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ABSTRACT

In this thesis, we proposed, fabricated and demonstrated the coherent beam combining of
angled-grating broad-area lasers. We have obtained the simultaneous coherent beam com-
bining and single transverse mode operation completely on chip without any external phase
control/components. Since the single transverse mode is the key to obtain diffraction-limit
beam quality and high brightness, the proposed design is a good candidate for high power
and high brightness applications. In the proposed coherently combined laser array, we use
the angled-grating broad-area laser as the building block and overlap the adjacent emitters
at one facet. The overlapped region becomes a 2D coupling region. And the coherent beam
combining is obtained through the Bragg diffraction in these coupling regions.

The scalability of the proposed structure is also studied through a simplified zigzag ar-
ray with the same topographic structure. The random phase difference among emitters in
the array is assumed to be Gaussian distribution. And the brightness of the laser array is
calculated at different random phase strength in two extreme situations: one is that only
adjacent emitters are correlated and the other one is that all the emitters in the array are
correlated. In the real zigzag laser array, the power of one emitter can be coupled into mul-
tiple neighbouring emitters. The scalability of the proposed structure should be between
the two extreme situations. It should be similar to the performance of common cavity laser
arrays.

The fabricated two coherently combined angled-grating broad-area lasers shows an in-
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terference pattern in the far field measurement indicating the two emitters are indeed coher-
ently combined. However, the overall envelope shows double lobes. A further investigation
reveals that the double lobes come from the uneven distribution of the injected current due
to the lateral current leakage. The uneven current distribution excites the second order
Bragg modes resulting in the double lobes in the far field. Therefore, we use ion implan-
tation to increase the resistance outside the metal contact area to obtain a more uniform
current distribution. And the laser diodes after ion implantation show a single lobe in the
far field envelope with interference patterns within the envelope. The output power of the
fabricated lasers is limited by the bad thermal management. There are obvious thermal
rollover in the LI curves at high current level. By p-side-down bonding, we bring the ac-
tive region closer to the heat sink to help with the heat dissipation. Both the single and
two combined angled-grating broad-area lasers can deliver over 1W output power without
obvious thermal rollover at 180K. They can also lase in room temperature pumped with
quasi-CW current source. However the slope efficiency is still low and the threshold is rel-
atively high, which may be due to the high optical and electrical loss induced by the deep
III-V dry etching.

In order to reduce the etched area for lower optical and electrical loss, we decide to
substitute the TBR grating with 2D triangle lattice photonic crystal cavity. There are two
advantageous of 2D PC cavity, one is to reduce the surface defect states for less total loss,
the other one is to control the longitudinal mode to obtain single wavelength as well as
single transverse mode, since structure along the propagation direction is also periodic.
The reason for choosing triangle lattice is to easily combine the 2D PC Bragg cavity in
the same way we did in the coherent combining of angled-grating broad-area lasers. We
solve for the first several photonic bands using MPB and determine the periods along the
transverse and propagation directions for design purpose. Since these two periods are geo-

metrically related too, we find discrete tilted angles to satisfied both resonant and geometric
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requirements. And usually the wavevector along the propagation direction is resonant with
a high order grating vector. We fabricated both single and two combined PC Bragg lasers.
As expected, the single 2D PC Bragg laser diode presents stable single wavelength op-
tical spectrum without mode hopping during the measurement period. The far field also
indicates near diffraction-limited beam quality. However, the combined laser diode shows
multiple peaks in the far field profile due to the shallow etching depth.

Regrowth wafer is another way to reduce the total loss. In this project, since the grating
is wet etched in the cladding layer which is much closer to the quantum well, the grating
depth can be pretty shallow. Since we don’t have any epitaxy layer growth facilities and
experience, the epitaxy layer growth and regrowth process is done by a foundry service.
After the quantum well is grown, the wafer is shipped to us and after the grating is etched,
we ship them back to the service for regrowth process. Unfortunately, due to the surface
cleanness, the wafer after regrowth has a lot of defects in it. All the devices including
the broad-area lasers do not lase. Therefore, we couldn’t evaluate the performance of the
coherently combined lasers using regrowth epitaxy wafer.

We also investigate another interesting laser cavity design based on the angled-grating
broad-area laser, which is the folded angled-grating broad-area laser. By using the symme-
try of the snake-like lasing mode in the angled-grating broad-area laser, the angled-grating
broad-area laser can be folded at the center to the other direction without disturbing the
lasing mode. The experiment results confirm that with a well design cavity length, the
folded cavity has a similar performance to that of the angled-grating broad-area laser. The
immediate benefit of this design is to reduce the laser area and increase the yield. More
promising is to combine two folded cavity laser to increase the filling factor. It is obvious
that in the previous combined laser design, the longer the cavity is, the smaller the filling
factor is. By combining two folded cavity lasers, it is possible to increase the filling factor

to nearly 1. The fabricated two combined folded cavity lasers show an increased angular
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distance between two interference fringes in the far field. However, due to the relative low

output power, the aperture distance is still larger than designed distance.
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folded cavity laser. The inset is the zoom in view of one etched trench. . . .
6.4 (a) Near field profiles of the folded cavity(blue solid line) and unfolded cav-
ity(red dashed line). (b) Far field profiles and camera images of the folded
cavity(blued solid line) and unfolded cavity(red dashed line). The calcu-
lated far field is shown in green dash-dotted line. (c) Light-current curves
of the folded cavity(blue solid line) and unfolded cavity(red dashed line).
(d) Optical spectrum of the folded cavity(blue solid line) and unfolded cav-
ity(red dashed line). . . . . . ... ... ... ... ...
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Schematic plot of the combined folded angled-grating broad-area laser. Two
folded angled-grating broad-area lasers are coherently combined in the same
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tween the two emitters is reduced, resulting in an increased angular distance
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Chapter 1

INTRODUCTION

The semiconductor laser [2—6] has already been widely used in the applications of telecom-
munication [7-10], sensing [11-13], illumination [14—17] and optical pumping [18-21],
ever since invented. Compared to other types of lasers, the semiconductor laser has the
advantages in high power conversion efficiency, compactness, ability to be electrically
pumped and to be integrated with other semiconductor devices. High output power is
one of the features in the semiconductor laser design that are most desired by most ap-
plications. Higher laser output power can benefit those applications, for example, higher
SNR(signal to noise ratio), higher sensitivity, higher illuminance and higher optical pump-
ing efficiency. High brightness is another parameter for optimization in the semiconductor
laser design which describes the power density per emiting area per emiting angle. Besides
high output power, high brightness alos requires diffraction-limited beam quality which is
only limited by the diffraction theory. The brightness becomes a critical parameter when
coming to the coupling from a laser beam to a optical fiber or crystal. A very good example
in practice is the diode pumped solid-state laser(DPSSL) [22]. For very high output power
of DPSSL, diode laser bar or stack is used as the pumping source. However, the poor beam

quality of the pumping source limits the energy that can be focused on the bulk crystal and



diminishes the improvement of pumping efficiency induced by the high output power of
the pumping diodes. Therefore, novel laser diode design with high output power as well as

high brightness is highly desired and has been a hot research topic for decades.

}

sixe 1se}

Figure 1.1: Schematic plot of a conventional broad-area laser and the beam profile at near
and far field. Slow axis(x axis) has a small divergence angle and fast axis(y axis) has a
large divergence angle.

It is quite challenging to simultaneously obtain high power and good beam quality with
conventional index-guided laser cavity design in the edge emitting laser diodes as shown in
Fig. 1.1. For high power operation, a broad-area, large emitting aperture is usually needed.
The reason for that is not as simple as providing higher optical gain. A large emitting
aperture also reduces the power density on the facet to postpone the happening of catas-
trophe optical damage (COD) [23,24] on the laser facets, which is another factor limiting
the maximum output power. Besides, broad-area design helps with the heat dissipation and
therefore, diminishes the thermal rollover at high output power. Therefore, a commercial

available high power broad-area laser diode is usually around 100um wide and 2 to 4mm
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long. For high brightness, single transverse mode is required for diffraction-limited beam
quality. As in the edge emitting laser diodes, there is large asymmetry of the emitting aper-
ture which has much larger size in the x axis(tens to one hundred microns) than in the y
axis(only several microns) as shown in Fig. 1.1. Usually, the multi epi-layers structure is
designed to support single mode. And the beam quality in the y axis is usually consid-
ered to be diffraction-limited beam quality. Therefore, only the beam quality in the x axis
should be optimized to obtain diffraction-limited beam quality in the edge emitting laser
diodes. When we combine both requirements for high power and diffraction-limited beam
quality in the index-guided laser cavity design, it results in a broad-area waveguide with
very weak refractive index contrast to obtain single transverse mode. However, the refrac-
tive index contrast is so weak that it is not robust enough against the index perturbation
due to the strong nonlinear effects in the semiconductor materials with large pumping cur-
rent [25-27]. Therefore, the broad-area weak-index-guiding waveguide laser cavity design

usually results in multimode operation at high output power.

1.1 Angled-grating Broad-area Lasers

The key to maintain single transverse mode at high output power is to find a lasing mode
with both low threshold modal gain and large modal discrimination. The low threshold
modal gain ensures that it can be selected as the lasing mode and the large modal discrimi-
nation can prevent the high order modes from lasing even at high output power and maintain
the single transverse mode operation. The angled-grating broad-area laser [28—-32] design
is one of such novel single emitter designs for both high power and high brightness oper-
ation [33—41]. Figure 1.2 shows the schematic plot of the angled-grating broad-area laser.
The laser cavity consists of a broad-area transverse Bragg resonance(TBR) grating with a

tilting angle. The tilting cavity design and TBR grating are two key points to obtain single



transerve mode at high output power in this design.

TBR grating

Figure 1.2: Schematic plot of the angled-grating broad-area laser. The laser cavity consists
of a tilting broad-area TBR grating.

1.1.1 TBR grating

The TBR grating is used to confine the transverse mode and provide a large modal discrim-
ination. Figure 1.3(a) shows the refractive index profile of a TBR grating. In this figure,
B is the propagation constant and k, is the transverse wavevector. The modal angle is the
angle between S and the k vector. Either couple mode theory [42-44] or transfer matrix
method(TMM) [45] can be used to solve for 5. In the coupled mode theory, starting from

the coupled wave equation:

0’E(x,z) O0*E(x,z
85@ L a(zz - ~ko(eo + Ae(x, 2))E(x, 2) (1.1)

where g is the effective permittivity, Ae(x, z) is the permittivity difference and E(x, z) is
the electrical field distribution which can be written as

E(x,2) = a/(x,2)e " e P + qy(x, 7)e’* e P
(1.2)
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Figure 1.3: (a) Refractive index profile of a TBR grating; (b) Plot of modal loss with
respective to different modal angles; (c) and (d) Electric field profiles of first and second
order Bragg modes; (¢) FDTD simulation result of the beating pattern of the two first order
Bragg modes.

where a,, a;, b; and b, are shown in Fig. 1.4.
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Figure 1.4: Schematic plot of a TBR cavity.



We can substitute Equ. 1.1 with Equ. 1.2 and obtain
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We can use slow variation assumption and ignore the second derivative terms. Thus, we

can obtain
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Since k% + % = kj&o, the above equation can be simplified as
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where Ae(x, z) can be expressed as
Ae(x,z) = Z Ag,, e Knx (1.6)
where
2r
K, = m=—
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and

If we only consider the first order grating, the coupling between a,, a;, b; and b, is shown
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Figure 1.5: The coupling relationship between the grating vectors and a,, a;, b, and b;.




in Fig. 1.5 and Equ. 1.5 can be written as
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And the TBR mode can be obtained by solving the couple mode equations Equ. 1.8 through
separation of variables method.

When using TMM, the TBR grating can be considered as a multi layer structure as
shown in Fig. 1.6 and the transmission and reflection electric fields of each layer can be
described by a transfer matrix as follows:

Es L pminikod; 121 o= jnikod; | | 7,

2 2

= (1.9)
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Therefore, the transfer matrix of the TBR grating can be obtained by multiplying all the



transfer matrices of each single layer and can be expressed as

E,| |A B||E
_ (1.10)
E,| |c D||E,

Applying the boundary conditions, E; = 0 and E, = O result in D = 0. And 8 can be

obtained by solving this equation.
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Figure 1.6: Schematic plot of the multi layer structure using TMM.

The modal loss which is the imaginary part of 8 with respective to modal angle is shown
in Fig. 1.3(b). At small modal angles, the modal loss is low because of small diffraction
loss. These modes are referred as small angle modes. When modal angle increases, the
diffraction loss increases as well as the modal loss, just like in a plain waveguide. However,
at a certain angle, there are some Bragg modes with low modal loss since the transverse
wavevector of these modes are resonate with the gratings. The relationship between the
grating period and the resonate modal angle can be obtained through the Bragg condition

as follows:
A

A=—"
ZnEff sin @

(1.11)

Compared to the small angle modes, the Bragg modes have a large modal discrimination
which is defined as the modal loss difference between the first order (in the red circle) and
the second order (in the blue circle) Bragg modes. The electric fields of the first and second

order Bragg modes are shown in Fig. 1.3 (d) and (e), respectively. It is also shown that



the modal loss difference between the two first order Bragg modes are so small that these
two first order Bragg modes can be considered as degenerated modes. And both of them
can lase when electrically pumped. Therefore, the lasing mode is the sum of the two first
Bragg modes. Figure 1.3(e) shows the beating pattern of the two first order Bragg modes
calculated by FDTD simulation. In this figure, the snake-like mode profile consists of two
planewave-like components, R; and R,. And from the point view of couple mode theory,
along propagation, the two components can be coupled with each other through the grating
vector. The relationship between the k vectors of these two components and the grating
vector 1s shown in the inset. The angle between I?R1 and ERz is twice of # and the difference
vector between I?R1 and I?R2 is equal to the grating vector which is the same as described by

the coupled mode equations.

1.1.2 Tilted cavity design

We have analyzed the modes in the TBR grating and found the Bragg modes with large
modal discrimination which is promising to obtain single transverse mode operation even
at high power output. However, in a straight TBR grating cavity, instead of Bragg modes,
the small angle modes are more likely to be selected as the lasing mode, since they have
less modal loss than the Bragg modes according to Fig. 1.3(b). Therefore, a cavity feedback
mechanism is needed to favor the Bragg modes against the small modal angle modes. And
the titled cavity design is proposed for this purpose. Considering the two planwave-like
components in the snake-like Bragg mode propagation pattern, if we set the facets along
either R, components or R, components, we can obtain a tilted cavity with the tilting angle
the same as the resonance modal angle, as shown in Fig. 1.7. In such a tilted cavity de-
sign, the Bragg modes are reflected perpendicularly at the facets. And there is a 26 angle

mismatch when small angle modes are reflected at the facets, resulting in a large reflection
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loss. Therefore, the tilted cavity design can suppress the small angle modes by introducing
a large reflection loss. Figure. 1.7 shows the FDTD simulation results of the Bragg modes

in a titled cavity.

R\.

R\.

R\~

Figure 1.7: Schematic plot and FDTD simulation results of the Bragg modes in a tilted
cavity.
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Figure 1.8: Calulation model (a) and result (b) of the reflection of a tilted facet.

The reflectivity of a tilted facet is examined in Ref. [46]. The schematic plot of this
model is shown in Fig. 1.8(a). The cavity has a titled facet with the angle of 6,, When
a guided mode with the modal angle of 6,, is reflected at the titled facet, there is a angle
mismatch of 2(6, — 6,,) between the guided and reflected mode profiles. The reflectivity

should only consider the reflected energy of the same guided mode excited by the reflected
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electrical field and the angled mismatch is taken into consideration by multiplying an extra

phaser as follows to the reflected field:

B SINQO~6n)x (1.12)

The reflectivity in this model can be expressed as
Rj — R(em, Ht)rf and rp= ﬁf |E|26jﬁsin(2(91—9m))xdx (113)

where R(6,,, 6,) is the Fresnel reflection coefficient of the guided mode with modal angle
of 6,,, B is the propagation constant and x is the coordinate along the tilted facet. Figure
1.8(b) shows the r; of different modes with various modal angles. The tilted angle in this
simulation is set to be 10°. And it is shown that the maximum r; happens around 10° which
is the same as the tilted angle of the cavity. Therefore, the tilted cavity design is the key
point to eliminate the small modal angle modes and make the Bragg modes as the lasing
mode by introducing an extra reflection loss to the small modal angle modes.

To briefly sum up, we have shown the importance of the TBR grating and tilted cavity
design in the angled-grating broad-area laser and how it obtains the simultaneous high
power and single mode operation. The lasing mode consists of two degenerated band
edge modes as shown in Fig. 1.3(b). However, there is a slight difference in the modal
loss between these two Bragg modes. And this results in different intensities of these two
modes when excited. The problem is that only part of the energy of the two modes can beat
with each other if there is too much intensity difference. One way to reduce the difference
in modal loss is to make weak gratings. However, a weaker grating increases the modal loss
as well. Therefore, there should be a design balance on the coupling strength of the TBR

grating. There is a relationship between the modal reflectivity and the grating coupling
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coefficient. A weak TBR grating design can help increase the reflectivity of the Bragg
modes as shown in Fig. 1.9. The reason is that weaker TBR grating results in less deviation
of the modal angel from the designed tilted angle of cavity and less phase mismatch at the

facet when reflected.

I
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Figure 1.9: Plot of r of different modes with several different grating coupling coefficients.

1.2 Coherent Beam Combining

The angled-grating broad-area lasers have already been proved to deliver about 1W out-
put power with near-diffraction-limited beam quality in a single emitter. In order to ob-
tain even higher output power, beam combining techniques can be used. There are two
methods of beam combining: one is coherent beam combining and the other one is in-
coherent(wavelength) beam combining [25,47,48]. The main difference between these
two approaches is that there is constant phase difference between emitters in a coherently
combined laser array while in an incoherently combined laser array, the phase difference
is random and usually each emitter has a different wavelength and such incoherently com-
bined laser arrays are also referred as wavelength combined arrays. The wavelength beam
combining can be realized through a diffraction grating as shown in Fig. 1.10. The com-

bined output power should be N times of a single emitter and the divergence angle of the
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combined beam is more or less similar to that of a single emitter. Therefore, the brightness

can be improved by N times in a wavelength combined laser array [25,49, 50].

collimation lens

diffraction grating

emitter arrays \

output coupler

Figure 1.10: Schematic plot of the wavelength beam combining with a diffraction grating.

In an ideal coherently combined laser array with the filling factor around 1, since the
emitting aperture is enlarged by N times, the divergence angle of the combined beam be-
comes 1/N of that of a single emitter. Therefore, in an ideal coherently combined laser
array, the brightness should be improved by N times of a single emitter. However, since
the filling factor is always less than one, in practice, the improvement on brightness of a
coherently combined laser array is actually less than N times. Depending on whether ex-
ternal components are needed, coherently combined laser arrays can be divided into two
categories. The first category can be monolithically implemented. Several examples are
evanescently coupled laser arrays [51,52], chirped and Y-coupled laser arrays [53-55] and
leaky wave coupled (anti-guided) laser arrays [56,57]. These structures are only compat-
ible with narrow stripe index-guided single-mode lasers or gain-guided lasers. Thus, the
total width of conventional coherent diode laser arrays is limited less than a few hundred

microns.

14



The second category requires external cavities or phase control, including externally
injection-locked laser arrays [58,59], Talbot cavity laser arrays [60-62], Self-Fourier cavity
laser arrays [63, 64] and master oscillator power amplifier (MOPA) arrays [65-72]. The
MOPA array is an example of active coherently beam combined laser arrays as shown in
Fig. 1.11(a). The phase of each emitter output is measured and used to tune the phase
controller array and maintain all the emitters in-phase. The other beam combining methods
mentioned above are passive beam combining. The Talbot and Self-Fourier cavity laser
arrays are also referred as common cavity laser arrays. In a common cavity laser array,
an output coupler is usually used to form an external cavity with the laser array and an
in-phase supermode is selected by the external cavity to keep all the emitters in-phase. The
Talbot cavity uses the Talbot effect which is a self-imaging effect of a periodic near-field
patterns along propagation. The inset of Fig. 1.11(b) shows the one dimensional Talbot
effect and the self-repeating length is called Talbot length which is 2a?/A where a is the
period of the near-field pattern. Figure 1.11(b) shows the schematic plot of a Talbot cavity
laser array. The distance between the output coupler and the laser array is half of the Talbot
length. Thus the reflected wave is delayed by a Talbot length, which according to the Talbot
effect, is the self-image of the laser array output. Theoretically, the Talbot effect is derived
based on infinity number cells in an array. However, when the array is truncated to finite
number of elements as in the Talbot laser array, the self-image at the array edges is distorted
due to the diffraction loss which will diminish the scalability and coupling efficiency of the
Talbot cavity laser arrays. The self-Fourier cavity consists of a Fourier lens along with the
output coupler as shown in Fig. 1.11(c). In the self-Fourier external cavity, the distance
between the laser facets and the Fourier lens is the focus length of the Fourier lens and the
feedback wave is the far field pattern through the Fourier transform by the Fourier lens.
Thus, the supermode should have the same near field (emitted wave at laser facets) and far

field (feedback wave at laser facets). Instead of the same intensity among all the emitters
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in the Talbot cavity, the supermode in the self-Fourier cavity has a Gaussian-like envelope
as shown in Fig. 1.11(c). It is obvious that both Talbot and self-Fourier cavities have a
high requirement on alignment and positioning of the emitters and the output coupler. Both
of them have their own requirement on the distance among the emitters and the distance
between the laser facets and the output coupler for high coupling efficiency. Since external
cavities and/or accurate phase control are needed, these systems in the second category are

usually complex, bulky and not robust [25, 73].

phase control array output coupler
power amplifier

master oscillator —’—;'."-’-:'-'v—’-:' »
]

phase feedback loop

(a)

output mirror \ . )
- output mirror Fourier Lens

HR coating

HR coating V

Figure 1.11: Schematic plot of (a) MOPA array, (b) Talbot array and (c) Self-Fourier array
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Chapter 2

DESIGN OF COHERENTLY
COMBINED ANGLED-GRATING
BORAD-AREA LASERS

In the first chapter, we have shown that the angled-grating broad-area laser is a good candi-
date for the high-power and high-brightness single emitter. The transverse mode is defined
by the TBR structure. The beating of the two band-edge modes results in a snake-like
zigzag cavity mode which is the preferred lasing mode in the titling cavity design. In
this chapter, we propose a simple passive coherent combining structure by using the sym-
metry of the snake-like mode and the tilting cavity design. Modal analysis of the two
coherently combined angled-garting broad-area laser is presented and we show that the
proposed structures can be easily expanded to a mini laser lar. We also performed the
modal and scalability analysis of a simplified fiber laser combining system with the same
topographic structure as the proposed zigzag structure. Comparing to other common cavity
passive coherent beam combining methods, the proposed monolithical zigzag beam com-

bining structure should have similar combining efficiency with the same noise intensity.
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Figure 2.1: Schematic of a coherently combined angled-grating laser. (a) L and W are the
length and width of a single emitter, respectively. 6 is the tilt angle of the grating. (b) The
cross-section structure of a single emitter. (c) Planar geometry of the combined angled-
grating laser. Two coherently combined emitters (the output from two legs in the coupled
structure) constructively interfere in the far field.

The last part of this chapter contains the epitaxy wafer design as well as parameters of the

grating.

2.1 Simultaneous single mode control and coherent beam
combining through Bragg diffraction

Figure 6.1 shows a schematic of the two coherently combined angled-grating laser. The
combined laser cavity consists of two sets of angled-gratings that tilt to the opposite di-
rections with the same angle. The overlap area of the two gratings defines a two dimen-
sional coupling region. The phase locking of two emitters is obtained by the wave coupling
through Bragg diffraction in this overlap region.

The calculated mode of the single angled-grating broad-area laser is a snake-like zigzag
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Figure 2.2: Wave coupling and cavity modes in the single emitter and coupled emitter. (a)
A single angled-grating emitter. R, and R, are two planewave-like components resonate
with the grating. The phase matching condition between k-vectors is shown in the inset.
(b) FDTD simulation result of a single angled-grating resonator. The solid arrows represent
the R, component and the dashed arrows represent the R, component. (c) An on-chip com-
bined angled-grating laser. Arrows in blue represent wave components in the left grating,
while arrows in red represent wave components in the right grating. The inset shows the
coupling between different wavevectors through the grating. (d) FDTD simulation result of
a combined angled-grating resonator.
mode which consists of two planewave-like components in resonance with the grating, R,
and R,, as shown in Fig. 2.2(a). The angles between R;/R, and the grating direction are
both equal to 6, the grating tilt angle. The wavevectors of R, R, and the grating satisfy the
resonance condition: IE)R1 + I?G = I?Rz, as shown in the inset of Fig. 2.2(a). The propagation
direction of the R; component is perpendicular to the facet and that of R, is tilted. When
R, is reflected by the facet, it will be fed back to the cavity; but for R,, it will be lost.
Therefore, once used as the laser cavity, the angled-grating resonator will self-adaptively
select the cavity mode with the maximum R, and the minimum R, component at the facets.
This mode profile is shown in Fig. 2.2(b) which is simulated by FDTD method. Through
the large modal discrimination provided by the grating and strong spatial filtering provided
by the angle geometry, angled-grating broad-area (> 100um) diode lasers can obtain stable
single mode operation [28,29,43].

Coherent combining of two symmetrical angled-grating emitters that tilt to the oppo-

site directions is obtained by overlapping them with each other at one facet, as shown

in Fig. 2.2(c). The overlapped region forms a triangular 2D periodic structure (photonic
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crystal), which enables the cross coupling of two single emitters through Bragg diffraction.
Outside the coupling region, the cavity modes are the same as that in a single angled-grating
emitter. For simplicity, we only take into consideration of the first order Bragg diffraction
in the coupling region. Denoted in Fig. 2.2(c), both components R; and R'l can be coupled
into R, and R/z, respectively, which means that part of energy in one emitter can be injected
into the other one in the coupling region. The wavevectors of these four components should
. . . .. - - - - - - - -
satisfy the following phase matching conditions:kg, + kg, = kR;, kg, +kg, = kg,, kR/1 +kg, =

ky

‘s I?Rfl + I?G2 = IQRZ, as shown in the inset of Fig. 2.2(c). Furthermore, R, and R'1 should be

in phase due to the optical gain provided in the coupling region which would suppress the
out-phase interference. Because of the same wavevector selection mechanism in the single
emitter, the wave components with the normal incident angle at two facets will be favored.
FDTD simulations were carried out to show the preferred mode of a coherently combined
laser cavity in Fig. 2.2(d). In this figure, the mode outside the coupling region is still snake-
like just as same as that in a single angled-grating laser. In the coupling region, the wave
components from two individual lasers constructively interfere, which means that they are
efficiently coupled. Thus, mode control and coherent beam combining are simultaneously
obtained through Bragg diffraction in this new laser cavity design.

The proposed approach can be expanded to a 1D coherently coupled broad-area laser
array. Figure 2.3 shows the schematic of such a coherent array on a laser bar. Strong
optical coupling of the cavity modes in the overlap region between any two adjacent lasers
leads to phase locking. For each individual laser, the phase accumulated in a round-trip
has to be integer multiples of 2. Therefore, all the emitting apertures along one side of
the bar are in phase. Compared to conventional coherent laser arrays, the width of each
individual emitter in our design is almost two orders of magnitude larger. In addition, the
Bragg diffraction based combining mechanism is much more robust against nonlinear and

thermal effects. It should be pointed out that light of one emitter can be directly injected not
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active region

Figure 2.3: Planar geometry of a zig-zag coherently combined laser array. Coupling re-
gions are marked by red triangles. Coherently combined outputs (marked in black circle)
constructively interfere in the far field.

only into the adjacent emitters through the coupling regions, but also into other emitters in

the array. This implies that a large number of emitters can be coherently combined [25,74],

which would lead to a bar-scale single mode diode laser with diffraction-limited output.

2.2 Modal and Scalability Analysis of a Zigzag Structure
for Passive Coherent Beam Combining

We have shown that the proposed coherent beam combining structure can be easily ex-
panded to a coherently combined laser array. In this section, we perform the modal and
scalability analysis of the proposed zigzag beam combining structure. For simplicity, a
fiber laser system with the same topographic structure is used, the schematic plot of which
is shown in Fig. 2.4(a). The entire system consists of two groups of mirrors, two groups of
couplers, and the laser emitters/gain medium at the center. The red blocks next to the left

group of mirrors denote a short length of gain medium, which is important for increasing
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the modal discrimination in our structure. This will be discussed in details in the follow-
ing section. Unlike the conventional tree-like beam combining structure [75, 76] shown
in Fig. 2.4(b), no extension of couplers along the light propagating direction is needed in
the zigzag array structure when the number of emitters (N) increases, which makes the
zigzag array more compact. This is an important advantage for the development of on-chip
semiconductor laser systems, since the longer the coupler array, the more nonlinear effects
and unwanted feedback it may produce, which will degrade the performance of beam com-
bining. In addition, this proposed zigzag design will save the wafer space and increase
the yield. Unlike the Y-junction laser array [77,78] in which the 2X1 coupler divides the
power equally, the proposed zigzag laser array benefits more design flexibility from the
2X2 coupler since we can adjust the power division at two ports to compensate the dif-
ference among laser emitters/gain medium in the array. In the following section, a modal
analysis is presented to show the supported array super-modes and the performance against
the phase variation of the proposed structure. In the third section, based on the assumption
that the system operates at a single super-mode, we detail our investigations of the array
scalability by means of brightness in the presence of a certain level of phase noise. Then a

possible experimental realization is briefly discussed before the conclusion.

Mmmmmmmm m

(b)

Figure 2.4: Topographic structures of different passive beam combining systems. Adjacent
laser beams are connected by 2X2 coupler.(a) The proposed zigzag-like structure. Each
laser beam is directly coupled with adjacent neighbors. The system has N/2 output ports;
(b)The tree-like structure. The system has only one output port. schematic.eps
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2.2.1 Modal analysis

The modal analysis is performed by a transfer matrix method. The building element shown

in Fig.2.4(a) is a 2X2 coupler with a transfer function described by a matrix as:

2.1

where t and s are described in the inset of Fig. 2.4(b) and they should satisfy |¢|* + |s|* = 1.
For simplicity, we use a 50:50 coupler in this paper by setting r = s = 1/ V2.
Starting from position 1(shown in Fig. 2.4(a)), the round trip matrix for the lightwave

propagating in the array can be expressed as:

X = R,A"S B'R,BS A (2.2)

where A and B are the transfer matrices of the left and right groups of couplers, respectively;
S is the phase change in each laser beam; R; and R, are the reflection matrices of the
left and right mirrors and the operator * denotes the complex conjugate. In the following
analysis, we assume the left mirrors have perfect reflectivity. To support a super-mode, the
array should be able to reproduce the electric field, E after a round trip, which means the

following equation should be satisfied:

XE = uE (2.3)

where u is the eigenvalue of X and E is the eigenvector. Each pair of u and E corresponds
a super-mode. The eigenvalue u can be regarded as the modal gain and the eigenvector can

be used to obtain the power distribution at the output ports. Take N = 4 for example, all
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the matrices in the round trip matrix, X are expressed as follows:
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Figure 2.5: Dependence of eigenvalues on phase variation A® and total beam number N in
the zigzag array structure. phase_noise.eps

The schematic plot for N = 4 is shown in the inset of Fig. 2.5 for reference. If R is set

to be 0.99 and the phase change in all the laser beams is the same, the non-zero eigenvalues

24



and the corresponding eigenvectors are shown as follows:

X, =099, |E,)|=1[05,0.7071,0,0.5]
(2.5)

X, =0.495, |E,| =10.5,0,0.7071,0.5]

The four elements in the eigenvector correspond to the electric field amplitudes of the
four channels at the position 1 shown in Fig. 2.4(a). It is worth noting that in the second
eigenmode, the constructive interference occurs at the port (marked by a red dot in the inset
of Fig. 2.5) where there is no feedback. The loss of power at that port is the reason why X,
is a half of X,,. The current array design only provides 3dB modal discrimination. In order
to increase the array modal discrimination, a short length of gain medium can be introduced
right ahead of the middle(fixing) mirror at the left end. Due to this additional gain, modes
with the constructive interference at the port with feedback, like X, are preferable, whereas
modes like X, are suppressed with the enhanced modal discrimination. When the number
of emitters (V) becomes larger, take N = 16 for example, there are eight super-modes with
nonzero eigenvalues and the modal discrimination becomes smaller as shown in Eq. 2.6.
However, only the mode with the lowest modal loss has the constructive interferences at
all feedback ports. In the other super-modes, there are always destructive interferences at
some of the feedback ports. Therefore, the additional gain medium at the feedback ports

can enhance the modal discrimination to make our proposed structure able to operate at a
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single super-mode with the lowest modal loss.

0.99 025 0354 0 0354 0 0354 0 0354 0 035 0 0354 0 0354 0 025 |
0.952 0354 0462 0 0354 0 0191 O 0 0 0191 0 0354 0 0462 0 0354
0.845 0354 0354 0 0 0 0354 0 05 0 035 0 0 0 0354 0 0354
X 0.684 E 0354 0.191 0 0354 0 0462 O 0 0 0462 0 0354 0 0191 0 0354
B 0.495 B 0.354 0 0 05 0 0 0 05 0 0 0 05 0 0 0 0354
0.306 0354 0.191 0 0354 0 0462 O 0 0 0462 0 0354 0 0191 0 0354
0.145 0354 0354 0 0 0 0354 0 05 0 035 0 0 0 0354 0 0354
0.038 0354 0462 0 0354 0 0191 O 0 0 0191 0 0354 0 0462 0 0354

(2.6)

Actually, the phase change for the light propagating within different beams denoted by
S will not be identical due to the variation of individual cavity length and the refractive in-
dex. To take this variation into consideration, we introduce an independent random phase
variation A¢; to each gain channel. The phase variation is modeled as a zero mean uniform
distribution U(—A¢, A¢), where A¢(> 0) presents the strength of phase variation. Through
calculating the eigenvalues and eigenvectors, the dependence of the modal gain of the pre-
ferred super-mode on the phase variation A¢; and total beam number N, can be determined,
as shown in Fig. 2.5. Here, the modal gain decreases as both the phase variation and N in-
crease. Besides the decrease of modal gain, the phase variation will also change the power
distribution at the output ports, since the zigzag array structure has multiple output ports.
As an example we refer to, let N = 4. Without the phase variation, the powers at the output
ports are [BSA X E|* = [0,0.5,0,0.5]. Under the influence of the phase variation A¢ = /4,
however, the power distribution becomes [0,0.4992,0.5008,0] and this situation will be-
come worse when either the phase variation or the number of emitters further increases.
Generally, uneven power distribution at the near field will degrade both the far-field pattern

and the brightness.
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2.2.2 Scalability analysis

The modal analysis above shows that our proposed zigzag array structure can support sev-
eral super-modes, only one of which exhibits the highest modal gain with good modal
discrimination. Therefore, it is reasonable to assume that the whole system operates at a
single super-mode. Since different longitudinal modes are spatially coherent, we further
assume that the array operates at a single wavelength, thusly making it possible to estimate
the scalability of the proposed structure from the perspective of brightness which can be

defined as
P
B=— 2.7
0 2.7)

where P is the total optical power, A is the emitter area and Q is the solid emission angle

[79]. Let B, be the brightness of one single emitter in the array,

Py
By = 2.8
= 1o (2.8)
Thus, the ratio B to By shows the improvement of brightness after combining,
B P A)Q
— =29 (2.9)
By Py, AQ
Since the solid angle Q can be expressed as follows:
S  nmro.ro,
Q=—>~ s— = 16,0, (2.10)
r r

where S is the area of the observation plane, r is the distance between the light source and
the observation plane, 6, is the divergence angle along the slow axis and 6, is the divergence

angle along the fast axis. For simplicity, the filling factor is assumed to be 1. Since the beam
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is almost diffraction limited along the fast axis(y direction), we have 6, = 6, ,, then

B 1P by

BO B N P_O Hx,tot

(2.11)

To evaluate the above equation, we must calculate the far field to obtain the divergence
angle, using the method in Ref. [1]. Assuming that the near field distribution of one single
emitter in the array, denoted by uy(x) is Gaussian shape and identical, the near field of the

array can be expressed as

N
u(x) = up(x) ® Z 0(x — jd) exp(ig;) = uo(x) ® g(x) (2.12)

J=1

where ® is the convolution operator, d is the period of emitters and ¢; is the random phase
of each emitter. Then the far field of u(x), denoted by U(s,) with parameters s, E 0./4,1s

found by taking the Fourier transformation of u(x). That is

N
U(sx) = Uo(sx) Z exp(2rijs.d +ig;) = Uo(s:)G(sx) (2.13)

J=1

Then the far-field intensity can be calculated by:
() =< [U(s )l >= |Ug(s0)I* < IG(s)I* >= Lol (2.14)
where <> is the expectation operator and /; can be expressed as follows:

N N
I = Z Z exp(2ris,d(j — 1)) < exp(i(¢; — ¢1)) > (2.15)

j=1 I=1

Thus all the phase information is included in /.

In the zigzag array structure, each emitter is directly coupled with the several emitters
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nearby. Here, we will only investigate two cases: the fully-correlated case and the adjacent-
correlated case. In the fully-correlated case, the phase difference between any two elements
obeys the same zero-mean Gaussian distribution. And in the adjacent-correlated case, we
only require that the phase difference between the adjacent elements obeys the same zero-
mean Gaussian distribution. The strength of the phase variation will be denoted by the
standard deviation of the Gaussian distribution, o ¢. For purposes of comparison , the ideal
exemplar with no phase noise is also calculated and studied. We have to emphasize that the
fully-correlated case discussed in this paper is not attainable. While it is possible to ensure
a relationship between all the elements, they are not guaranteed to obey an identical distri-
bution. Therefore, this fully-correlated case is only a simplified and theoretical simulacrum
with which we may establish the limitation of scalability.

For the ideal case:

)
: Ns.d
jideat = S N5) (2.16)
sin“(7rs,d)
and for the fully correlated case:
52 52
Lo = exp(—g)lgm’ +N( - exp(—E"”)) (2.17)
and for the adjacent correlated case:
; 1
[ = 40* + N(1 — a*) +2 N-1)-N-1
¢ [1 - 2acos(B) + a?]? ( ¢ (- 2acosPlat ) ] (2.18)

+2a™*! {a? cos|(N — 1)B] - 2 cos(NB) + cos[(N + 1)3l])

where @ = exp(-0/2) and B = 27s,d. Equations 2.16, 2.17 and 2.18 can be found in
Ref. [1] in details.
Figure 2.6 shows the plots of /4, Ié"l‘m”,ladj‘mrr when o = 7/5. Here, the phase

G

noise exhibits a different impact on the far-field pattern: in the fully correlated occurrence,
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only the amplitude decreases due to the phase noise, compared to the ideal occurrence. In
the adjacent correlated case the amplitude is decreased and the width of the main lobe is

also widened. Both effects will degrade the brightness.

—unperturbed case
0.9F ---fully correlated case
-- adjacent correlated case
0.8 —
0.7
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Figure 2.6: Normalized I; vs. 97‘1. The solid line shows the ideal case. The dash line

shows the fully correlated case. The dot-dash line shows the adjacent correlated case. In
the simulation, o, is set to be /5 [1]. IG.eps

The results of B/ B, with respect to o, and with respect to N are shown in Fig. 2.7(a) and
(b), respectively. Figure 2.7(a) shows the decrease of brightness in both fully correlated
case and adjacent correlated case as o increases. The fully correlated case exhibits a
superior performance against the phase noise than the adjacent correlated counterpart. In
Fig. 2.7(b), the fully correlated exemplar exhibits a closely similar result as the ideal case.
The only difference is a smaller slope due to the availability of less power (as shown in
Fig. 2.6). Unlike the ideal case and fully correlated case, the adjacent correlated case
exhibits a saturation behavior in brightness. When the number of elements, N exceeds
a certain value, the brightness is nearly identical, allowing us to define a characteristic
number by the saturation value of brightness. This number can also be regarded as the
maximum number of elements that can be coherently combined. In the case shown in

Fig. 2.7(b), the maximum number of elements is approximately 30.
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Figure 2.7: (a) Brightness with respect to the standard variation of phase noise 0. N is
set to be 30 in the calculation;(b) Brightness with respect to the number of emitters N.
04 1s set to be /8 in the calculation. The solid line shows the ideal case. The dash line
shows the fully correlated case and the dot-dash line shows the adjacent correlated case.
Brightness.eps

The proposed zigzag array structure should be considered as a situation between the
fully correlated case and the adjacent correlated case because of the coupling mechanism
explained above. Consequently, the performance of our structure should be superior to the
adjacent correlated case and the scalability will be larger than the characteristic number in
the adjacent correlated case. Since the evanescent-wave coupled array is more like the ad-
jacent correlated case, our laser structure should provide better performance. Compared to
the coupling mechanism of the strong spatial filtering in an external common cavity(Talbot
cavity [61], self-Fourier cavity [63], etc.), however, it is difficult to determine the advantage
of our construct. Specifically, although arrays with a common cavity are more analogous
to the fully correlated simulacrum, the coupling strengths between any two emitters are
not likely to be equal. Consequently, the common cavity is more likely to be in the same
category as our laser structure, between the fully correlated case and the adjacent corre-
lated case. We finally wish to emphasize that the brightness saturation is due to the locally
phase-correlated emitters based upon our adjacent correlated assumption. Thus, it is rea-
sonable to consider that as long as the locally phase-correlated assumption (not necessarily

the adjacent correlated assumption) holds, brightness saturation behaviour will occur.
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In term of experimental realization, we can pattern some single-mode ridge waveguides
and 2X2 couplers by E-beam lithography and dry etch them in semiconductor wafers. The
fabrication process will be similar to that of Y-junction laser arrays, but with a different
coupler design. Ion implantation can be used at one port of the 2X2 couplers to elimi-
nate the optical gain. The challenge lies in the selective facet coating to produce different

reflectivity at two ports of the coupler.

2.3 Grating design

We have used two epitaxy wafer designs for demonstration of our laser diodes. One is In-
GaAsP/InP multiple-quantum-well wafer design which is mainly used with surface etched
gratins. The other one is InGaAs/GaAs single quantum well wafer design which is used

with regrowth gratings. All the epitaxy layers were grown by 3rd part foundry services.

2.3.1 Surface ethced gratings

Table. 2.1 shows the detail description on each epitaxy layer in the InGaAsP/InP wafer
design. All the InGaAsP layers are InP lattice-matched. The center wavelength of photolu-
minescence is set at 1550nm. The fundamental slab waveguide mode is shown in Fig. 2.8
and the effective refractive index of the fundamental mode(n, ) is 3.266.

To calculate the parameters of the gratings, the tilting angle should be first determined.
The larger the tilting angle is, the higher modal diffraction loss is. And the modal discrim-
ination between the first and second order Bragg modes becomes larger at a larger tilting
angle. The cavity length is another consideration when to determine the tilting angle. Due
to the suppression of the small modal-angle modes, the cavity length(L) should be long
enough to make the two facet ends not directly meet with each other. Therefore, the min-

imum cavity length at a certain tilting angle can be obtained as L,,;, = W/tan6. In our
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Description Material Thzrcll;ln)ess Doping Relfizzt;ve X y
Substrate InP n/a n=2el8 3.1720 n/a n/a
Buffer InP 1000 n>lel8 3.1720 n/a n/a
Waveguide InGaAsP 130 n=1lel7 3.3203 0.1449 | 0.3167
Waveguide InGaAsP 40 undoped 3.3203 0.1449 | 0.3167
Waveguide InGaAsP 50 undoped 3.3755 0.2467 | 0.5353
Quantum Well InGaAsP 8.5 undoped 3.5300 0.4402 | 0.9425
Barrier InGaAsP 10 undoped 3.3755 0.2467 | 0.5353
Quantum Well InGaAsP 8.5 undoped 3.5300 0.4402 | 0.9425
Barrier InGaAsP 10 undoped 3.3755 0.2467 | 0.5353
Quantum Well InGaAsP 8.5 undoped 3.5300 0.4402 | 0.9425
Barrier InGaAsP 10 undoped 3.3755 0.2467 | 0.5353
Quantum Well InGaAsP 8.5 undoped 3.5300 0.4402 | 0.9425
Waveguide InGaAsP 50 undoped 3.3755 0.2467 | 0.5353
Waveguide InGaAsP 40 undoped 3.3484 0.2144 | 0.4663
Waveguide InGaAsP 120 p = lel7 3.3484 0.2144 | 0.4663
Cladding InP 1000 p =1lel72el8 3.1720 n/a n/a
Contact layer | Ings53Gag47As 20 p > lel9 3.55 n/a n/a
Table 2.1: In,_,Ga,As,P,_,/InP epitaxy wafer design
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Figure 2.8: The fundamental slab waveguide mode profile and refractive index profile of
the InGaAsP/InP wafer design
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demonstration, the tilting angle 10° is used mainly to reduce the modal diffraction loss.

Once the tilting angle is determined, the grating period can be calculated as

A

A=—"
ZnEff sin @

where n,s is the effective refractive index of the epitaxy wafer. And the calculated period
is 1.3663um. The etching depth is determined according to the desired coupling coeflicient.

The coupling coefficient of a first-order 1D square grating is defined as

2A )
K= F?(n% — n?)sin(zD) (2.19)
where n;, and n; are the high and low refractive indices of the grating respectively, I" is the
confinement factor of the grating and D is the duty cycle of the grating. I" can be related to

the etch depth as
[ e@IEPdx

[T sIE)Pdx

(2.20)

where d is the etching depth and the top layer of the epitaxy wafer is aligned at x = 0.
Figure 2.9 shows the coupling coefficient of the surface etched gratings at different etching

depth in the InGaAsP/InP epitaxy wafer.

2.3.2 Regrowth gratings

Table. 2.2 shows the detail description on each epitaxy layer in the InGaAs/GaAs wafer
design. There are two main reasons for changing to this new InGaAs/GaAs wafer design.
One is the better material quality of GaAs material system which results in less loss and
higher output power. The other one is that this InGaAs/GaAs wafer design has been re-

ported to work well with single angled-grating broad-area lasers in a regrowth method.
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Figure 2.9: The coupling coefficient at different etching depth of the surface etched gratings
in InGaAsP/InP epitaxy wafer.

Layer | Description Material Thickness Dopant Doping Refractive
(nm) Index
0 Substrate GaAs 300 Si n=2el8 3.464
1 Cladding Aly25Gag75As 1360 Si n=2el8 3.359
2 Waveguide GaAs 400 Si n=1el7~ 1lel8 3.464
3 Barrier GaAsyoPy 1 12 undoped na 3.45
4 Quantum Well | Ing,5Gag,As 8 undoped na 3.698
5 Barrier GaAsgoPy 1 12 undoped na 3.45
6 Waveguide GaAs 400 Zn p=1lel7 ~ 1el8 3.464
7 Cladding AlgosGag75As 940 Zn p =2el8 3.359
8 Contact layer GaAs 50 Zn p > 2el9 3.464

Table 2.2: InGaAs/GaAs epitaxy wafer design
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The photoluminescence peak is designed at 1064nm. Figure. 2.10 shows the mode profile
of the fundamental slab waveguide mode as well as the refractive index profile. The effec-
tive refractive index of the fundamental slab waveguide mode is 3.4011. Since this wafer
design is for the regrowth gratings, there are two phases on growing this epitaxy wafer.
Phase 1 growth stops after growing the layer 6, the p doped GaAs waveguide. Then the
gratings are etched in this layer. After that, phase 2 growth completes the whole wafer by

planarizing the etched gratings with the rest of layers.
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Figure 2.10: The fundamental slab waveguide mode profile and refractive index profile of
the InGaAs/GaAs wafer design

36



Chapter 3

FABRICATION OF COHERENTLY
COMBINED ANGLED-GRATING
BROAD-AREA LASERS

In this chapter, I will discuss each fabrication process in details, including recipes, equip-
ments used, process conditions and results. The immediate following part contains the dis-
cussion about surface etched gratings. The surface etched gratings are used for demonstra-
tion since it is simple and flexible enough for fabrication and design parameter optimiza-
tion. In the latter part of this chapter, I will present the fabrication of regrowth gratings.
Unlike the surface etched gratings, the regrowth gratings are buried in the epitaxy wafer
during growth. Since the gratings are much closer to the quantum well, the etch depth can
be much shallower than the surface etched gratings. The shallow regrowth gratings can be
obtained by wet etching. Therefore, the sidewall can be smoother than that of the surface
etched gratings. And as a result, the laser diode with regrowth gratings can suffer less loss

induced by the gratings and obtain higher output power.
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3.1 Surface Etched Gratings

Figure 3.1 shows schematic plots of each key step through the fabrication procedures of
two coherently combined angled-grating broad-area lasers with surface etched gratings.
Starting from the bare wafer, the fabrication includes SiO, deposition, Ebeam lithography,
dry etching, planarization, metallization, ion implantation and lapping before we can cleave
and package diodes for measuring. In the following sections, I will discuss each step in

details including the machine and recipe used, process condition and results.

3.1.1 Deposition of SiO, hard mask layer

Since the etchant for etching InP/GaAs based compound semiconductor is usually chlorine-
based gas or HBr in a heated up etching chamber which is around 180C, photoresist is
usually carbonized in such a high temperature and not capable to be the mask layer for
InP/GaAs base compound semiconductor etching. Therefore, in the bare wafer, a SiO,
layer is first deposited as the mask layer in the following dry etchings. Two main meth-
ods can be used for SiO, deposition, one is LPCVD (thermal oxide) and the other one
is PECVD (PECVD oxide). The thermal oxide usually requires high reactive tempera-
ture (> 1000°C) which will likely destroy the quantum wells. Therefore, we will go with
PECVD oxide for the deposition. Considering the depth that we are going to etch in the
wafer and the thickness of the ebeam resist, the thickness of the SiO, layer is chosen to
be 300nm. The STS PECVD 2 is used with the recipe as shown in Table 3.1. Usually the
recipe will run for 2 minutes for chamber conditioning with nothing in chamber, and then
run for 5 minutes with a silicon sample. The deposited SiO, in the silicon sample will be
measured in Nanospec profilometer for the thickness to calibrate the deposition rate. It is
usually around 400A /min. Then the real sample will be inserted in for a amount of time of

deposition based on the calibrated deposition rate. A simple and quick way to determine
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the thickness of SiO, is based on the color of SiO; film. Different thickness of SiO, films
reflect different colors. It is dark blue in a 300nm thick SiO, film and yellow in a 200nm

thick SiO; film.

PECVD Oxide Recipe
Pressure: 650mT
Temperature: Platen 300°C, Showerhead 200°C
Gas: N,O 1420sccm, 2%Si1H, 400sccm
13.56MHz RF Power: 25W

Table 3.1: PECVD oxide recipe in STS PECVD 2

3.1.2 Ebeam Lithography

Our grating design shows that the feature size of the one dimension gratings is around half
micron and it becomes even smaller at the two dimension region. Such small feature size
requires deep UV photolithograhy and elaborate calibration for fairly good results. There-
fore we choose ebeam lithography which is capable to resolve several hundred nanometer
lines quite easily. We spin a layer of ZEP 520A, a positive ebeam resist on the deposited
SiO; layer using the recipe shown in Tab 3.2. The spinned resist thickness is around 360nm
on small pieces (around lcm X 1cm). It should be noticed that different sample size may
result in different resist thickness even using the same recipe. The resist thickness is chosen
based on the SiO, layer thickness to be etched and the selectivity of the SiO, etch recipe.

The recipe we use is shown in Tab 3.4. It has a selectivity (resist over SiO,) of around 2.

ZEP 520A Spinning Recipe
Speed: 4000rpm
Acceleration: 2000rpm/s
Duration:60s
Soft bake: 180°C on hotplate for 2mins

Table 3.2: Ebeam resist spinning recipe
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Figure 3.1: Overview of the fabrication procedures of two coherently combined angled-grating broad-area lases with surface
etched gratings



Since the patterns are 50% duty cycle gratings, PEC(Proximity Effect Correction) is
necessary to obtain clear patterns with right dose in all parts of patterns. The dose cor-
rection is calculated based on the back scattering electron simulation. Therefore, once the
layer material, thickness or structure is changed, it is better to rerun the simulation for
correct PEC.

After exposure, the patterns can be developed by following the procedure listed in
Tab 3.3. The SEM picture of the developed grating pattern is shown in Fig. 3.3. No
post-exposure bake or hard bake is necessary for developing or dry etching. The hard bake
can be used for resist reflow if the smoothness of resist is really critical. However, the resist
reflow can also alter the profile of the developed pattern as shown in Fig 3.2. We don’t use

the resist reflow process due to the repeatability issue.

Figure 3.2: SEM picture of the resist after the reflow process.

ZEP 520A developing recipe
Developer: Amyl Acetate

Duration: 2mins
Soak in IPA for 30s and then N, blow dry

Table 3.3: ZEP 520A developing recipe
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Figure 3.3: Top view (a) and cross section view (b) of the ebeam resist after development.

3.1.3 SiO, Dry Etch

With the ebeam resist as the mask, the grating patterns are transferred to the SiO, layer
using ICP dry etch. The machine used is Plasma Thermal ICP and the recipe is shown
in Tab. 3.4. The tool is designed to process full 4 inch wafer. Therefore, we need to fix
our piece samples on a Si carrier wafer with cool grease which also has a good thermal
conductivity between sample and carrier wafer. It is noticed that different carrier wafers
may result in different DC biases and slightly different etching rates and selectivity. For
the best repeatability, it is best to always use the same carrier wafer and recheck the etch
results once a new carrier wafer is used. The SEM picture after SiO, dry etch is shown in
Fig. 3.4. Before proceeding to the III-V dry etch, the rest of the ebeam resist should be
removed first. It can be done by soaking samples in 1165 for about 10 hours and then in a
ultrasonic bath. The power of ultrasonic should be chosen carefully in case it may damage

the delicate grating structure.

Oxide etching recipe in Plasma Thermal ICP
Pressure: 5SmT
RIE Power: 40W
ICP Power: 800W
Gas: Ar 5sccm, C4Fg 15scem, CO, 28scem

Table 3.4: Si0O, dry etch recipe in Plasma Thermal ICP
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Figure 3.4: Cross section view of devices after SiO, layer dry etched.

3.1.4 III-V Dry Etch

Till now, we have obtained a patterned SiO, hard mask as shown in Fig. 3.1(f) and have
been ready for the next step, the III-V dry etch. The material going to be etched is the
compound semiconductor of In,Ga,As,P with different element ratios on either InP or GaAs
substrate. The tool used is STS SOE and the recipe is shown in Tab. 3.5. The advantage
of the etchant HBr is that it can attack all the III-V layers at a similar rate and has a fairly
high selectivity of 5~10. However there might be some undercut as shown in Fig. 3.5.
The STS SOE, same as the Plasma Thermal ICP is designed to process 4 inch wafers. A
Si carrier wafer is still needed for our piece samples. Besides all the issues related to the
repeatability, it is reported that the Si carrier wafer may help to reduce the undercut and

keep a straight sidewall profile due to a thin deposition of Si on the sidewall.

III-V etching recipe in STS SOE
Pressure: SmT
RIE Power: 40W
ICP Power: 800W
Gas: HBr 10sccm

Table 3.5: III-V(InP/GaAs) dry etch recipe in STS SOE
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Figure 3.5: Cross section view of the device after III-V dry etch.

3.1.5 BCB Etch Back

Now, we have transferred the gratings into the III-V wafer. Before we can deposit the metal
contact, the etched trenches should be filled up to prevent the metal contact from falling
into the trenches and causing high loss. Therefore, after the III-V etching, we spin a layer of
BCB to planarize the etched gratings. The spin coating recipe is shown in Tab. 3.6. After
spinning, the BCB layer need to be fully cured in a vacuumed oven with a temperature
profile as described in Tab. 3.7. The oven should be kept vacuumed during the whole cure
process until the temperature goes back below 100°C. The temperature must be below
100°C before taking out the samples otherwise it is very likely that the BCB layer will peel

off. Figure 3.6 shows the cross section view after BCB cure.

BCB spin coating recipe
Chemical: AP3000, adhesive promoter Speed: 3000rpm
Acceleration: 1500rpm/s
Duration:30s
Chemical: Cyclotine BCB 3022-46 Speed: 2500rpm
Acceleration: 2s
Duration:45s

Table 3.6: BCB spin coating recipe

Then we need to etch the BCB layer back to the position close to the top surface of
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BCB cure temperature setting
Ramp to 100°C in 15 mins
Hold at 100°C for 15 mins
Ramp to 150°C in 15 mins
Hold at 150°C for 15 mins
Ramp to 250°C in 60 mins
Hold at 250°C for 60 mins

Cool down below 100°C

Table 3.7: BCB temperature profile for cure

Figure 3.6: Cross section view of BCB planarization after BCB layer is completely cured.
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the wafer. This is the most tricky part in the fabrication processes. With the SiO, layer as
a buffer layer, it is feasible using the ICP dry etch. The etch recipe is shown in Tab. 3.8.
The etching process can be monitored under SEM to make sure it is at the right position.

Figure 3.7 shows the top view of the planarized gratings after BCB etch back.

BCB etch back recipe
Pressure: 8mT
RIE Power: 75W
ICP Power: 250W
Gas: CFy4: 9scecm, O,: 21sccm

Table 3.8: BCB etch back recipe in Plasma Thermal ICP

Figure 3.7: SEM pictures of devices after the step of BCB etch back. (a) the 1D grating
area; (b) 2D overlapped area.

3.1.6 P-Contact Deposition

Now, we have already obtained a surface etched and planarized grating in the wafer. Next
step, we need to make the p metal contact. Before the deposition of the metal contact,
there is still a layer of SiO, needed to be removed. And this can be done in buffered oxide
etcher as shown in Fig. 3.1(j). In Fig. 3.1(1), a new SiO, layer is deposited in STS PECVD
2 using the recipe in Tab. 3.1. The new SiO, layer is about 200nm and is used as an
insulation layer. The device window is opened using standard photolithography and BOE

wet etching. There will be another run of photolithography to define the device window
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with bonding pads for the lift-off process following the metal contact deposition. The
Denton Explorer ebeam evaporator is used to deposit p metal contact. The composite of
contact is Ti/Pt/Au(28nm/100nm/300nm) counting from the wafer. The Ti/Pt/Au metal
contact can be used as p-type ohmic metal contact in both InP and GaAs wafer due to the
tunneling effect of the thin, heavily doped p contact layer in the wafer. After deposition, the
extra metal contact can be lifted off by soaking in acetone. If the photolithography works
well, the extra metal contact may peel off itself due to the high strain of metal contact. If
not, a low power ultrasonic bath may help the lift-off process. Figure 3.8 shows the cross

section view of the gratings after p-contact deposition.

Figure 3.8: Cross section view of the device after depositing P metal contact.

3.1.7 Ion Implantation

There are two main purposes to introduce the ion implantation to our fabrication process.
One is to confine the injected current within the device area for electrical insulation, the
other one is to obtain uniform current distribution to improve the laser output beam quality.
There will be detail analysis and discussion in the characterization section. We don’t have
the facility for ion implantation. Therefore, our samples are sent out to a 3rd part manufac-

turer for this process. The recipe we used is shown in Tab. 3.9. Only the area other than the
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metal contacts is implanted and the devices under metal contacts are protected by a thick
layer of photoresist as shown in Fig. 3.1(n). After developing, the photoresist should be

hard baked for better protection.

Ion implantation recipe for InP wafer
Spices: H*
Energy: 260KeV
Dose: 5x 10

Table 3.9: Ton implantation recipe for InP wafer

3.1.8 Lapping

When the samples are shipped back, the photoresist mask should be removed first. Since
the photoresist has already been hard baked, it may take some time to soak samples in 1165
or acetone before it can be removed. We can still use ultrasonic bath for a little help. The
thickness of the wafer we use is from 350um to 600um. Since the optical mode is confined
within only tens of wm, the extra substrate has no help with the optical confinement but
to increase the electrical resistance. Therefore, the final device will be lapped to around
100um. The lapping process is done by a manual lapping tool from the back side (n-type
substrate). Samples are mounted by wax on a fixture and are lapped on a glass plate with
8um diameter SiC abrasive powder. After lapped, the samples can be soaked in ultrasonic
bath while still being waxed on fixture to shake off the extra SiC powder attached to the
samples. This can help improve the adhesion of n-contact. Samples can be released from
the fixture by soaking in acetone. This may take up several hours to resolve the wax in
acetone. After lapping, the samples are extremely fragile. So try to push gently without

breaking the samples.
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3.1.9 N-Contact Deposition

Now, samples are ready for the n-contact deposition. In the InP substrate, we can still use
Ti/Pt/Au(28nm/100nm/300nm) as the n metal contact. Therefore, we can use the same tool
and recipe as the p-type metal contact deposition described above. Figure 3.1(p) shows the

schematic plot of a completed sample after n metal contact deposition.

3.1.10 Packaging

Till now, we have already had the gratings for mode control, metal contact for current
injection. The only thing that is still missing is the facet to define the resonant cavity. The
cleaved crystal face can be used as the laser facet. In the edge mode, the scriber only scribes
part of the sample from the edge and leaves the devices untouched. Then the impulse bar
makes the sample break along the scribed line to obtain a laser bar. It is then scribed
through along the direction perpendicular to the facet to separate each device. Figure 3.9

shows a schematic plot of the cleavage process.
scribe thryh\and break
m ] m ] m

Laser Bar

edge sdribe and brea

! |
fffffffffffffffffffffffffffffffffff I
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Figure 3.9: Schematic plot of the cleavage process: from die to separate laser diode.

After that, we have completed the fabrication of the laser diodes theoretically. However,
the small die is too hard to handle and measure. Therefore, we need to package the laser
diode. First, we will do die bonding to bond the laser diode onto a c-mount. Besides to

make it easy to handle, it also provides a heat sink to the laser diode. There are two kinds

49



of die bonding, p-side up and p-side down bonding. In the p-side up bonding, the n-side
of the laser diode is bonded to the c-mount while in the p-side down bonding, the p-side
is directly bonded to the c-mount. The advantage of the p-side down bonding is obvious,
which is that bringing the heat source closer to the heat sink can help the heat dissipation.
However, because the quantum well is very close to the melting solder in the p-side down
bonding, it is very easy to get laser facet contaminated. Besides, since we scribe through
the laser bar to separate the laser diodes, the insulation SiO, is damaged along the edges
other than the facets. Therefore, we need to apply other insulated material to the edges
before we can do the p-side down bonding. Otherwise, there will be a large current leakage
along the edges.

Wire bonding is needed to make electrical connection after the die bonding. In the p-
side up bonding, wires are bonded on the bonding pads not directly on the devices. The
wire bonding is done in the wire bonder(K&S 4526 wedge bonder) with 1mil diameter
gold wire. The packaged device that is ready for the following measurement is shown in

Fig. 3.10.

3.2 Regrowth Gratings

Figure 3.11 shows schematic plots of each key step through the fabrication procedures of
coherently combined angled-grating broad-area lasers with regrowth gratings. The fabri-
cation processes are very similar to those of surface etched gratings described previously,
only simpler. The wafer we start from is not a complete grown epi wafer. It is only grown
to the p-side waveguide layer. And we need to fabricate the gratings in the waveguide layer
and then send it back to the foundry service to grow the rest layers in the wafer structures.
In the following sections, I will discuss in detail the steps that are different from the surface

etched gratings.
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Figure 3.10: The image of the packaged device.

3.2.1 Deposition of SiO, mask layer

In the surface etched grating fabrication, the first layer of SiO; is used as the hard mask for
dry etching III-V material because photoresist is carbonized in the high temperature cham-
ber during dry etching. In the regrowth grating fabrication, the gratings are wet etched.
The reason for still choosing SiO; as the mask layer other than photoresist is that the grat-
ing pitch is too small that photoresist may lose the adhesion during wet etching. Since the
etchant for wet etching barely attacks the SiO,, we do not need a thick SiO, layer. The

thickness is chosen to be 100nm. We use the same tool and recipe described in Tab. 3.1.

3.2.2 Ebeam lithography

We use the same patterns as in the surface etched gratings. There is some slight difference.

After regrowth, the patterns will be completely planarized. But we need some alignment
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Figure 3.11: Overview of the fabrication procedures of two coherently combined angled-grating broad-area lases with regrowth
gratings



marks for metal contact deposition. Therefore, we will do twice ebeam lithography. The
first time just writes the alignment marks which will be etched deep enough to be seen after
regrowth. The second time writes the actual grating patterns. We will use the same recipe
described in previous section.

One notice here is that since we are going to wet etch the gratings, the etching profile
is isotropic, which means the trench becomes wider when going deeper. Therefore, the

exposed area is pre-biased a little smaller taking the expansion into consideration.

3.2.3 SiO; dry etch

With the ebeam resist as the mask, the grating patterns are transferred to the SiO, layer
using ICP dry etch, the same as what we did in the surface etched gratings. The same tool
and recipe can be used and the only difference is the thickness of SiO, layer which may
result in different processing time. Before proceeding to the following wet etch, the rest of
the ebeam resist should be removed first. It can be done by soaking samples in 1165 for
about 10 hours and then in a ultrasonic bath. The power of ultrasonic should be chosen

carefully in case it may damage the delicate grating structure.

3.2.4 GaAs wet etch

In the regrowth grating fabrication, we choose wet etch to transfer the patterns into GaAs
waveguide layer, because the grating is pretty shallow and wet etch can avoid the bombard-
ment damage in the dry etch. The etchant is H,SO4:H,0,:H,O(1 : 1 : 10). The etch rate
is pretty fast compared to the target depth and it may vary a little at different temperature
or after different shelf time. Therefore, it is best to wait for the solution to cool down after
pouring H,SO, into H,O. Also it is much better to calibrate the etch rate every time right

before etching the real samples. The wet etching recipe is shown in Tab. 3.10. Figure 3.12
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shows the cross section view after GaAs wet etching.

GaAs wet etching recipe
H,S04(96%):H,0,(30%):H,0 = 1:1:10

Table 3.10: GaAs wet etching recipe

Figure 3.12: Cross section view of the wet etched gratings (a) with SiO2etch mask (b) after
removing the etch mask.

3.2.5 P-contact deposition

Before we can do the p metal deposition, the SiO, mask layer should be removed first
in BOE and then the samples should be sent out to the foundry service to planarize the
gratings by the rest of wafer structure, cladding and contact layers. Since the alignment
marks have been etched deeply enough, they can be visually seen under the mask aligner.
The photolithography and lift-off process are the same as in the surface etched gratings.

Figure 3.11(k) shows the schematic plot of the device after p-contact deposition.

3.2.6 Ion Implantation

Ion implantation is also used to confine the current distribution in the regrowth grating
fabrication. The procedure is the same. The only difference is the recipe which is shown in

Tab. 3.11. It has a lower energy but higher dose.
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Ion implantation recipe for GaAs wafer
Spices: H*
Energy: 250KeV
Dose: 1 x 10"

Table 3.11: Ion implantation recipe for GaAs wafer

3.2.7 N-Contact Deposition

The lapping process is the same as described in surface etched grating fabrication. The
final thickness of regrowth sample is also around 100um. For n-contact deposition, we
will use Ni/AuGe/Au(5/100/150nm) to obtain ohmic contact. The AuGe alloy consists of
88% Au and 12% Ge in weight. The deposition is done in the PVD filament evaporator.
Figure 3.11(1) shows the schematic plot of a completed sample after n metal contact depo-
sition. Then the samples will be cleaved to individual devices and packaged through die
bonding and wire bonding for measurement.The process afterwards should be the same as
described in the surface etched grating fabrication. Please refer to the section 3.1.10 for

details.
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Chapter 4

CHARACTERIZATION OF
COHERENTLY COMBINED
ANGLED-GRATING BROAD-AREA
LASERS

In this chapter, the measurement setups for characterzing laser diodes are first described.
Then the measurement results of several different laser designs are also shown and dis-
cussed. These results include the L-I curve, near field, far field and optical spectrum. The
far field measurement results of the coherently combined angled-grating broad-area lasers
show single lobe, high contrast interferece patterns with near-diffraction-limited beam qual-
ity. It is also shown in this chapter that the ion implantation is helpful to obtain uniform
current distribution and single modal operation. The results with and without ion implan-

tation are presented and compared.
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4.1 Measurement setup
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Figure 4.1: Schematic plot of the measurement setup for L-I curve, near field, far field and
optical spectrum.

Figure 6.4 shows the measurement setups for characterizing the laser diodes. The
laser diode can be mounted either in a cryostat for low temperature measurement or on
a TEC(Thermal Electric Cooler) for room temperature measurement. Liquid nitrogen is
used along with the heater controlled by the temperature controller to maintain the temper-
ature in the cryostat. The main purpose of measuring in low temperature is to reduce the
intrinsic loss of the laser diodes. Either CW or QCW current source can be used to pump

our laser diodes as shown in Fig. 6.4.
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4.1.1 L-Icurve

For L-I curve measurement, the laser output power is collected by an integrating sphere.
The advantage of using integrating sphere is that the collection efficiency is insensitive
to the laser beam quality. The integrating sphere we use is calibrated to have a 30dB
attenuation in the reading of the connected power meter. Considering that only one side

output power is collected, the total output power in CW measurement can be calculated as:

Py =2 %1000 X P,enq 4.1

where P,.,, is the reading value from the power meter.

In the QCW measurement, the output power is still collected by the integrating sphere.
Due to the slow sampling rate of the power meter compared to the current pulse width, we
use an oscilloscope to collect the analog signal directly from the power head. The collected
analog signal can be converted to the output power. Figure. 4.2 shows the collected signal

for example.

-3 =2 -1 0
Time(s) x 107

Figure 4.2: The optical power head response of the laser output in one period of QCW
measurement.

Then the output power can be calculated as:

P —ZXIOOOxGlfTV(t)dt 4.2)
tot — DT 0 .
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where V(¢) is the collected analog signal, T is the period of pulse train, D is the duty cycle
of the pulse and G is the coeflicient to convert the voltage signal to power. G can be found

in the manual of the power meter.

4.1.2 Near Field

We take the image of the laser output facet as the near field measurement result. This can
be obtained by a simple optical imaging system. As shown in Fig. 6.4, the laser facet is

imaged by a NIR lens and the image is captured by an IR camera.

4.1.3 Far Field

We have two setups for measuring the far field results. One is as simple as using only an
IR camera. The IR camera is placed several centimeters away from the laser diode. The
image obtained from the IR camera is the far field image and can be converted to angular
distribution according to the distance between the laser diode and the camera. This simple
setup is just for quick check. The resolution of the IR camera is not adequate to resolve
the interference fringes. Therefore, another setup is used for high-precision far field profile
measurement. A detail schematic plot of the measurement setup is shown in Fig. 4.3.

In this setup, there are two linear stages, one is for x direction movement and the other
one is for y direction movement. On top the 2D stage is a rotation stage and a power head
is placed at the center of the rotation stage. In order to obtain the high precision far field
profile, the position of the laser diode relative to the power head is required. If the far field
is assumed to be near diffraction limited, we can scan the far field profile at two different
x positions (pos 1 and pos 2 shown in Fig. 4.3). The distance between this two positions
in x direction is Ax. The widths of the far field profile at the two positions are D, and D,

respectively. Then the distance between the laser diode and the power head in x direction,
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X linear stage

y linear stage

Figure 4.3: Schematic plot of the far field profile scanning setup.

x can be obtained by

D, x—A
-2 (4.3)
D2 X

Once the relative position of the laser diode is obtained, the power head can move along
the y linear stage to scan the far field profile. In order to obtain the highest power at each
position, the power head should be rotated to be perpendicular to the laser output. The

rotation angle can be calculated as

0 = arctan (y1 — yo)

X1 — X0

4.4)

where (x, yo) is the position of power head and (x;, y;) is the position of the laser diode.
The angular resolution of this setup is about ﬁ where [ is the sensor size in the power head.

Therefore, the resolution can be easily improved by just increasing x.
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Figure 4.4: Measurements of the light-current curve and optical spectrum. (a) L-I curves
of the combined angled-grating laser (solid line) and the single emitter (dashed line). (b)
Spectrum of the combined laser diode when the injection current is 1200mA. The inset is
a zoomed-in spectrum in the black circle.

4.1.4 Optical Spectrum

In order to obtain the optical spectrum of laser diodes, the output light is first collimated
by a NIR objective lens and then collected and focused onto a multimode optical fiber. The

optical fiber is then connected to an optical spectral analyzer to obtain the optical spectrum.

4.2 Results of two coherently combined angled-grating broad-
area lasers

The measurement results of the L-I curve, spectrum, near field and far field shown in this
section are obtained in a cryostat system with the heat sink temperature set at 230K. In all

the measurements, the lasers are electrically pumped in CW operation.

4.2.1 L-I curve and optical spectrum

Figure 4.11(a) shows the light-current curve of the combined angled-grating laser. The
threshold current is around 700mA and the slope efficiency is about 0.12W/A. The rela-

tively low slope efficiency indicates high optical loss in the cavity which is mainly caused
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by the roughness of the gratings induced during the dry etching process. As for the power
combining efficiency, ideally, the output power of a coupled emitter should be twice output
power of a single emitter when the injected current is doubled. However, thermal effects
are more serious in the combined laser due to nearly doubled heat load. When the thermal
effect is not obvious, for example at 1.2A, the output power of the coupled emitter is 78.57
mW. The output power of the single emitter is 44.74 mW at 0.6A. Thus the correspond-
ing power combining efficiency is about 0.9. Figure 4.11(b) shows the optical spectrum
of the same laser diode. The pump current is 1200mA which is about 1.71;,. The peak
wavelength is 1549.62nm close to the designed grating resonance wavelength. The inset
shows a zoomed-in spectrum from 1544nm to 1548nm indicating a free spectrum range
(FSR) of 0.22nm, in agreement with the cavity length of 1.3mm. The FSR suggests that
the longitudinal modes are defined by two end facets. Longitudinal mode competition is
observed around the peaks in the red circle due to the small modal gain difference between

the adjacent longitudinal modes [43].

4.2.2 Near field and far field

Figure 4.5(a) and (b) show the near-field image and profile of the combined angled-grating
laser. It is clear that there are two emitting regions along the facet. The difference between
the intensities of the two regions comes from the nonuniformity in the wafer and induced by
the fabrication processes. The distance between the two emitting regions (368um) and the
emitting width of each region (106um) indicates that light indeed emits from the designed
angled-grating areas. The area between two emitters is illuminated a little bit due to the
current leakage. The far field of the same coupled laser is shown in Fig. 4.5(c) and (d). We
compare the far field profile of the combined laser with an uncoupled single emitter. If two

coupled emitters are coherently combined and in-phase, they will constructively interfere
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Figure 4.5: Measurements of the near field and far field of the coupled emitter and single
emitter. (a, b) The near field image and profile of the coupled emitter; (c, d) The far field
image and profile of the coupled emitter; (e, f) The far field image and profile of a single
emitter.

in the far field and the overall envelop of the interfered far field remains the same as that
of a single emitter. The only difference is that within the overall envelop, interference
patterns present. This is exactly our measurement results, as shown in Fig. 4.5 (c-f). The
uncoupled single emitter was fabricated on the same chip with the combined laser. The
grating parameters such as the period, duty cycle, and total width are also the same. It
is clear that the overall envelop of the combined laser’s far field is very similar to that of
the uncoupled single emitter. The fine interference patterns in Fig. 4.5(c) and (d) prove
that two emitters are coherently combined. The FWHM divergence angles (1.6°for the
single emitter and 2°for the combined laser) of these two lasers are still much smaller than

a conventional broad-area laser (~ 10°). The difference in the divergence angles between

the single emitter and coupled emitters are mainly due to different near-field distribution
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Figure 4.6: Far-field profiles of the coherently combined laser and simulation result. Solid
line presents the measurement result of the coherently combined laser and the dashed line
is the simulation result.

induced by the non-uniformity of fabrication and current injection.

We extracted the distance between two emitters and the width of one emitter from the
measured near-field in Fig. 4.5(a). We assumed that the two emitters were in phase and cal-
culated the far-field pattern by use of the standard diffraction theory. The calculation result
is shown in Fig. 4.6 in the red dashed line and agrees well with the measured result. The
angular distance between two interference stripes in the measurement result is 0.246°and it
is 0.234°in the calculation. Steady interference patterns are observed when we increase the
pump current up to 2A, which proves that the combining approach is still effective under a
high pump condition.

The distinction of the fringes shown in Fig. 4.6 is low for a few possible reasons. One is
the uneven outputs from two beams as shown in Fig. 4.5(b). Multiple longitudinal modes
observed in the spectrum also reduce the visibility of the fringes due to the incoherent

addition of different sets of interference patterns with different spacing of fringes. Another
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important reason is the strong background noise in the infrared vidicon camera we used.

4.2.3 Improve Beam Quality by Ion Implantation

In the previous sections, there is an overall double-lobe envelope in the far field results.
Further investigation shows that the double lobe envelope comes from the second order
Bragg mode, which is excited by the nonuniform current/gain distribution due to the lateral
current leakage. In this section, ion implantation is used to confine the current within
the grating area so that the fundamental Bragg mode will be the preferred lasing mode.
The simulation results, as well as the measurement results are also presented to show the

improvement of beam quality after ion implantation.

Simulation results
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Figure 4.7: Simulation geometry in COMSOL®. The inset is a zoom-in view around the
metal contact. The isolated interfaces are marked in red.

The planarization material, BCB, is an electrical isolator. Therefore, the effective re-
sistance of the grating area under the metal contact is larger than that of the p-type highly
doped area outside the gratings. As a result, the injected current will concentrate at the
edges of the grating area. We carried out a 3D current distribution simulation in COMSOL®

for a single emitter. The simulation geometry is shown in Fig. 4.7. In the simulation model,
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a grating structure is set on the surface of substrate. All the interfaces contacting with BCB
are set to be electrically isolated and all the other materials are set to have the same electri-
cal conductivity for simplicity. A gold plate is placed right on the top of the gratings as the
metal contact. A current source is set on it. Figure 4.8(a) shows the top view of the current

density at the position of the quantum well region. The result shows a nonuniform current
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Figure 4.8: Simulation results of the injected current distribution. (a) Nonuniform current
distribution without ion-implantation. (b) The distribution becomes more uniform after
increasing the resistance outside the grating area.(c) and (d) Electric fields of the first and
second order Bragg modes, respectively. (e) Normalized line current density corresponding
to (a) in dashed red line and (b) in solid blue line.

distribution with less current at the center and more current at the edges. We can calculate
the modal gain of the first two Bragg modes and show that with such a nonuniform current
distribution, the modal gain of the second order Bragg mode is actually larger than that of
the fundamental mode. We first calculate the model profiles of the first and second order
Bragg modes by using the transfer matrix method [45]. They are shown in Fig. 4.8(c) and

(d), respectively. If we denote the modal gain as g,,, it should satisfy:

f E(x)e*WAqx = ( f ]E(x)dx) e2omA 4.5)
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where E(x) is the electrical field energy and g(x) is the material gain.

Therefore, the modal gain can be defined as:

2g(0)Az _
gn = lim In(/ Be dx) = In( [ E(x)dx) _ [ E(x)g(x)dx (4.6)
Az—0 ZAZ f E(x)dx

In the region around threshold, the material gain can be assumed to be linearly proportional
to the current density [80], therefore, we can substitute g(x) in Eqn. 4.6 with J(x) we
obtained from the simulation. Obviously, after such substitution we can only obtain the
relative modal gain of different modes, which should be adequate for comparison purpose.
We also need to point out that to make a fair comparison between different current density
profiles, we should use the current density profiles obtained with the same current source

amplitude. Mathematically, the current density should be normalized as
f J(x)dx = constant “4.7)

where J(x) is the line current density obtained from the simulation result. Figure 4.8(e)
shows the normalized line current density corresponding to Fig. 4.8(a) and (b), respectively.
Following the steps above, we find the normalized modal gain of the first two Bragg modes
with the nonuniform current distribution to be 0.4153 and 0.4498, respectively, The second
order Bragg mode has a larger modal gain than the fundamental mode, which makes it more
preferable to be the lasing mode in this situation. To select the fundamental mode, a more
uniform current distribution is needed. A practical method to obtain this goal is to increase
the resistance of the materials outside of the grating region. Thus, the lateral current leakage
is decreased and the current is confined under the metal contact. The simulation result of the
current distribution in this situation is shown in Fig. 4.8(b) and the normalized modal gains

of the first two Bragg modes change to be 0.5311 and 0.5, respectively. Now, with a more
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uniform current density profile, the fundamental Bragg mode will be preferred as the lasing
mode due to a larger modal gain. Experimentally, we can use ion implantation [81, 82] to
increase the material resistance outside of the grating region. We first tested several ion
implantation recipes with different ion energies in broad-area lasers. Figure 4.9 shows the
near-field pictures of different recipes. The near-field images were directly measured by
using a near-infrared objective lens and camera, showing the beam profile at the emitting
facet. In Fig. 4.9(a), the non-implanted device shows obvious tails in the near field. As the
ion energy increases, the tails of the emitting aperture become smaller which indicates less
current leakage. As a result, we choose 260KeV proton with the dose of 5 x 10'*/cm? as

our ion implantation recipe.

Figure 4.9: Near field images after proton implantation at different energies with the dose
of 5 x 10"/cm?. (a) Not implanted. (b) Ion energy is 180KeV. (c) Ion energy is 220KeV.
(d) Ion energy is 260KeV. Between the dashed lines is the emitting aperture.

Measurement results

We measured the completed laser under CW pump condition in a cryostat with the heat sink
temperature set at 230K. Figure 4.10 shows the near field and far field measurement results
of our laser. In the near field shown in Fig. 4.10(a), the total width of the emitting aperture
is about 160um and the distance between the two apertures is about 425.6um. There is
about 10% difference in the intensities of the two beams. These values will be used in the

theoretical far-field calculation. Compared with the near field reported in Ref. [83], the
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near-field profile of the ion implanted lasers has sharper edges of the emitting apertures
and larger distinction ratio between the emitting area and dummy area due to better current
confinement. In the far field shown in Fig. 4.10(b), an overall single lobe envelope is
obtained. Multiple fringes in the far field are due to the interference of two coherently
combined emitters. The full width at half maximum (FWHM) is about 1.08°. The angular
distance between fringes is about 0.2073°. Compared with our previous far-field result, a
much better contrast ratio of the interference fringes is obtained. The difference between
peaks and valleys for our previous device is only about 0.2 and in our current device, the
difference is improved to be 0.9 in the normalized scale, which indicates better coherence
of the two emitters. The reason for better coherence is that after ion implantation, the first

order Bragg mode becomes the dominant lasing mode and has stronger coupling efficiency.

(a) 1 (b) 1
>08 = 0.8_
c (%2} i
2 Snal !
£06 206 : ,
e £
9] °
5 0.4f 8 4+
g . T 0.
0.2r Z 02
“ . an -
0 200 400 600 2

Rélative position(um) D_i\lergence anogle(Degree;

Figure 4.10: (a) Near field of the coupled laser. The inset is the camera image. (b) Far field
profiles: the blue solid line is the measured far field of the coupled laser, the green dashed
line is the calculated far field and the red dash-dot line represents the measured far field of a
single angled-grating broad-area laser. We obtain a good agreement between the measured
and calculated far field. The inset is the camera image.

We also calculate the far-field pattern by applying Fourier transform on the measured
near-field profile and compare the calculated result (green dashed line) with the measured
far field (blue solid line) in Fig. 4.10(b). The angular distance between fringes in the

calculated result is about 0.2040°. We obtain a good agreement between the two results.
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Besides, we also show the measured far field of an ion-implanted single angled-grating
broad-area laser. It is presented as the red dash-dot line in Fig. 4.10(b). In Ref. [83], the
divergence angle of the combined laser is slightly larger than that of the single emitter. For
our current lasers, however, the envelope of the far field of the combined laser is almost the
same as that of the single emitter, which also suggests better coherence.

At last, the measured L-I curve and spectra are shown in Fig. 4.11. In the L-I curve,
the threshold is found to be about 555mA and the slope efficiency is about 0.15W/A. The
strong spontaneous emission is due to the relatively high optical loss of angled-grating
cavity before the threshold. The performance is slightly better than our previous device,
benefiting from better current confinement. The kinks in the L-I curve are caused by mode
hopping which can be observed in the spectrum measurement shown in Fig. 4.11(b). When
we increase the pump current to about 1200mA, the peak wavelength suddenly changes
from 1546.2nm to 1550.6nm. The far-field profile remains the same when the mode hoping
happens, so it is only the longitude mode hoping. We believe that the mode hopping is
the result of longitudinal mode competition. All the near field and far field results were ac-
quired under 1200mA pump current condition. When we further increase the pump current,

the performance of the laser degrades due to the thermal problem.
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Figure 4.11: (a) L-I curve. (b) Spectra at two different pump currents.
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4.2.4 P-side down bonding

In the previous sections, the thermal rollover in the LI curves indicates that the output
power is limited by the thermal effect. A better thermal management would help improve
the output power. Since in our epitaxy wafer design, the active region, quantum well, is
located closer to the p contact, we can use p-side down bonding to bring the active region
closer to the heat sink. When we first tried the p-side down bonding, the cleaved chip
is directly bonded on the head sink with the flip-chip bonder. During measurement, the
voltage on the laser diode becomes unstable and the laser is switched on and off from
time to time, indicating that there is other current paths besides the one through the laser
diode. First we thought that might be due to the extra soldier touching the laser side wall.
However, after careful examination under SEM, all the laser side walls are clear without
any soldier. Remembering the scribing process when we break down a laser bar to separate
lasers described in Fig. 3.9, the insulation layer is actually scribed through at the laser
edges. There may be some area at the edges with semiconductor exposed as shown in
Fig. 4.12. Therefore, before p-side down bonding, we protect the exposed area by dip-
coating some BCB at the edges of the laser diode. Figure 4.13(a) shows the LI curves of
the p-side-up bonded and p-side-down bonded single angled-grating broad-area lasers. It
is obvious that the p-side-down bonding laser diode has a larger slope efficiency than that
of the p-side-up bonding device. The LI curves of p-side-down bonded single and two
combined lasers are also shown in Fig. 4.13(b). The output power of both devices can go
over 1W at high current without thermal rollover. The dashed line represents the twice
output power of a single emitter at doubled pump current(2Lyjgie VS. 2Ling:). Along all the
pump currents, the LI curve of the combined laser(in red line) is very close to the dashed
line, indicating almost 100% combining efficiency. With better thermal management, the

two combined laser can even lase at room temperature on a TEC heat sink with quasi-CW
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pumping. The LI curve in QCW measurement is shown in Fig. 4.14. The pumping pulses
are 1ms width with 20% duty cycle. The high threshold and small slope efficiency are due

to the high internal loss of the device which may be induced by the deep III-V dry etching.

Figure 4.12: Camera image of the broken insulation layer and exposed semiconductor after
scribing.

4.3 Results of six coherently combined angled-grating broad-
area lasers

Figure 6.3 shows scanning electron microscopy(SEM) pictures of the completed device.
We measured the light-current(L-I) curve, near field, far field and optical spectra of the
mini laser bar. All the measurements are carried out with CW current source in a cryostat

with the temperature set at 200K to reduce the thermal effect. Figure 4.16(a) shows the light
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Figure 4.13: (a) LI curves of the p-side-up bonded(in red) and p-side-down bonded(in blue)
single angled-grating broad-area lasers.(b) LI curves of the p-side-down bonded single
angled-grating broad-area laser(in solid blue line) and two coherently combined lasers(in
red line). The dashed line is the twice of the single emitter output power at doubled pump
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Figure 4.14: LI curve of the two combined laser with quasi-CW pumping on a TEC heat
sink setted as 16°C. The pumping pulses are 1ms width with 20% duty cycle.

20pum

Figure 4.15: (a) Top view of a completed laser mini bar. The inset is the zoom-in view
of the coupling region. (b) Cross-section of the gratings. From left to right, the insets are
the zoom-in view of one tooth of the gratings and zoom-in view of the stretched-out BCB

filling, respectively. (c) Top view of gratings at the facet. The stretched-out BCB fillings
are shown in the red circle.
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Figure 4.16: (a) Light power vs. current curve of the mini laser bar. (b) Light spectrum of
three apertures at 2000mA; the inset is the zoom-in view between 1524.5nm and 1526nm.
power vs. current curve of the mini laser bar. The threshold current is about 1213.6mA. The
slope efficiency is 0.362W/A near threshold and changes to 0.247W/A at around 2000mA.
The slope efficiency drop is mainly due to thermal effects since we did not observe the
changes in the near field and far field profiles. The maximum power reaches about 650mW
which is limited by the thermal rollover. In our mini laser bar, the optical spectra of each
emitting aperture are measured through the configuration shown in Fig. 4.17. The laser bar
output facet is first imaged through the obj. lenses 1. An iris is placed at the image plane
after the obj. lenses 1 as a spatial filter, which lets the light from one aperture pass through
and blocks the light from other apertures. This setup ensures that only the light emitting
from one aperture can be collimated by the obj. lenses 2 and then collected by the colli-
mator. At last, the collected light is characterized by an optical spectrum analyzer(OSA)
through a multi-mode fiber. The optical spectra of the three emitting apertures are shown
in Fig. 4.16 (b). The three apertures have the same lasing wavelengths around 1525.3nm
with a span of 0.4nm as shown in the inset of Fig. 4.16(b), which indicates good spectral
coherence of the mini laser bar.

The fabricated mini laser bar has two output facets. One contains three apertures and
each of them consists of the combination of two emitters. At the other side, the two middle

apertures consist of the combined outputs and the other two aside only consist of the output
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Figure 4.17: Diagram of the optical setup used to measure the optical spectrum of each
aperture.

of one laser diode. Figure 4.18(a) shows the near field profile measured at the three-aperture
facet. In this figure, the distances between the neighbouring apertures are very close to
each other and match well with the design parameters. The similar intensities and widths
of the three apertures indicate an uniform distribution of injected current. These values are
denoted in this figure and used to calculate the theoretical far field profiles. In Fig. 4.18(b),
we show the measured and calculated far field profiles, along with the far field profile
of a single angled-grating broad-area laser. High contrast ratio interference fringes are

clearly observed in this figure. The measured average angular distance between fringes
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Figure 4.18: Near field and far field profiles of the three coherent output apertures of a
mini-bar at 2000mA. (a) Near field profile. (b) Measured far field profile(blue solid line);
calculated far field profile(red dashed line); far field profile of a single angled-grating broad-
area laser(green dash-dotted line).

is about 0.2093 which is very close to the theoretical result of 0.2077°. The measured
FWHM of the far field is about 1.5° which is slightly larger than the calculated result of

1.1°. All the results above demonstrate that the mini laser bar is coherently combined
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Figure 4.19: Near field and far field profiles of the four coherent output apertures of a
mini-bar at 2000mA. (a) Near field profile. (b) Measured far field profile.

with near diffraction-limited beam quality. Figure 4.19 shows the near field and far field
measurement results of the four-aperture side, respectively. In the near field profile, the two
side apertures have slightly smaller intensities than the two middle apertures. Interference
fringes are clearly observed in the far field profile as well, indicating good spatial coherence
of this emitting facet. We also observe some non-uniform spikes in the near field profile of
two side apertures. We consider the reason as follows. When cleaved, the polymer used for
planarizing the gratings may not break uniformly along the cleavage plane of the substrate
and some of them stretch out in front of the laser facet, as shown in Fig. 6.3(c). These

polymer causes scattering of the output light resulting in the spikes in the near field.

4.3.1 Small modal angle modes in the combined mini bar

When we scan the far field profile of the laser mini bar in a large range, we find two side
peaks at a large divergent angle as shown in Fig. 4.20. The two peaks are due to the small
modal angle modes. In a single angled-grating broad-area laser, the small modal angle
modes are eliminated due to the large reflection loss at the facet as described in Fig. 1.8. The
large reflection loss comes from the angle mismatch which means the reflected wave can

not be coupled back into the cavity. However, in a combined mini laser bar, the small modal
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angle modes can be reflected to the adjacent emitter as shown in Fig. 4.21. Therefore, only
the two output ports at the sides of the laser mini bar (P1 and P2 in Fig. 4.21) can help
diminish the SMA modes no matter how many emitters are in the laser bar. In the two
coherently combined angled-grating broad-area laser, the reflection loss is still big enough
to suppress the SMA modes. That is why we didn’t find the side peaks at the large divergent
angle in the far field profile. While in the six combined laser mini bar, there are four more
emitters in the array to provide gain and the reflection loss is not big enough any more. We

can calculate the divergent angle of the SMA mode as

sin O,

sing, ! (4.8)

.0, = arcsin(n, 5 sin 6;)

where 6; = 10° and n.r = 3.2665. We find the divergent angle is 34.5567° which matches

the measurement result as shown in Fig. 4.21.
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Figure 4.20: Coarse far field profile of the six combined laser mini bar in a large range of
divergent angle. Two side peaks present at around 35°.

We can deposit a multiple layer facet coating to increase the reflection loss of SMA

modes. Figure 4.22(a) and (b) shows the facet coating design and the reflectivity of this
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Figure 4.21: Schematic plot of the reflection of Bragg modes and small modal angle modes
in the combined laser mini bar. P1, P2 and P3 are the labels of the output ports.

coating at different incident angles, respectively. The lowest reflectivity happens around
13° in this design. The refractive index of the materials are measured by an ellipsometer.
However, the ebeam evaporator we used to deposit the facet coating design cannot mon-
itor the film thickness accurately enough. Figure 4.23(a) shows the SEM picture of the
deposited facet coating with noticeable thickness errors in each layer. The near field of the
combined laser mini bar with the facet coating is shown in Fig. 4.23(b) and cracks can be
found in the coating due to the flip chip bonding process. Therefore, some effort in the
fabrication process is still needed to improve the accuracy in film thickness and the film

quality to obtain the lowest reflectivity at the designed angle.
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Figure 4.22: (a) Facet coating design; (b) Plot of the reflectivity of the coating in(a) at
different incident angles.

Figure 4.23: (a)SEM picture of the designed facet coating;(b) Near field of the laser mini
bar with the facet coating.
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4.4 Results of regrowth angled-grating broad-area lasers

Since we don’t have access to the epitaxy layer growth, we have to use the third part foundry
service. After the quantum well is grown, we fabricate the grating in the cladding layer by
wet etching and then shipped back to the foundry service to grow the rest layers. The most
important thing in this project is the quality of epitaxy layers which we cannot control.
Unfortunately, after regrowth, we find there are a lot of defects in the regrowth layers which
may be because the surface is not clean enough for the regrowth process. Figure 4.24 shows
the SEM pictures of the defects in the regrowth layers. Due to the high density defects in
the regrowth wafer, we find that even the broad-area laser doesn’t work. We still finished

the whole fabrication process, but none of the fabricated devices actually work.

Figure 4.24: SEM pictures of the defects in the regrowth wafer.
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Chapter 5

PHOTONIC CRYSTAL BRAGG
LASER WITH TRIANGULAR
LATTICE

5.1 Introduction

In the previous chapters, we have demonstrated the coherent beam combining of angled-
grating broad-area lasers. The TBR grating is 1D periodic structure with 50% duty cycle.
During fabrication, around 50% percent of semiconductor is etched/removed and replaced
by an insulation material. On one hand, this may result in a higher electricity resistance due
to a smaller cross-section area. On the other hand, the etched surface may introduce some
surface defect states and increase the non-radiation recombination rate. In this chapter, we
propose to replace the 1D TBR grating with the 2D photonic crystal cavity. Since there is
also periodic structure along the propagation direction in the 2D photonic crystal cavity, it
is possible to obtain single wavelength as well as single transverse mode simultaneously.

As shown in fig. 5.1, there are two methods to design the 2D photonic crystal cavity, one
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is with rectangle lattice [84, 85] and the other one is with triangle lattice. Compared to
the rectangle lattice, the triangle lattice cavity is much easier to be coherently combined
in the same method as in the coherently combined angled-grating broad-area laser. It can
be shown that the coupling region in the triangle lattice 2D photonic crystal cavity has
the same lattice unit as in the rest of cavity. Therefore, unlike in the combined angled-
grating broad-area lasers, there should be no interfaces around the coupling region. In the
following section, the design of the triangle lattice 2D photonic crystal cavity is present to
obtain both single wavelength and single transverse mode. Then the measurement results
of the single and combined photonic crystal Bragg lasers are shown and compared to the

results of rectangle lattice photonic crystal cavity.

Figure 5.1: Schematic plot of rectangle and triangle 2D photonic crystal cavities substitut-
ing the 1D TBR grating.

5.2 Design

Figure. 5.2(a) and (b) show the triangle lattice in real and reciprocal space, respectively.
d,,d» and l;l,l;z are the base vectors for the real and reciprocal lattices, respectively. Fig-

ure 5.3 shows the band structure of the triangle lattice along the lzx and lzy directions. k,
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2n
dcosf

and k, are normalized by and 27”, respectively. We can find that along x direction, the
effective period is d cos 8 and along y direction, the effective period is about [ if 6 is small
enough(f# = 10° in the simulation). Therefore in the following derivation, we use d cos 6

and [ as the periods in the x and y directons.

Figure 5.2: (a)Geometries and relationship with k vector in a triangle lattic with @, and @,
as the base vectors;(b) Reciprocal lattice of (a) with b, and b, as the base vectors.
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Figure 5.3: Band structures of triangle lattice with first four bands along both k. and Igy
direction,k, is normalized by —22~ and k, is normalized by Z.

In order to obtain single wavelength and single mode operation, we would like to make
the lattice resonate with the cavity mode in both the transverse and longitudinal direction(k,

and k, in Fig. 5.2) and both with first order gratings in the best. From the resonance condi-
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tion, we can obtain a relation between / and d. At the same time, / and d are also geometri-
cally related. The two constrains are too strict to satisfy if we require first order grating as
well. Therefore, we can loose the limitation of the grating order in one direction in order
to meet the both constrains. Since the transverse mode control is more important to keep a
good beam quality, I choose to set free the grating order of the longitudinal mode. That is

why the integer parameter m shows in the following derivation.

k, = ksin6,k, = kcos6 (5.1

Along the transverse direction(x), the cavity mode is resonate with the first order grating.

1 2r

B Eneffko sin @
1 A

B Eneff sin @
— /10

B Nefr sin 26

(5.2)

where A is the wavelength in vacuum.

Along the longitudinal direction(y), the cavity mode can be resonate with the mth order
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grating.

_m2x
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_m 2z

" 2 kcos0
m 2

l

- Eneffko cos 0 (5-3)
_m Ao

B Eneff cos 8

Ao

Sl=m—
2n.p5 cos @

In the triangle lattice, [ and d are related by

d
[sinf = — 54
sin > (5.4)

By substituting Equ. 5.2 and 5.3 in Equ. 5.4, we can obtain the following equation:

1
2sin’ 6

(5.5

where m must a integer.

Equation. 5.5 indicates that only discrete value of € can be used in the 2D photonic
crystal cavity design. And the relation between m and 6 is shown in Fig. 5.4. According to

this figure, we will use 8 = 10° where m = 16.

5.2.1 Coupled mode theory in 2D photonic grating

Starting from the coupled wave equation:

OPE(x,7) O0%E(x,z
aiz L a(zz - —ko(eo + As(x, 2)E(x, 2) (5.6)
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Figure 5.4: Relation between m and 6 in the 2D photonic crystal cavity design
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Figure 5.5: Schematic plot of 2D photoic crystal cavity with triangle lattice.
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where g is the effective permittivity, Ae(x, z) is the permittivity difference and E(x, z) is

the electrical field distribution which can be written as

E(x,2) = a(x,7)e " e P + q)(x, 7)e e

5.7
+ b,(x, z)e_jkxxejﬁz + by(x, Z)ejkxxejﬂz o
where a,, a;, b; and b, are shown in Fig. 5.5.
We can substitute Equ. 5.6 with Equ. 5.7 and obtain
GZaarich, 2 -ikx i _ o jk, aar(;i’ 2) ke e _ a,(x, Z)k2e e IP
+_<92aal_§:§, Deturgs Zka%”""e"ﬁz — ay(x, el eI
+—62barif’ D st - ijx—abra(f D kol _ b, (x, deHerel
+52ZZ§:§_, D giteris 4 2jkxabL);Z)ejkxxejﬁZ — bi(x, ke el
+—azaar$’ &) it _ o ﬁaa,(x D gmikergme _ g, (x, ) e (5.8)
+62a8,(;2c, z)ejkxxe_jﬂz ) ﬁaa,(x Z) oot o B _ g (x, 7)BReM e P .
+—62b5$—’ 2 ZJBGbg’ D gmivereibe _ b (x, e el
D s 2 D e e

= k(z)(go + Ae(x, 2)) (a,(x, 2)e e Pt qy(x, 7)elM e P

+b,(x, z).e_jk*'xej'gZ + by(x, z)ejk"xejﬂz)

We can use slow variation assumption and ignore the second derivative terms. Thus, we
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can obtain

da,(x,2)
0x

N 2jkx6a’(x’ 2) 2J.Bé‘az(x, ?)
ox 0z

—2]]{ _9 Baar(x Z)) —jkxxe—j,Bz _ ar(x’ Z)(ki +B2)e—jkxxe—jﬁz

) ek emiB _ a(x, z)(kﬁ + ,fg’z)eﬂ‘*xe_jﬁZ

0b,(x, 0D (x,2)\ 4 ik
+ -2k, (*x,2) +2jB (*x2) e el — b (x,2) (k2 + BF)e el
Ox 0z (5.9)
ab,(x 2)

+|2jk,

ob o ke g
#2870 Z)) Sl — bi(x, 2)(k + e e

=— k(z)(so + A&(x, 7)) (ar(x, 2)e T eTB 4 qy(x, z)e e P

+b,(x, z)e_jk"xejﬁZ + by(x, z)ejk’*xe]ﬁz)

Since k7 + 82 = kj&o, the above equation can be simplified as

_ijxaa,(x, 2) 2 Baa,(x, 2) e re ey (2K, da(x,2) ) Baal(x »2) okt e
ox 0z 0x
0b,(x, _0b,(x, e . Ob(x, ob .o
(2, 200D gD ki (o jp P2 g 00X 2) l(x ) giter it
0x 0z ox
=- k(%As(x, 2) (a,(x, 2)e *¥e P 4 q)(x, 2)e e P 4 b,(x, 2)e K e + by(x, z)ejk’*xejﬂz)
(5.10)
where Ae(x, z) can be expressed as
Ae(x,z) = Z Aep,qe_igl”q'? (5.11)
where
- 2r - 2r
=p—i+q—9
Pq ) D)
and

1 .
Agp, = — f f Ae(x, z)e’f"’q'?dxdy
’ SC@ll cell

where S .. is the area of a unit cell, p, and p, are the periods in x and y directions, respec-
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tively.
In a triangle unit cell,

Ae (r < rh)
Ae(x,z7) = (5.12)

0 (elsewhere)

and

, il p2Z x4g22
f f Ae(x, z)e’ﬁ”’f’? dxdy = f f Age (p”* +q”>’y)dxdy
cell hole

h o ir(pﬁ cos 6+ 2= sin 6)
=Ae f f e\ Py rdfdr
0 0

K Sy o\ o\
:Agf rf eHKCOS(9+90)d0dr (Where K = (p_) + (q—) ) (5.13)
0 0 Px Py

" Ae (7 Ae
=2nAe rJo(rK)dr = ZNF KrJy(rK)dKr = ZﬂﬁKthl(Krh)
0 0

Ji1(K
=27TI’,21A8—1( i)
rp
Thus,
2 A Ji(Kr,)
"S e Kr

A&, = 2n (5.14)

where Sy = 1dlcos, p, = dcosf and p, = .

Therefore, the coupling coeflicient «, can be expressed as

ks
2k,

ky =T'—Ae&p (5.15)

where I' is the confinement factor of the gratings.

Figure 5.6 shows the «, with respect to the etch depth. Like in the design of angled-
grating broad-area lasers, the «, is preferred to be around 0.1/um. However, the correspond-
ing etch depth is so deep that it will touch the quantum well. Therefore, we will set the etch

depth between 1um and 1.12um without etching the undoped waveguide layer(indicated as
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the dashed line in Fig. 5.6).
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Figure 5.6: The plot of k, with respect to the etch depth

5.3 Measurement Results

The fabrication process is similar to the process described in Sec. 3.1. Different etch time
is needed for different etch depth. Figure 5.7 shows the cross section of the 2D photonic
crystal Bragg laser.

We take the measurement of LI curve, optical spectrum, near field and far field of the
single and two coherently combined 2D photonic crystal Bragg lasers. Figure 5.8 shows
the LI curve and optical spectrum of the triangle lattice 2D photonic crystal Bragg laser. In
Fig. 5.8(a), we also include the LI curve of the rectangle lattice PC Bragg laser for com-
parison. It is obvious that the triangle lattice 2D PC Bragg laser has similar threshold and
slope efficiency to those of the rectangle lattice 2D PC Bragg laser. In the angled-grating
broad-area lasers, since the TBR grating is only resonant with the transverse wavevector,
the longitude mode is actually defined by the two facets. Therefore, the angled-grating

broad-area laser usually works in multiple wavelengths. In the 2D PC Bragg laser, both
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1.006 um

Figure 5.7: SEM picture of the cross section of a 2D photonic crystal Bragg laser.

the transverse and propagation wavevectors are required to be resonant with the 2D PC.
Therefore the 2D PC Bragg laser is able to be single wavelength. During the optical spec-
trum measurement, it shows stable single wavelength without mode hopping and the stable

spectrum is shown in Fig. 5.8(b). Figure 5.9(a) and (b) show the near field and far field of
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Figure 5.8: (a) LI curves of the single triangle lattice and rectangle lattice 2D photonic
crystal Bragg lasers with the same parameters. (b) Optical spectrum of single triangle
lattice 2D photonic crystal Bragg laser.

the single triangle lattice 2D PC Bragg laser, respectively. The near field profile shows that

the aperture width is about 115.4um. The far field profile is a single lobe with divergent

angle around 0.82° which indicates near diffraction-limited beam quality. Figure 5.10(a)
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Figure 5.9: (a) Near field profile of single 2D PC Bragg laser. The camera image is shown
in the inset. (b) Far field profile of single 2D PC Bragg laser. The inset is the camera image.
and (b) show the LI curve and far field of the tow combined PC Bragg laser. Along with
the LI curve, we also show the result of the single PC Bragg laser and the twice output
power of single emitter in the same figure for comparison. The low combining efficiency
around 50% is due to the shallow etching depth of the grating. In the far field profile, mul-
tiple peaks are observed which indicates that the coherent combining is not obtained and
the reason is the weak coupling coefficient due to the shallow etching depth of grating. As
pointed out in the previous section, the etching depth is mainly limited by the wafer design,
because we do not want to disturb the undoped waveguide epitaxy layer by dry etching.
Therefore, in order to get a stronger coupling coeflicient, a new wafer design with larger

confinement factor may be needed.
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Figure 5.10: (a) LI curves of the single and two combined 2D PC Bragg lasers; (b) Far field
profile of the two combined 2D PC Bragg lasers.
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Chapter 6

FOLDED STRUCTURE OF
ANGLED-GRATING BROAD-AREA
LASERS

6.1 Introduction

The angled-grating broad-area laser is a promising candidate for high power, high bright-
ness diode laser source. The key point in the design is the angled gratings which can
simultaneously support the unique snake-like zigzag lasing mode and eliminate the direct
Fabry-Perot(FP) feedback. In a conventional waveguide laser, the phase front of the guided
mode does not change along the propagation direction. But for angled-grating broad-area
lasers, the phase front exhibits a zigzag pattern with a large angle(equal to the grating tilt
angle) with respect to the propagation direction, which provides an effective method to
fold the cavity by use of mirror symmetry. In this chapter, we propose and experimentally
demonstrate a folded cavity design for angled-grating broad-area lasers. The folded de-

sign can be also interpreted as two cascaded angled-grating broad-area lasers with opposite
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tilting directions. We show that with a careful selection of the cavity length, a low loss
lasing mode can be obtained. Compared to the regular angled-grating broad-area laser, we
experimentally demonstrate that the folded cavity laser provides similar beam quality, but
with a slightly higher threshold and smaller slope efficiency due to the additional loss at the
interface.

One instant benefit of the new design is to occupy less wafer space than the regular
angled-grating broad-area laser. In a regular angled-grating broad-area laser, the tilt angle is
usually from 10° to 20° and the length of cavity can be as long as 4mm. As a result, angled-
grating broad-area lasers can use 10 times wafer space more than conventional straight
cavity broad-area lasers. The proposed design only takes 50% wafer space of the regular
angled-grating broad-area laser with the same cavity length. And in principle, multiple

foldings can be used to further reduce the required wafer space for a long cavity laser.

——

etch de
active region|

insulation layer p-contact

cladding

substrate
n-contact

Figure 6.1: Schematic plot of a folded angled-grating broad-area laser.
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6.2 Laser design

Figure 6.1 shows the schematic plot of a folded cavity angled-grating broad-area laser. The
laser consists of two cascaded angled-grating broad-area lasers that tilt to opposite direc-
tions. The waveguide mode in each half is the same as that in an unfolded angled-grating
cavity as shown in Fig. 6.2(a). The snake-like zigzag mode consists of two planewave-
like components in resonance with the gratings, denoted as R, and R, in Fig. 6.2(b). The
wavevectors of R, R, and the gratings satisfy the phase matching condition: I?R1 +kg = I?Rz
as shown in the inset of Fig. 6.2(b). The angle between IE)Rl (I?Rz) and the grating axis is equal
to 6, the grating tilt angle. A detailed modal gain analysis of the grating confined modes
can be found in [45] and the mode theory of an unfolded angled-grating broad-area laser
is well explained in [43]. At the two end facets in Fig. 6.2(c), the propagation direction
of Rl(R'z) component is perpendicular to the facet and that of RZ(R/l) is tilted by 26. When
reflected, RI(R;) component will be efficiently fed back to the cavity and RZ(RII) compo-
nent will be lost. Therefore, at the facet, the preferred cavity mode will have the maximum
perpendicular component(R|, R/2 in this example) and minimum tilted component(R,, R/1
in this example). At the interface between two halves, the cavity mode with the maximum
transmissivity, 7', from one half to another will be preferred. According to [43, 46], the

transmissivity 7 can be expressed as:

_ 1o ~ 2k sin(65)x
T =Ty X Ep E . e’ Brd 6.1
0} 5o f |Ex,Exle x (6.1)

(o8]

where T is the Fresnel transmission coefficient, Py is the power in the incident mode, p
and ¢, are the magnetic permeability and speed of light in vacuum, and 6 is the actual
incident angle of the incident mode relative to the middle interface as shown in the inset

of Fig. 6.2(c). The maximum transmissivity is obtained when 65 = 0. This means that the

95



maximum transmission happens between two perpendicular components on both sides(R;,
R'2 in this example). This is also indicated by the k-vector relationship in Fig. 6.2(c). It
shows that the transmission from R, to R)/R| and from R; to R; suffers high loss due to
the large wavevector mismatch. Since the phase front and mode profile of R, and R'2 are
identical, it allows for efficient mode coupling. As a result, the length of one half(L/2)
should be integer times of 2L., where L. is the coupling length of R, and R,, defined
as the length during which the power of one component is fully coupled into the other
component. The coupling length can be calculated through L. = n/|8; — ,|, where 3, and
[, are the propagation constants of the first two lowest modal loss Bragg modes confined
by the gratings. If this condition is not satisfied, the mode will suffer high loss at the
interface. Figure 6.2(d) and (e) show the mode profiles in a symmetrically folded angled-
grating cavity when L = 4NL. and L = (4N + 2)L., respectively, where N is an integer.
When the correct cavity length condition is satisfied in Fig. 6.2(d), we can obtain a low
loss folded cavity mode with efficient mode coupling at the middle interface. But strong
diffraction loss is observed in Fig. 6.2(e) when this condition is not satisfied. There is
another constraint condition on the cavity length L. To suppress the direct FP feedback
between two end facets, we have to eliminate that on both halves, which means L must
satisfy tan(6) (L/2) > W. All the mode profiles are obtained by the FDTD method.

The folded cavity angled-grating broad-area lasers are fabricated in an InP-based mul-
tiple quantum well (MQW) epitaxy wafer. The details of the epitaxy wafer is described
in [83]. The tilting angle 6 is set to be 10° and accordingly, the grating period is calculated
to be 1.368um. The etch depth of 900nm is chosen to obtain a grating coupling coefficient
around 0.1/um and 100 periods of gratings are etched, resulting in a total width around
140um. The grating coupling length is calculated to be about 150um which matches well
with our previous experiments on the conventional angled-grating broad-area lasers. Ac-

cordingly, the final length of the folded cavity is selected to be around 1.8mm which is
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Figure 6.2: (a) and (b) Simulation result and mode profile of an unfolded angled-grating
broad-area laser; (c) Mode coupling in a folded cavity angled-grating broad-area laser. The
inset is the zoom-in view at the interface; (d) Simulation result of the preferred mode when
L = 4NL,.; (e) Simulation result of high diffraction loss when L = (4N + 2)L..

about 12 times of the calculated coupling length. The fabrication process is similar to that
of angled-grating broad-area lasers in Section 3.1. Figure 6.3 shows the scanning electron

microscope pictures of the devices.

Figure 6.3: (a) Top view of the packaged folded cavity angled-grating broad-area laser. The
inset is the zoom-in view at the interface; (b) Cross-section of the folded cavity laser. The
inset is the zoom in view of one etched trench.

6.3 Measurement results and discussion

We measure the folded and unfolded cavity angled-grating broad-area laser with the same

cavity length for comparison. The two types of devices are fabricated together with the
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same fabrication processes and parameters. All the measurements are carried out with a
CW current source in a cryostat with the temperature set at 250K. Figure 6.4(a) shows the
near field profiles of the folded cavity and unfolded cavity angled-grating broad-area laser.
The widths of aperture are 155.3um and 156.1um for folded and unfolded cavity, respec-
tively. The width should be similar because both cavities have the same grating design. The
far field profiles and camera images are shown in Fig. 6.4(b). The divergence angles are
0.96° and 0.78° for the folded cavity and unfolded cavity, respectively. We also include the
theoretical far field calculated from a planewave aperture with the same width as what we
measured. The simulated result is shown in green dash-dotted line in Fig. 6.4(b). The diver-
gence angle of the folded cavity is a little bit larger than that of the unfolded cavity due to
the existence of the middle interface. The angled gratings can be considered as a waveguide
where the desired Bragg mode is filtered. The folded design needs longer cavity or stronger
coupling to eliminate the undesired components induced by the interface. This means with
the same etching depth and cavity length as in our situation, the folded cavity will have a
slightly larger divergence angle along the slow axis. However, the difference is small in our
experiments and both devices can be considered as near diffraction-limited. Figure 6.4(c)
shows the light-current(LI) curves of the folded and unfolded cavity. For the unfolded cav-
ity, the threshold and slope efficiency are 365.5mA and 0.21W/A, respectively. Compared to
the unfolded cavity, the folded cavity has a larger threshold of 436.4mA and smaller slope
efficiency of 0.14W/A. The differences in LI curves are due to the extra optical loss induced
by the interface in the folded cavity. The relatively strong spontaneous emission before las-
ing is due to the scattering loss induced by the deeply etched gratings. We believe that the
output power is mainly limited by thermal management and the epitaxy wafer which is not
designed or optimized for high power applications. The interface may also be the reason
for the different lasing wavelength in the two devices as shown in Fig. 6.4(d). The lasing

wavelengths for the folded and unfolded cavity are 1542.7nm and 1521.8nm, respectively.

98



—Folded cavity " [—Folded cavity
--- Unfolded cavit ---Unfolded cavit

,0.8f 1 -~ Calculated

.‘%

I

2o}

el

(7]

N

T0.4+1

£

S

Z0.2}

0! L ! L y L ]
-400 -200 0 200 400 6

Relative Position(um)

0.08 : ; ; . . 1 i -
(C) —Folded cavity (d) i —Folded cavity
- - Unfolded cavit; , 08 i --- Unfolded cavit
s >0 [ | 1
go.oe— , J 2 ’
] 206} !
2
$0.04 Eo )
- o H
0.02r Z02l :
- ‘ ‘ ‘ 0 e . . .
% 100 200 0 600 700 800 1510 1520 1530 1540 1550 1560 1570

3600urr36n?(mA)50 Wavelength(nm)

Figure 6.4: (a) Near field profiles of the folded cavity(blue solid line) and unfolded cav-
ity(red dashed line). (b) Far field profiles and camera images of the folded cavity(blued
solid line) and unfolded cavity(red dashed line). The calculated far field is shown in green
dash-dotted line. (c) Light-current curves of the folded cavity(blue solid line) and unfolded
cavity(red dashed line). (d) Optical spectrum of the folded cavity(blue solid line) and un-
folded cavity(red dashed line).
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It is possible that extra heat is generated because of the extra loss induced by the interface
in the folded cavity. This reduces the efficiency and the wavelength is red-shifted due to
the heat. Since the gratings are only resonant with the transverse wave vector, multiple
longitudinal modes are allowed in the angled-grating broad-area lasers [43]. The existence
of the interface also changes the longitudinal mode resonance condition, resulting in the

small peak at 1550nm in the spectrum of the folded cavity laser.

6.4 Coherent beam combining of two folded angled-grating
broad-area lasers

coupled output

Figure 6.5: Schematic plot of the combined folded angled-grating broad-area laser.Two
folded angled-grating broad-area lasers are coherently combined in the same way as in
the combined angled-grating broad-area laser. The distance between the two emitters is
reduced, resulting in an increased angular distance in the far field.

In the first chapter, we have mentioned that the brightness of a coherently beam com-
bined laser array can only be improved by around N times in practice instead of N? times in
theory because the filling factor is less than one. In the previous measurement results of the

coherently combined angled-grating broad-area laser, the angular distance in the far-field
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pattern will increase if we can reduce the distance between the emitter apertures. And once
the angular distance is larger than the diffraction angle, there will be only the center peak
in the far field. With the angled-grating broad-area lasers as the building block in the array,
the longer the laser cavity, the further the distance between the emitter apertures and the
smaller the filling factor which may diminish the brightness improvement.

Figure 6.5 shows the schematic plot of a two coherently combined folded angled-
grating broad-area laser. With the folded angled-grating broad-area laser coherently com-
bined in the same way as in the coherently combined angled-grating broad-area laser, it is
possible to reduce the distance between the two apertures. In the previous section, we have
shown that the folded angled-grating broad-area laser has similar performance to that of the
angled-grating broad-area laser. Therefore, the combined folded angled-grating broad-area
laser should have similar performance to the combined angled-grating broad-area laser, but
with a larger angular distance in the far field measurement. Figure 6.6 shows the near field
and far field profiles of the coherently combined folded angled-grating broad-area laser.
The total length of the laser cavity is about 1.8mm and the distance between the two aper-
tures is about 344.2um compared to 634.8um in the combined angled-grating broad-area
laser with the same cavity length. And the angular distance in the far field profile as shown
in fig. 6.6(b) is increased to 0.3736°. The angular distance of the combined angled-grating
broad-area laser with the same cavity length is about 0.1399°.
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Figure 6.6: (a) Near field profile and (b) Far field profile of the coherently combined folded
angled-grating broad-area laser.
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The preliminary results have shown that the combined folded angled-grating broad-
area laser has a larger angular distance. We can further reduce the distance between the
apertures since there is still about 60.5um gap. However, only reducing the distance may
be not enough to obtain the single peak in the far field, because the filling factor of the mode
in one aperture is small. Therefore, in future, along with reducing the aperture distance,
we should also increase the output power to increase the mode filling factor and the overall

filling factor as well.
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Chapter 7

CONCLUSION

In summary, we have demonstrated the coherent beam combining of angled-grating broad-
area lasers with two and six emitters coherently combined in an array. Both the far fields
with interference fringes in a single lobe envelope prove that the emitters in the array are
indeed coherently combined with near diffraction-limited beam quality. For the two com-
bined laser, the output power can be above 1W using p-side-down bonding. And it is shown
that the combining efficiency is almost one. For the six combined laser array, due to the
propagation of SMA modes within the cavity, there are two symmetry peaks in the far
field measurement. One possible way to eliminate the SMA modes in the multiple emitters
combined array is to deposit a angular selective coating which has a larger reflectivity at
perpendicular incident and small reflectivity at some certain incident angle. However, the
evaporator is not accurate enough to deposit such a multilayer facet coating, therefore we
still cannot get rid of those SMA modes peaks in the far field.

In order to reduce the total loss and to obtain single wavelength as well, we investigate
and fabricate the 2D triangle lattice PC Bragg laser. The results of the single 2D triangle-
lattice PC Bragg laser show single longitudinal and transverse mode at the same time with

near diffraction-limited beam quality. However, due to the limitation on the etching depth,

103



the coupling coeflicient is smaller than the design value and there are multiple peaks in the
far field profile of the two combined 2D triangle lattice PC Bragg laser. For the regrowth
laser diodes, none of the devices lase because of the bad regrowth quality in the wafer.

At last, we investigate the folded cavity angled-grating broad-area laser and the two
combined folded cavity lasers. We compare the results of a folded cavity laser to those of a
regular angled-grating broad-area laser with the same cavity length. The folded cavity has
a slightly higher threshold and smaller slope efficiency due to some extra loss induced by
the folded interface. It has been pointed out that the folded cavity design uses less wafer
area and consequently can increase the yield. More important I think is that unlike in the
combined angled-grating broad-area laser where the longer the cavity length, the smaller
the filling factor, the combined folded cavity lasers can still have almost the unity filling
factor due to the folded cavity feature. The far field of the fabricated laser shows a larger
angular distance between the interference fringes than that of the angled-grating broad-area
laser with the same length.

In the future, I still think the regrowth method is the most promising direction, because
the regrowth grating should have the least loss because it has very shallow wet etching
and the high temperature during growth may reflow the gratings a little bit to make it more
smooth. With a better regrowth quality, I think better results including higher output power,

diffraction-limited beam quality and etc. can still be expected.
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