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Bragg reflection waveguides are shown to be structures that can enable the integration of a laser and optically
nonlinear medium within the same cavity for efficient frequency conversion. An effective and simple method of
designing phase-matched laser structures utilizing transfer matrix analysis is described. The structures are first
optimized in terms of laser performance and then for enhancement of % nonlinearity. The method for optimiza-
tion shows that designing for either optimum laser performance or optimum nonlinear performance can conflict.
An efficiency term encompassing the requirements of both the laser and nonlinear element is derived. This serves
as a figure of merit that includes parameters relevant to both the laser and the nonlinear device. It is then utilized to
optimize the structure for efficient parametric conversion. This figure of merit is extended to examine parametric
oscillation in the laser cavity for both singly resonant and doubly resonant configurations. It is found that threshold
values of 4 W in a practical device can be obtained. Such power levels are easily obtained by mode locking the
pump laser. With reduced propagation loss through etch and design improvement, sub-Watt thresholds can be

realized. © 2012 Optical Society of America
OCIS codes:

1. INTRODUCTION

Compact tunable sources of coherent optical radiation are of
great benefit for many applications, such as sensing, spectro-
scopy, and communications. In wavelength regimes where sui-
table materials for tunable laser sources are not available, the
use of nonlinear frequency mixing to generate the desired
wavelengths is a popular alternative. With the advent of optical
parametric oscillators (OPOs), tunable radiation well into the
mid-IR is readily available in both CW and pulsed settings. The
availability of these devices can be largely attributed to the de-
velopment of high-quality nonlinear materials, such as periodi-
cally poled lithium niobate (PPLN) and periodically poled
potassium titanyl phosphate (PPKTP). These nonlinear mate-
rials have demonstrated large parametric gain, wide phase-
matching bandwidth, and low optical losses. Nonetheless,
OPOs built using these materials are not rugged or mobile. This
is because they have stringent restrictions on alignment and
are typically operated in locations with low levels of vibration.
The use of an all-semiconductor integrated platform to im-
plement OPOs is an attractive alternative to overcome the
above-mentioned shortcomings [1]. Compound III-V semicon-
ductors, such as AlGaAs or InGaAsP, can offer many advan-
tages as the integration platform. For example, AlGaAs is
transparent well into the mid-IR (=17 pm), has relatively large
second-order nonlinearity, established growth, and mature
fabrication technology. These structures can also support cas-
caded x¥® in a similar fashion to what has been already re-
ported in other materials, such as PPLN [2]. In contrast,
semiconductors require high peak power and, hence, short
pulse operation of the pump laser to obtain high efficiency.
Several techniques to phase match second-order nonlinea-
rities in semiconductors have been reported in the past [3].
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These range from quasi-phase-matching using growth on pat-
terned substrates and domain disordering, to the use of form
birefringence and M-shaped waveguides. The most promising
of these technologies utilize form birefringence to achieve
phase matching. Using this technique, OPO thresholds below
100 mW were predicted [4]. However, it has not been possible
thus far to integrate the nonlinear sections with on-chip diode
lasers and thus monolithic OPO devices have not been rea-
lized. As such, the development of compact, robust optical
parametric devices remains a topic of active research.

Recently, the use of Bragg reflection waveguides (BRWs)
as a means of phase matching second-order nonlinearity [5]
has shown high conversion efficiencies in both short pulse
[6] and CW [7] second-harmonic generation (SHG). Conver-
sion efficiency over 10,000%/W cm? was achieved using pico-
second pulses. Further, the BRW waveguide is extremely
dispersive and affords unprecedented tunability of the phase
matching with bandwidth in excess of 60 nm demonstrated
in the sum frequency generation configuration [8] and 100 nm
in difference frequency generation (DFG) [9]. Diode lasers
where lasing takes place through the fundamental Bragg
mode have also been investigated [10] and demonstrated [11].
These developments strongly indicate that BRW structures
are a promising platform for monolithically integrated para-
metric devices, such as OPOs and self-pumped frequency
conversion devices.

This paper will examine the trade-offs and optimization
methodology associated with designing phase-matched
BRW diode lasers that are aimed at three-wave mixing for
DFG and parametric oscillation within the laser cavity. Param-
etric oscillation is more favorable as a means of producing
coherent radiation in comparison to DFG as it provides higher
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output power and needs only one pump laser source. In this
device, both the pump laser and the nonlinear medium coexist
in the same waveguide and cavity. A schematic of an electri-
cally pumped OPO based on AlGaAs BRW is shown in Fig. 1.
Here, the waveguide core is surrounded by Bragg reflectors
above and below. The reflector above is p-doped, the reflector
below is n-doped, while the core is left intrinsic. At the center
of the core is a set of quantum wells to produce the desired
pump wavelength through electrical injection.

In this work, the active region used will utilize an InGaAs
quantum well (QW) with GaAs barriers lasing at 1, = 980 nm
for the pump source. This wavelength is chosen due to the
availability of a mature technology for producing high-power
diode lasers at this wavelength [12]. The pump interacts with
the nonlinearity of the semiconductor crystal to generate a
signal at 4; = 1550 nm and an idler at 4; = 2665 nm. Many op-
tical communication sources and amplifiers, such as InGaAsP
diode lasers and erbium-doped fiber amplifiers, exist at this
signal wavelength. Also, absorption bands for water and sev-
eral carbon bonds lie in the wavelength range encompassing
2-3 pm [13], thus making 2665 nm a useful idler wavelength
for sensing applications.

The forthcoming sections are organized as follows: A meth-
od of modal analysis of BRW lasers and the design rules
needed to obtain efficient nonlinear conversion in the wave-
guide is first put forward. Optimization of either component
alone can lead to poor performance for the device as a whole.
As such, a device performance parameter is essential for ef-
fective design and optimization. This will, in turn, enable the
optimization of both functionalities simultaneously in an inte-
grated semiconductor platform. A suitable parameter that en-
compasses the attributes of both the pump and the nonlinear
performance is derived and discussed. It is then used to
analyze these structures to determine suitable OPO (pump
laser + nonlinear conversion) device parameters to obtain
practical oscillation threshold.

2. PHASE-MATCHED BRW LASER
STRUCTURES

A BRW can be described as a one-dimensional structure con-
taining a core layer surrounded on either side by transverse
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Fig. 1. (Color online) Schematic of an edge-emitting ridge BRW laser
with its cavity phase matched for x® processes. Current injection
generates the pump laser, which propagates as the Bragg mode.
Through the nonlinearity of the semiconductor, parametric light is
generated within the laser cavity and propagates as a bound mode.
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Bragg reflectors (TBRs). Through appropriate design, an op-
tical mode can propagate with low loss along the waveguide
via Bragg reflection [14]. A class of BRWs known as matching-
layer enhanced BRW (BRW-ML) has recently been developed
for efficient frequency conversion [15]. By placing a defect
layer at the interface of the core and TBR, the Bragg mode
field profile can be tailored to provide better spatial overlap
among the optical modes involved in the nonlinear process.
This enhancement in the overlap between the modes involved
increases the conversion efficiency and has recently resulted
in some of the highest SHG conversion reported in AlGaAs
waveguides. A schematic of a typical BRW-ML is shown in
Fig. 2(a). This work will utilize BRW-MLs for the frequency
conversion, although the methodology is universal to other
classes of BRWs.

A QW placed within this structure would allow for gain of
the Bragg mode. Recently, a BRW diode laser with uncoated
facets was demonstrated [11,16], where ~100 mW optical
power was generated in the Bragg mode. Powers greater than
this are not unusual for diode lasers and the internal power
can far exceed this depending on the mirror reflectivities.
By appropriately designing the BRW cavity, the high field
strength can be utilized for frequency conversion. This meth-
od of integration is monolithic and advantageous compared to
other techniques. For example, the device is naturally aligned
and there is no need for complex fabrication of two separate
sections (one for lasing, the other for nonlinear conversion).
This intracavity method is thus appealing as a low cost, low
complexity solution to all-semiconductor parametric devices.

A. Phase-Matching y® Processes

Nonlinear frequency conversion requires a formidable control
over the modal effective indices for phase matching. Although
there have been many techniques developed to compute BRW
effective indices [14,17], most have assumed a single layer
core. Diode lasers however, have additional layers in the core
region, namely, the QWs and barriers. Because of the disper-
sive nature of Bragg modes, the presence of the active region
composed of many dielectric layers cannot be ignored in the
modal analysis. As such, a generic field transfer matrix ap-
proach known as the transverse resonance condition (TRC)
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Fig. 2. (Color online) (a) Schematic of a BRW-ML. A core layer is
surrounded by two transverse Bragg reflectors with a defect layer,
referred to as matching layer, in between. (b) Technique used to ana-
lyze BRW-ML structures with active region layers. The right reflector
contains the active region, while the core is only the left half. The
reflection ¢, now includes the active region.
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[18] is utilized, shown as (1). TRC is derived using a simple ray
optics treatment for the propagation of optical modes in
waveguides. It uses the fact that a guided mode is formed
within the waveguide when the transverse field profile of
the mode establishes a standing wave. Mathematically, the
transverse resonance condition can be expressed as

/ A7 Nogyt,
Ztc k% - ﬂZ + (/)left + ¢right = % + ¢1eft + (/)right = 2"’)’L7t,
T
ey

where {, is the thickness of the core, m is the order of the
Bragg mode, k, is the wavevector inside the core, f is the pro-
pagation constant, 7. is the effective mode index, 4; is the
wavelength in free space, and ¢y and ¢yigy; are the phases
induced due to reflection from the left and right mirrors, re-
spectively. Compared to Fig. 2(a), the structure is redefined as
shown in Fig. 2(b) to include the core region for modal ana-
lysis. The active region and right half of the core are now con-
sidered part of the right Bragg reflector. The left half of the
original core is treated as the new core. This interpretation
of the structure now includes the dispersive contribution of
the active region layers. The phase terms can be determined
by computing the reflectivity of each mirror at a given angle 6
where sin(0) = ngi/n, with n, denoting the refractive index
of the core. Using the 2 x 2 transfer matrix of the mirror, M
with elements M, ;,...,M35, the complex reflectivity, », and
the reflection phase shift, ¢, can be found as

r=-=—"==|rle". @)
M |7

Consider the downconversion process, where a pump at an
angular frequency of w,, generates a signal at o, and an idler at
;. Using BRWs, the pump mode propagates as a Bragg mode,
while both signal and idler are bound modes with their
propagation relying on total internal reflection (TIR). Conser-
vation of energy then requires that ®, - ws - w; = 0. For
efficient nonlinear conversion, the conservation of linear mo-
mentum requires perfect phase matching to be satisfied such
that Ap = g, - s - p; = 0, where f3,, fi;, and 3, are the propa-
gation constants of pump, signal, and idler, respectively.

For a QW laser diode, such as the one shown in Fig. 1, the
polarization state of the lasing mode is TE polarization. As
such, we focus on yjr Type II downconversion process in
AlGaAs with a TE-polarized pump, a TM-polarized signal,
and a TE-polarized idler. This results in the Type II phase-
matching condition expressed as

TE ™ TE
Peitp BRW _ Meitis IR MeifsiTIR | _ 0. ©®

Ap Ag A

Ap=2.7-

Fundamental modes are chosen due to low propagation
losses, lower beam divergence, and better overlap for non-
linear conversion. To compute the required effective indices
of signal and idler in Eq. (3), another transfer matrix method is
used [19]. For a given layered structure, the fundamental TIR
modal effective index can be found by sweeping all possible
values from min{rn;} to max{n;}, where {n;} refers to the set
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containing refractive indices of all existing layers within the
structure.

To demonstrate the technique of finding a phase-matched
BRW-ML laser structure, some representative initial param-
eters will be used. This design is chosen as a starting point
because it has a relatively strong nonlinear conversion, which
will be detailed further in Section 3. As mentioned before, the
pump wavelength is 980 nm, the signal wavelength is 1550 nm,
and the idler is 2665 nm. Our choice of material system will be
Al,Ga;_,As. In diode lasers, it is beneficial to utilize low alu-
minum values to improve the active device performance.
Further, at x = 0.45, the bandgap becomes indirect and DX-
center defects can be present while dopant activation is also
reduced [20]. Thus, the TBR materials chosen are x; = 0.15
and x,; = 0.40 for the high and low index layers, respectively
with five periods above and below. The defect-layer material
isx,, = 0, the core is x, = 0.1 with a thickness of ¢, = 600 nm.
This structure will be referred to as Design A. By varying the
defect-layer thickness ¢,, and computing the effective indices
of the pump, signal, and idler, the nonlinear phase mismatch
Ap can be monitored, as shown in Fig. 3. Note the defect-layer
thickness for phase matching is quite different when a QW
with barriers is included in the modal analysis using the trans-
fer matrix method.

As can be seen from Fig. 3, a choice of ¢, = 87.3 nm for the
defect-layer thickness allows for a phase-matched structure of
the given three-wave-mixing scenario. In the calculations
above, a single Inj 5GaygAs QW of thickness 6 nm surrounded
by 10 nm GaAs barriers is placed in the center of the core. This
simulation has also taken material dispersion into considera-
tion, as the variation is significant at the wavelength of the
pump, which is 980 nm. The AlGaAs material refractive in-
dices are found using the model developed by Gehrsitz et al.
[21]. The Iny,GaggAs QW refractive indices are computed
using the binary values from GaAs and InAs and interpolated
to the ternary alloy [22]. The relevant field profiles are shown
in Fig. 4. The profiles in Fig. 4(a) and 4(b) are the profiles of
the Bragg mode and fundamental TIR mode at the pump wave-
length. This allows us to compare the two modes at the laser
wavelength. Figures 4(c) and 4(d) show the field profiles of
the fundamental TIR modes at the signal and idler wave-
lengths. The refractive index profile of Design A for the three
wavelengths are shown in Fig. 5. Modal indices are highlighted
on the profiles by a horizontal line to show how they line
up with the material indices. Subsection 2.B will detail how
to modify this phase-matched design for improved laser
operation.
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Fig. 3. (Color online) Index mismatch Ap for BRW-ML Design A as a
function of the defect-layer thickness when the QW active region is
ignored (squares) in mode calculations and when the QW is included
(circles).
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Fig. 4. Field profiles for the relevant modes of Design A: (a) BRW E,,
and (b) TIR E,, at 4, = 980 mm; (c) the TIR H,, at 2, = 1550 mm and
(d) TIR E, at 4; = 2665 mm. Profiles have been normalized to power
for comparison.

B. Laser Cavity Design
As shown in the previous section, the QW can have a signifi-
cant impact on the nonlinear performance if ignored. The im-
portant consideration for lasing is the spatial overlap between
the QW and Bragg mode. For larger modal gain and, hence,
lower threshold gain, this spatial overlap must be larger than
that of any other guided mode in the structure. However, as
can be seen in Fig. 4(b), the fundamental TIR mode is also
confined to the core region with a peak at the center. It is,
therefore, unlikely the Bragg mode will have higher laser gain
and Design A would not be able to operate as a BRW laser
(i.e., lasing in the BRW mode).

A quantity that quantifies the spatial overlap between the
QW and the lasing mode is the overlap factor, I';, which is
defined as

d/2 2
I; = M 4)
=, |E; Py

where d is the thickness of the QW region. If multiple
QWs exist, then this parameter is the summation of overlap
with each QW. Suppose a single InGaAs QW, as defined in
Subsection 2.A, is placed in the center of the core in Design
A. Using Eq. %L%, the overlap factor for the Bragg and TIR
modes are TG (980 nm) = 0.55% and {15 (980 nm) =
1.13%, respectively. These values imply that Design A cannot
be employed for Bragg mode lasing because the TIR mode has
higher overlap with the QW.

There are two techniques to improve Fglf&,, both of which
create a dip in the TIR mode while maintaining a peak in the
profile of the Bragg mode at the center of the core, essentially
engineering the field profile. First, the index of the core layer
can be reduced to a point, where it is the lowest index of the
structure. This results in TIR modes that are dual lobed in nat-
ure with peaks at each defect layer and minimum at the core
center. The benefit of this approach is reflected in a favorable
overlap ratio between the BRW and TIR modes, as shown in
Fig. 6(a). Starting with Design A, the core aluminum fraction is
slowly increased (or equivalently its refractive index is de-
creased). The ratio of Fggv)v and Fgg) steadily increases from
0.78 to 24.4 at x, = 0.45, which is selected as the first optimi-
zation point. As justified earlier, we choose not to use alumi-
num fraction beyond 45%.

Next, the core thickness can be increased to further reduce
the TIR field strength at the QW location, allowing the field to
decay further from the peak. This is shown as open squares in
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Fig. 5. (Color online) Refractive index profiles of Design A for the
(a) pump wavelength, (b) signal wavelength, and (c) idler wavelength.

Fig. 6(a). As core thickness increases, the I" ratio can be in-
creased to a peak value of 36.3 with ['jav, (980 nm) = 1.18%
and T\1F (980 nm) = 0.027%. This enhanced design will be
called Design B and is a 46x increase in the I ratio compared
to Design A. Design B field profiles are shown in Fig. 7, where
the dip at the QW location is readily visible for the TIR E, at
Ap = 980 nm. The refractive index profiles of Design B for the
three wavelengths are shown in Fig. 8. Here, the mode index
of the TIR at the pump is found to be higher than the material
index in the core of the waveguide. For Design A, the mode
index is lower than the material index in the same region. This
is the cause of the dip in pump, signal, and idler TIR field pro-
files for Design B and not Design A. The beneficial result of
this dip is a reduced I factor for the TIR mode with respect to
the BRW mode.

Another important consideration is the modal propagation
loss, a. Because of its leaky nature, Bragg mode leakage to the
substrate can become significant. However, it has been shown
in the past that such losses can be drastically reduced to
practical levels. In our recent demonstration of a BRW laser,
the propagation loss was directly measured as 14 cm™! at the
lasing wavelength [11], a reasonable value given that the ridge
waveguide was deeply etched. Several methods for calculat-
ing the Bragg mode loss have been developed. This paper
will use the transfer matrix technique developed by
Dasgupta et al. [23].

Since the laser will pump the nonlinear conversion process,
it is essential to examine the laser output power. Typically,
the output power of a diode laser is estimated by using
self-consistent coupled rate equations. However, for a
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Fig. 6. (Color online) (a) Variation of the ratio T'{ry/T\TY with
respect to core material (circles) and core thickness (squares).
(b) Variation of the threshold current (circles) and output power at
100 mA (squares) with respect to the core thickness.
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Fig. 7.  Field profiles for the relevant modes of Design B: (a) BRW E,,
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have been normalized to power for comparison.
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sufficiently accurate estimation of the output power, a sim-
pler, quasi-phenomenological approach is used that takes into
account the variation in I and « of a structure and computes
the resulting effect on the laser performance. Using such an
approach, the laser output power, P,;(J), and threshold
current, I, can be determined as

VV.Lﬂ7 |: (apL -In (Rp 1Rp2))i|
Poy()) = J—J, exp( 22— tplTp2)
out /1p tr G()Fp I

y ]E In (Rp,lRp,2)
e In (Rp.lRp,Z) - apL ’

WLn; he a,L-In(R, R, >)
I — i e 'p p.1Lvp,
= T (TR, )

where R, and R, , are the facet reflection constants at the
pump wavelength, L is the cavity length, W is the injection
width, #; is the internal efficiency, G, is material gain, and
Jy is the transparency current density. The constants &, c,
and e are Plancks constant, the speed of light, and the charge
of an electron, respectively. The current I and current density
J are related by I = JWL. Here, the injection width W is
assumed to be the ridge width; a reasonable assumption con-
sidering the QW location relative to the etch depth for these
waveguides. Detailed derivation of Eq. (5) is discussed in
Appendix A.

Some representative values for these laser parameters are
given in Table 1. The various phase-matched BRW-ML struc-
tures can now be compared in terms of laser performance. For
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Refractive Index
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Fig. 8. (Color online) Refractive Index profiles of Design B for the:
(a) pump wavelength; (b) signal wavelength and (c) idler wavelength.

B. Bijlani and A. Helmy

Table 1. Typical Laser Parameters Used for
Calculations

i %] a [em™'] Ry,

90 14

R,» Jy [A/cm?] L [mm] W [um] Gy [em™]

03 0.3 50 1 4 1000

example, Fig. 6(b) demonstrates how changing the core thick-
ness with x, = 0.45 will affect the laser threshold, which is
shown as circles. The output power of the laser, chosen at an
arbitrary current (above threshold) of 100 mA is shown as
squares. From the figure, there is a wide variation in perfor-
mance due to structural variations with threshold current
varying from 10 mA up to 55 mA.

3. OPTIMIZING THE NONLINEAR
INTERACTION

Section 2 explored the optimization of the BRW-ML structure
for lasing, but did not include any nonlinear characteristics.
Efficient nonlinear conversion is also dependent on modal
field profiles and propagation losses, though not necessarily
beneficial to the lasing performance. A balance is required
between laser design and nonlinear conversion design. This
section will detail how to redesign the structures from
Section 2 to optimize the conversion process using just a
single parameter which takes into account all elements.

In nonlinear optics, several measures are available to com-
pare the efficacy of different structures. Of relevance to this
work, the second-order nonlinear effective area, Afff%, and the
effective structural nonlinear coefficient, d.g, are important
parameters [24]. The former contains the overlap of the var-
ious interacting mode profiles and the latter averages the bulk
nonlinearity, weighted by the field profiles. The equations for
both are as follows:

|t B EEd (. y)dedy|

degr = 6
eff ‘f_*:EpEsEldxdy| ( a)

e g E'f,dxdy J/Er E2dxdy [[* E2dxdy
off — 2 . (6b)
(f1 BB B ddy)
To compute d.¢, the bulk nonlinear constant for each materi-
al, d(x, y), is used as measured by Ohashi et al. [25]. The fields
required in both equations are two-dimensional transverse
profiles. A simple method to compute these is via the
effective-index approximation [26]. Here, ridge waveguides
of width 4 ym are assumed. Utilizing these parameters, an
equation for conversion efficiency will be derived using the
nonlinear coupled mode equations. Under the approximation
of no pump depletion, perfect phase matching, and weak con-
version, for a DFG process where A, is much larger than A;,
the coupled mode equations are defined as

0A

N a,
—P =i —AA -LA =0, (Ta)
0z Ay T o27F
0A, K . s as
L= i AAT - DA~ - DA, (Tb)
S
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0A; K 7
9% = _/L/l_iApAS - EA“ (70)
© 4ﬂdeff ’ (7d)
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where A;, j € {p, s, 1}, is the envelope amplitudes and normal-
ized such that P; = |A;|>. Eq. (7b) is simplified by ignoring the
first term (nonlinear component) because A; K A, in the
weak conversion regime.

Further, Eq. (7a) is simplified to zero because of laser gain
clamping above threshold. In diode lasers, the threshold oc-
curs when the optical gain equals the losses and maintains this
above the threshold current. For the laser, the conversion to
the signal or idler is considered a “loss” and will be immedi-
ately compensated by a slight increase in the slope efficiency
and threshold. Therefore, even if there is pump depletion
above threshold due to efficient frequency conversion taking
place within the diode cavity, the photon density will be re-
plenished to remain constant at equilibrium across the cavity.
This pump depletion will only take place at higher injection
regime above threshold, where the pump powers are signifi-
cant enough to induce efficient conversion and, hence, pump
depletion. The observed behavior will be a reduction in the
slope efficiency in this regime. In the weak conversion regime,
this loss of laser power results in a negligible increase in laser
threshold or slope efficiency at a given current; a valid as-
sumption, since the laser gain is several orders stronger than
the nonlinear gain. As such, we believe the pump propagation
loss can be ignored in the analytical equations as the photon
density in the cavity will remain constant.

The solution to these equations can readily be found as

A,(2) = A,(0), (8a)

As(2) = Ay(0) exp(-ag2/2), (8b)

xp[~(as + ;)2/2]
(a5 + a;)/2

Ai(®) = =i A7 (0A7(0) exp(-a;z/2) =
(80)

The boundary conditions for Eq. (8) are A,(z) = A,(0) and
A;(0) = 0. Using these formulas, the conversion efficiency,
n, can be derived as

P; |x|2L? . sinh?([a, — o;]L/4)
=pp = el a2
(9a)
’7, =n: Pp,internal- (gb)

Equation (9a) for 7 is the traditional efficiency term in that it
describes the rate of conversion with respect to input signal or
pump power. It takes into account both nonlinear terms dg
and Aﬁ; but does not take into account any laser parameters,
such as I" and a,,. In order to address this, a second efficiency
parameter, 7/, is defined in Eq. (9b) whereby the estimated
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laser power is used as the input pump power. Here,
Py internal = Pp/\/Tp 1Ty 2, where P, is the estimated average
output power of the laser as shown in Subsection 2.B and T,
and T, are the transmission coefficients. As such, i is the
rate of conversion of the input signal power for a given laser
structure at a given laser operating point. This efficiency term
includes all the relevant laser and nonlinear parameters de-
scribed previously and is, thus, a valid figure of merit as an
optimization parameter.

To calculate both 5 and 7/, first the signal and idler losses
must be estimated. We rely on experimental data of the TIR
mode in a similar BRW-ML structure where loss values of TE-
and TM-polarized TIR mode around 1550 nm were measured
to be =2.0 cm™L. Since AlGaAs does not contain any strong
absorption up to the mid-IR, modal propagation losses would
not be significantly different at the idler wavelength. Thus, the
efficiency calculated here will use this value for the idler and
signal losses. It should be noted that the idler mode is less
confined in the core and would, therefore, extend more into
the bottom cladding. This will result in it experiencing a stron-
ger leakage loss component in comparison to the signal and
pump. This leakage is into the high-index GaAs substrate and
is present but typically small (<0.01 cm™!) for most modes.
The idler leakage contribution is not likely to be dominant be-
cause the side-wall scattering is typically the most significant
source of loss in these ridge waveguides.

The relative efficiencies with respect to core thickness are
shown in Fig. 9. Note the assumptions detailed in Table 1 are
again utilized. Here, the peak in n" occurs at a core thickness of
670 nm compared to 700 nm for Design B. This peak value will
be called Design C; the best design thus far within our limited
search space. A simple calculation shows that, for a 10 mW
internal signal power and laser drive current of 100 mA,
78 uW idler power can be generated within a 1 mm sample.

In passive structures without a QW, the PM wavelength can
be accurately targeted, as we have reported in recent work
[27]. In similar passive structures, the temperature tuning
coefficient has also been extracted [28]. Indeed the tolerances
of fabrication will be narrow and demanding; however, the PM
wavelength can be influenced by the ridge width as well as the
vertical structure [28,29]. In active devices, such as diode
lasers, emission wavelength depends on the operating condi-
tions. Changes in the optical properties in diode laser cavities
have been studied previously and current injection is often the
most significant cause of refractive index change. Bandgap
changes due to temperature rise and band-to-band renorma-
lization will also have an impact. They often manifest them-
selves at excessive injection levels. Accounting for all
these effects is complex, but possible, as demonstrated by

of "\ . omoas-Design C108
< 5F =
J06 =
% 4 g
o 14 E
Ef_ Jo2'e=
0 0.0
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Fig.9. (Color online) Variation of efficiencies n and ' with respect to

core thickness. Here, the device length is L = 1 mm and the injected
current is 7 = 100 mA.



2490 J. Opt. Soc. Am. B / Vol. 29, No. 9 / September 2012

T T T 12
g 35¢(a) Idler —_
‘:C:’ 3.0F i %= 9
S 25F 1 T
& z 6
2 20F signal 1 £
] 3
= 1.5F E

0.90 0.95 1.00 00.90 0.95 1.00

Pump wavelength (um) Pump wavelength (um)

Fig. 10. (Color online) (a) Tuning of the phase-matched signal and
idler wavelengths as the pump wavelength is varied. With decreasing
pump wavelength, larger idler wavelengths are accessible, well past
3 um. (b) Dependency of conversion efficiency on pump wavelength.

Shim et al. [30]. In that work, the authors describe the effect of
injected carriers through a combination of the anomalous dis-
persion of three-dimensional carriers in the barrier and the
free carrier plasma effect in the wells and in the barrier. In
the case of the BRW structure, the effect of injected carriers
in the intrinsically doped core region would also need to be
included. As such, preliminary account for the temperature
and carrier effects can be included into the calculations if
desired. Once the vertical structure is fixed and grown, some
tuning is still possible via the etch depth and ridge width.

Since wavelength tunability can be implemented using
various methods [31,32], we have investigated the tuning
characteristics of the phase matching attainable with these
structures. By varying the pump wavelength, a set of phase-
matched signal and idler wavelengths can be found by a zero-
finding search (phase-matched wavelengths). The tuning
curve for Design C along with the variation in # are shown
in Fig. 10. From the figure, at shorter laser wavelengths, larger
idler wavelengths are accessible. Also, the degeneracy point
occurs for a longer laser wavelength at =1010 nm. The effi-
ciency at these longer wavelengths also increases substan-
tially due to better overlap of the interacting modes as they
become similar in modal profile.

Table 2 compares the laser and nonlinear properties of de-
signs A, B, and C. Design A has a relatively strong dg, com-
parable to the other designs. However, it has no value
calculated for # and #' because the TIR mode reaches thresh-
old well before the Bragg mode, making it a poor BRW laser.
Design B is the most efficient laser of the three with lowest
threshold and highest confinement factor. Its overall effi-
ciency is worse than Design C due to smaller effective indices
that reduce the nonlinear coupling coefficient, as described in
Eq. (7d). Design C is the best overall device using the encom-
passing r' parameter because it takes into account both laser
and nonlinear structural considerations. This exercise in op-
timization demonstrates the interplay of laser and nonlinear
parameters and the route to optimizing the performance of
such an integrated device.
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4. OPTICAL PARAMETRIC OSCILLATION

This section will explore the possibility and requirements for
parametric oscillation within these devices. Initially, only
leakage losses will be included in the calculations such that
their effect on OPO threshold can be minimized. Later in the
section, other propagation losses will be included to obtain
more realistic threshold values. The lossless parametric gain
of a nonlinear element is described by [24]

g = cosh (I'y.L), (10a)

FNL = K4 /Pp/(/lsﬂo (lOb)

When the gain equals the total cavity loss, oscillation can
occur; this is the threshold condition. Two types of OPOs will
be explored, namely, the singly resonant oscillator (SRO) and
the doubly resonant oscillator (DRO). The threshold condi-
tions for SRO and DRO are described as [24]

Ashi
SRO:P, 4 = 1<2SL12 [cosh™1 (e, (11a)

DRO:P, 4, = /1? :

yh e Eemil + 12
55| cosh™ | —F—F |,
x“L %l 4 it

Ag = Ag— ln(Rs.le,Z)v
a=a;—In(R; 1R; 5). (11b)

Contour plots of threshold power as a function of sample
length and core thickness are shown in Fig. 11 for (a) the case
of SRO for the signal and (b) the case of DRO. Although most
designs have very large CW threshold pump powers, some
longer devices have more accessible requirements and can
be achieved by existing single-mode diode lasers. For exam-
ple, Design C with a cavity length of 3 mm has an SRO thresh-
old of 978 mW. There are design challenges with such long
laser lengths, such as decreased differential efficiency. None-
theless, this demonstrates that BRW-ML-based OPO chips are
possible and can be practically implemented with present day
technology.

However, these ideal threshold values do not take into ac-
count practical losses, particularly absorption from dopants
and scattering from structural roughness. These factors typi-
cally dominate the loss in ridge waveguide lasers. With respect
to OPO thresholds, realistic signal and idler losses are needed,
as seen in Egs. (11a) and (11Db). Since these wavelengths are

Table 2. Nonlinear Conversion Parameters for Three Phase-Matched BRW-ML Laser Structures®

Design A x, = 0.1 d, = 600 nm

Design B x, = 0.45 d, = 700 nm

Design C x, = 0.45 d. = 670 nm

Tgrw [%] 0.51
I [mA] 279 (20.1 for TIR mode)
A% [um?] 2603
degy [PM/V] 90.2
7 [mMW/(W - W)] —

i at 100 mA [mW/W] -

1.24 1.14
15.9 19.0
306 272
123.7 123.7
5.2 5.8
0.72 0.78

“All designs have L = 1 mm, x; = 0.15, 3 = 0.40 and x,, = 0.
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Fig. 11. (Color online) Contour plots of OPO threshold powers in
watts for (a) signal SRO and (b) DRO as a function of core thickness
and device length. The mirror reflectivities are 99.9% and 95% for both
signal and idler.
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Fig. 12. (Color online) Contour plots of OPO threshold powers in
watts for (a) signal SRO and (b) DRO as a function of core similar

to Fig. 11. Here, signal and idler losses have been assumed to be

2 cm L.

far from the QW absorption band, the dopant contribution to
absorption is negligible and only scattering is a major factor.

A more realistic value is 2 cm™! for the TIR mode from a
device tested using the Fabry—Perot technique for propaga-
tion loss at 1550 nm in a similar structure [33]. If the idler loss
is assumed to be similar, then more realistic OPO thresholds
can be estimated.

A similar contour plot is shown in Fig. 12. There are some
notable differences between these thresholds and those in
Fig. 11. First, the thresholds have all increased by at least 1
order of magnitude and there are no subwatt threshold OPOs.
Second, the benefit of DRO OPOs can be seen in these higher
loss scenarios as their thresholds are far lower than those of
SRO OPOs. Here, the optimum configuration is for a 3-5 mm
chip with 650 nm core width having threshold just over 4 W. In
CW, these powers are difficult to obtain in single-mode lasers.
Such pump powers can, however, be obtained as peak powers
if the pump laser is mode locked. Nonetheless, it is important
to note the effects of realistic propagation losses and not just
leakage loss.

5. CONCLUSION

In conclusion, this paper has detailed the design strategy for
efficient diode lasers based on BRW-ML structures that are
phase matched for parametric oscillation. It has been shown
that an effective method of integration is possible if the laser
and nonlinear cavities are merged into one. The challenges of
optimizing laser performance while maintaining phase match-
ing are explored and detailed. It was shown that designing for
optimized laser or nonlinear performance can lead to reduced
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overall conversion efficiency. A field transfer matrix approach
has been utilized to calculate the various modal effective in-
dices, as well as the propagation losses. These calculations
and parameters are combined into a single parameter for
efficiency of the complete laser and nonlinear conversion de-
vice, which can then be used for design optimization. The ana-
lysis was then used to examine parametric oscillation in both
SRO and DRO OPO configurations; reasonable threshold va-
lues can be obtained if losses are reduced. It is expected that
these structures can provide a suitable, flexible platform for
portable, electrically driven, nonlinear conversion devices,
such as OPOs and oscillators.

APPENDIX A: DERIVATION OF DIODE
LASER OUTPUT POWER

Here we detail the derivation of Eq. (5), which estimates the
output power of a diode laser from laser parameters. We begin
with the output efficiency equation:

h
PouD) = (I = Ity (AD
P

We can note that the differential efficiency, 7, is related to the
internal quantum efficiency, #;, by the following equation:

a
Mg = Mi =, (A2)
Ith

where «,, is the mirror loss and gy, is the threshold gain.
Further, the current I can be converted to current density
J via the relation I = JLW. This modifies Eq. (Al) to the
following:

LWn;

4

he ay,

Pou(J) = J=Jm) (A3)

€ Jtn

At threshold, the gain, gy,, is equal to the losses. Therefore,
9m = o,L + a,,, where a,, is the propagation loss. The mirror
loss can be further simplified by noting a,,, = -In(R, 1R, 5).
Thus, Eq. (A3) becomes

LWy he In(R, R,»)
Po)) = (] = J ) — 2172

— 2 A4
Ap e In(R, R, ) — a,L (Ad)

Last, the threshold current density can be estimated by noting
the net laser gain (above threshold) satisfies the following:

Inet = Ginl'L = gin. (AB)
Further, the QW threshold gain, Gy,, has a logarithmic relation

with respect to transparency and threshold current densities:

Gth = GO ln({iith) (A6)

tr

Using these, the threshold current density can be isolated:

(A7)

L-In(R, R
To =T exp[—“” Fp. ”)],

G,I'L

leading to the final result used to estimate the output power:
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; L-In(R,,R
Pou() = W/Iﬂ [J—Jtr exp(w)]

, G 'L

he In(R, Rp2)

he  WEatp2) A8
“ e (R, R,y) - a,L (A8)
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