW at a pump
current of 800 mA, and the differential quantum efficiency is 0.8 W/A.
The threshold current density is inversely proportional to the cavity
length L (not shown) as expected since the Q-factors increase with L lin-
early.”” There is no significant difference between the lasing thresholds
for cavities with the same L but different g.

To investigate the emission directionality, we measure the far-field
emission patterns at a pump current two times above the lasing thresh-
old. Figure 3(c) shows the far-field patterns for three cavity shapes. The
far-field emission was measured at a distance D = 6 cm from the cavity
facet. For a near-concentric cavity (g = —0.74), a directional output
beam with a divergence angle (half width at half maximum) of 35° is
observed. The concentric cavity (g = —1) shows a flat-top far-field pat-
tern with sharp edges. This pattern is attributed to the broad angular
divergence of modes in the concentric cavity. In contrast, the far-field
pattern of the confocal cavity features sharp peaks on top of a broad
background. The sharp peaks originate from lasing modes based on a
V-shaped, nonaxial orbit (see the inset and supplementary material).

We characterize the spatial coherence of the laser emission from
the cavities of different shapes. The emission is coherent in the direc-
tion normal to the wafer since the sample has only one index-guided
mode in the vertical direction. To measure the coherence of emission
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in the horizontal direction (parallel to the wafer), we create speckle
patterns with a line diffuser that scatters light only in the horizontal
direction. A CCD camera records the far-field speckle intensity pattern
generated by laser emission from a single 2 us-long pump pulse [see
Fig. 4(a)]. In order to quantify the spatial coherence, we calculate the
speckle contrast defined as C = a;/(I), where g; and (I) are the stan-
dard deviation and mean of the speckle intensity, respectively. M =1/
C* gives the effective number of distinct transverse lasing modes.'
Figure 3(d) shows the values of M for cavities with different g and L,
measured at two times the lasing threshold. The number of transverse
lasing modes is the largest for the near-concentric cavity (g = —0.74).
With the ratio W/L fixed, the number of transverse modes increases
with L since a wider cavity supports more transverse modes. For the
L =800 um near-concentric cavity (g = —0.74), about 1000 different
transverse modes lase, and their combined emission reduces the
speckle contrast to about 0.03.

To examine the applicability of the optimized laser for ultrafast
speckle-free imaging, we determine how fast decoherence of the emis-
sion occurs. We use a streak camera to measure the time-resolved
speckle patterns with a temporal resolution of about 60 ps in a setup
sketched in Fig. 4(a). Figure 4(b) shows the spatiotemporal evolution
of the measured far-field speckle pattern of a near-concentric cavity
laser (g = —0.74). The magnification in Fig. 4(c) reveals rapid spatial
and temporal variations of the intensity pattern. To quantify the
coherence time of the emission, we calculate the contrast of speckle
patterns as a function of the integration time. As shown in Fig. 4(d),
for a short integration time of #,, = 0.2 ns, the speckle has a notable
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FIG. 4. Decoherence time for a near-concentric cavity laser. (a) Schematic of the
setup that measures speckle patterns with a CCD or streak camera. (b) The spatio-
temporal profile of the far-field speckle pattern from a laser with g = —0.74 and
L =400 um. (c) Magnification of the speckle pattern revealing fast temporal evolu-
tion of the speckle grains. (d) Time-integrated speckle patterns for integration times
of 0.2 ns and 20 ns, exhibiting an intensity contrast of C=0.21 and 0.098, respec-
tively. (€) Dependence of speckle contrast on the integration time &, featuring two
kinks at the integration times of a few nanoseconds (solid arrow) and several tens
of nanoseconds (dotted arrow).
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contrast of ~0.2. As the integration time increases, the speckle contrast
drops quickly. Figure 4(e) summarizes the reduction of the speckle
contrast for t,; from 100 ps to 500 ns. The L =800 um-long cavity
laser features lower speckle contrast than the L =400 um-long cavity
laser for all integration times. After a rapid drop, the contrast starts to
saturate, exhibiting a kink at a few nanoseconds (indicated by the solid
arrow). A second kink (indicated by a dotted arrow) follows at several
tens of nanoseconds after which the speckle contrast further declines.

The time scale of the speckle contrast reduction is related to the
frequency differences of lasing modes when their linewidths are
smaller than their frequency spacings. When the integration time f;,, is
shorter than the inverse frequency spacing of two modes, their tempo-
ral beating results in a visible interference pattern that oscillates in
time. For an integration time longer than their beating period, the
time-varying interference pattern is averaged out, and hence, the
intensity contrast of the speckle pattern created by these two modes is
reduced. With increasing integration time, more and more lasing
modes become incoherent, as their frequency spacings exceed 1/t
and the speckle contrast continues dropping. Once t;,, is long enough
to average out the beating of even the closest pairs of lasing modes, the
speckle contrast cannot reduce further. The average frequency spacing
between adjacent modes is estimated as several hundred megahertz in
our cavities (see the supplementary material), whereas the typical line-
width of semiconductor lasers (10-100 MHz) is smaller than the fre-
quency spacing. Thus, the integration time needed for contrast
reduction is determined by the mode spacing and estimated to be a
few nanoseconds, which matches the experimental observations. The
additional reduction of the speckle contrast at a few ten nanoseconds
is attributed to a thermally induced change of lasing modes™ (see the
supplementary material). When the lasing modes change, the output
emission patterns change as well and their superposition further
reduces the speckle contrast.

In summary, we demonstrate directional emission, low spatial
coherence, and ultrashort decoherence time in a compact electrically
pumped semiconductor laser. By optimizing the shape of an on-chip
near-concentric cavity, we maximize the number of transverse lasing
modes and their emission greatly suppresses speckle formation. The
frequency detuning of lasing modes accelerates the decoherence of
their emission, and low speckle contrast is obtained even with an inte-
gration time of a few nanoseconds. Such short decoherence time ena-
bles ultrafast speckle-free full-field imaging. Finally, we compare this
work to the previous demonstration of spatially incoherent nonmodal
emission from a broad-area vertical-cavity surface-emitting laser.”” By
carefully adjusting the pump conditions, the cavity is constantly modi-
fied by thermal effects, which disrupts the formation of lasing modes,
leading to spatially incoherent emission.”**” Our approach does not
rely on thermal effects, and the decoherence time is two orders of mag-
nitude shorter. Furthermore, our method does not utilize any transient
process, and thus, it is applicable to steady-state lasing. With better
thermal management, our laser may operate under constant pumping,
emitting a continuous wave of low spatial coherence.

See the supplementary material for additional details of the
experiment and numerical simulations.
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