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Abstract—Ultra-compact, widely-tunable and low-power
InP-based four-section coupled-cavity lasers are designed and
analyzed. Two Fabry-Pérot cavities of unequal lengths, each
containing an amplifier and a phase-tuning section, are coupled
together through low-loss Bragg grating. The theoretical analysis
of such multisection lasers starts with calculating the poles of
a linear transfer function of the entire resonator in order to
obtain resonant wavelengths and wavelength-dependent threshold
gains. The differential quantum efficiency and the power-current
characteristics are then calculated to evaluate the laser perfor-
mance. The effectiveness of the design procedure is verified by the
experimental and proof-of-principle demonstration using simpli-
fied three-section lasers. Devices exhibit single-mode operation
with a side-mode suppression ratio of over 24 dB and tuning range
of 11.2 nm. These telecom-suitable lasers can be used as on-chip
local oscillators in low-power integrated optical coherent receivers.

Index Terms—Coupled-cavity, Fabry-Pérot resonators photonic
integrated circuits, integrated optoelectronics, tunable lasers.

I. INTRODUCTION

UNABLE lasers and high-speed photodiodes in coherent

photonic integrated circuit (PIC) receivers have always
been of great interests for plenty of applications including op-
tical communication [1], microwave photonics [2], sensing [2]
and chip-scale frequency synthesis [4]. Given the tunable lasers
consume most space and power in PIC receivers, a novel design
for low-threshold, high-performance and short-cavity single-
mode lasers with a wide tuning range is of utmost importance.
Among several types of surface grating-based tunable lasers,
sampled-grating distributed Bragg reflector (SG-DBR) [5], Y-
branch [6], double-ring resonator [7], ring resonator mirror
lasers [8] and grating-coupled sample reflector lasers [9] are
some of the commonly used and commercially available ones.
These devices, however, are relatively large and consume much
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electrical power. Considering the class of widely tunable devices
based on Vernier effect, for instance, the most compact in-line
SG-DBR lasers are 1.5 mm long [10] and consume ~0.4 W of
power [11].

Compared to ring and coupler-based tunable lasers, in-line
design is better because it can (i) provide minimal net cavity
size by not having rings and couplers, (ii) give high axial fill
factor since the device is free from non-tunable passive sections,
and (iii) offer the widest mode spacing for a given gain length.
Besides, lasers with the ring and passive couplers suffer from
additional insertion loss and low mode-suppression ratio due to
narrow mode spacing defined by the increased cavity length. De-
spite these obvious advantages obtained from in-line SG-DBR
lasers, their sizes and power requirements are drawbacks for the
development of compact and low-power photonic systems.

In the 1980s, a new and novel concept was proposed for
simple and in-line lasers with single-mode emission, which are
mainly based on coupling two Fabry-Pérot cavities [12]-[15].
Utilizing the same concept, the so-called coupled-cavity (C-C)
lasers can be reconsidered to be one of the alternative ways
in order to meet up the present and future size and power re-
quirements. Recently, there have been a number of theoretical
and experimental studies on C-C lasers reported by the scien-
tific community [16], [17]. Some of the experimental studies
report on the use of multimode interference reflector as a cou-
pling element between two cavities [ 18]-[20]. With an epitaxial-
regrowth-free cost-effective approach, devices made by this
design had a footprint of 0.5 mm? and a power consumption
of ~0.2 W [18].

This work reports an active-passive integrated coupled-cavity
design procedure where grating bursts as intercavity coupling
elements are used. This study is more focused on the com-
pactness, low-power consumption and wide tuning-range
specifications of such devices. Compared to the state-off-the-art
results on SG-DBR lasers reported in [10], [11] our proposed
C-C laser is 5 times smaller in size, and it consumes 7 times
less electrical power for its full operation with the optical
output power of 5 mW. Due to potentially short cavities, high
fill-factors for the gain regions, and compatibility with simple
PIC fabrication processes, the C-C design is more efficient,
compared to matured- and low-risk SG-DBR lasers. Therefore,
these devices are well-suited for developing next-generation
compact, low-power and efficient photonic systems.

This paper is organized as follows: This paper begins with
a discussion of the C-C laser design which describes the
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Fig. 1. Schematic cross-sectional view of a C-C laser with four electrodes.
Ly and L, are the passive and active sections lengths of cavity-1, whereas
L2 and L9 passive and active sections lengths of cavity-2. The currents I,
and [, are injected in the active and passive sections of FP cavities, respectively.

calculation of scattering matrices and how it leads us to find
the threshold gains and wavelengths of the modes of the entire
coupled system. This section also provides results obtained from
the simulation of the differential quantum efficiency, yielding
power-current characteristics, and wavelength tuning behavior
of the laser. This is then followed by a discussion of the perfor-
mance improvement concept, power budget estimation and tun-
ing range extension of the device. We then present the process-
ing details of the simplified C-C laser. Finally, the performance
characterization of initial experimental devices is reported.

II. COUPLED-CAVITY LASER DESIGN

Fig. 1 shows a schematic cross-sectional view of a
four-section C-C laser which is comprised of two cavities, de-
noted as cavity-1 and cavity-2. They are in-line coupled via
first-order surface grating bursts. Each cavity includes active
and passive regions that are electrically isolated by proton im-
plants. Cavity-1 can be referred to as an “active mirror”’, while
cavity-2 as a “main resonator”, providing most of the gain. The
mode selected by the C-C lasers is nothing but a longitudinal FP
mode that has the lowest cavity loss determined by the Vernier
effect, resulting from unequal cavity lengths of these two FP
cavities. Since the basic operating principle and the mechanism
of the mode selectivity in such lasers are well-described in a
number of literatures [12], [14] we will immediately move into
the theoretical analysis of our proposed compact and low-power
single-mode C-C lasers with a unique configuration.

A. Calculation of Scattering Matrices

A theoretical analysis of the C-C lasers requires simultaneous
consideration of the gain and loss in the two FP cavities after
taking the reflection and transmission at the intercavity coupling
interface into account. Scattering matrices were used to perform
the numerical analysis of such complex laser structures. The
primary objective is to find the resonant longitudinal modes of
the coupled system by calculating the corresponding emission
wavelengths and their respective gains required to reach thresh-
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Fig. 2. Simplified schematic illustration of a coupled-cavity laser. The
rightmost-long section labelled by “Passive” is not the part of the resonator.

old. Fig. 2 illustrates a simplified schematic of a representative
C-C laser which helps to perform the numerical analysis. In this
example, cavity-1 is formed by independent and electrically-
isolated 90-um-long active and 40-pum-long passive sections.
The gain of the active section and the phase of the passive sec-
tion can be independently controlled by currents, denoted by I,
and [,,, respectively. Similarly, cavity-2 consists of independent
100-pum-long active and 50-pm-long passive sections, whose
lengths are represented by L,» and L. The mode spacings for
cavity-1 and cavity-2 are calculated to be 2.4 nm and 2.1 nm,
respectively, resulting a spacing mismatch of 0.3 nm and a pos-
sible repeat mode every 16.8 nm. The phase tuning sections
enable the modes to be tuned continuously.

Prior to obtaining the resonant longitudinal modes of the
entire coupled system, it is important to understand how cavity-
1 serves as an active mirror modulating the loss of the FP
modes via an equivalent mirror. The gain-providing mirror (i.e.
cavity-1) can be represented by an effective mirror with complex
reflectivity S;; which can be written in the form [21]

2 —2j5L
THRtgle JBLy

S11 = —71y1 + (D

1-— THR’I”g1672j’éL1
where r,; and rgr are amplitude reflection coefficients of the
grating and the high-reflection mirror coating, respectively, t,;
transmission coefficient across the grating interface at cavity-1,
[3 complex propagation constant and L, the total length of active
and passive sections in cavity-1. (3 is defined as

B=pB+jb
_ 2mn g o
=5 +i(3-3%) @

where (3 is the average propagation constant, 72 the effective
refractive index of the mode, g the modal gain and «; the internal
modal loss.

The net reflection coefficient from the grating can be defined
by the following approximate sinc-function spectral response:

2mLgn - 2w Lgn
A 1.55

3)

rg1 ~ KkLg*sinc (
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Fig. 3. The effective mirror reflectivity for cavity-2 due to cavity-1, when
current applied to cavity-1 and its phase tuning section is 1 mA.

where L, is the grating length,  the reflection per unit length.
The grating reflection is relatively weak with x = 300 cm™!
and L, = 10 pm, but a tuning range of ~30 nm s still possible.
The net reflection peak is assumed to be at Bragg wavelength,
i.e. 1.55 pm. Note that the reference planes for the gratings are
placed at an index down step on their left side in Fig. 2, and they
have an integer number of periods. Thus, the reference planes
on their right sides are displaced by a half-grating period from
the last index down step on that side. Although arbitrary, this
selection results in the correct phasing of the two terms in Sy
shown in (1).

The transmission magnitude through the grating mirror be-
comes

= /(L= r2,) et )

And its transmission phase is given by its length. For sim-
plicity, the gain function is often approximated by a simple
Lorentzian lineshape with a peak at 1550 nm [21],

7x107°
L(1) = 5
) (4(/\ —1.55) + 7 x 103> ©)

Experimental material gain g with a number of quantum wells
Nqw as a function of injected current density J for 1.55 pm
lasers is well represented by the g-J relationship

niJ
NQVV 81

where 7; the current injection efficiency which can be assumed
to be 0.8 for initial simulations [21].

Finally, using (2)—(6) in (1) and by applying 1 mA current
in both active and passive section of cavity-1, the modulated
effective mirror reflectivity |rog |?, i.e., what cavity-2 sees due
to cavity-1 is plotted as a function of X in Fig. 3.

Given this basic understanding, we now move on to obtain the
threshold gain and resonant wavelengths of the lasing modes.
This can be done by finding the net transfer function S5, (1)
of the entire system. The poles of this transmission spectrum
indicate the resonant wavelengths of the laser for the partic-
ular sets of modal gain values (I'gi,—1,T¢in—2), required to
develop a strong maximum of |S”5; (1)| as the gain is increased
through electrical pumping. Note that I, the transverse-lateral
confinement factor, is assumed to be 0.1 in the analysis. This

g =583 x1In ( > cm ! (6)
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Fig. 4. Example plots of SJ,(A) to obtain “thresholds” for three

mode solutions where the phase currents in both cavities are constant.

technique is used to determine the pairs of threshold gains of
the two active sections for the possible lasing modes.

In order to obtain S5, (1), we need to find the transmission
spectrum S, (1) through first grating in cavity-1.

tHRtgle*jBLl

Sa1 () = —
( ) 1-— THR,T9167247ﬂL1

(N

Finally, the net transfer function across the entire device from
the HR mirror to the right-most grating

/ —iBL;
S 21tg2e JBLo

S"51(X) = —
( ) 1—7"_,]2811672][}L2

®)

where 15 is the reflection coefficient of the output grating mirror
and L, the total length of active and passive sections in cavity-2.

Using (1)—(7) in (8), we get a fairly complex equation. By
solving it, the poles of S”5; (1) for the mode solutions are ob-
tained, as shown in Fig. 4 for three example cases. The currents
in active sections of cavity-1 and cavity-2 are varied, while the
currents in phase sections of both cavities are kept constant, to
obtain these solutions. As can be seen, a small change in [,
may require a significantly different value of , 5, and this causes
a relevant change in the lasing mode wavelength. Dithering the
phase currents will help to optimize the modal selectivity even
better than the plots in Fig. 4.

Fig. 5(a) gives threshold modal gain pair solutions for wave-
lengths ranging from 1532 nm to 1568 nm for the device pre-
sented in Fig. 2. A 2D plot of the threshold modal gain of
cavity-1, I'gy,—1, versus the threshold modal gain of cavity-2,
I'gin_o is shown here. The corresponding current and current
densities required in each gain section to reach threshold with a
fixed phase current in both passive sections is also shown here.
The data is obtained by fixing I'g;},—; and solving for I'g;;,» and
A for each given I'gy},—; over a prescribed range of wavelengths.
T'gi1,—1 is then increased and the process is repeated. The mode
wavelengths and the corresponding threshold gains shown in the
upper right corner of Fig. 5(a) are not desirable from a practical
point of view, since those wavelengths can be obtained with
lower threshold currents, if currents in the two passive sections
are tweaked properly.
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Fig. 5. (a) 2D plot for modal threshold gain, I'gy},_; vs I'g{;,_o and cor-
responding current densities for the lasing modes, where x = 300 cm™! and
constant phase current = 1 mA, and (b) the corresponding 3D trajectories,
showing modal threshold gain, I'g;}, _; vs I'g(;, o and corresponding resonant
wavelengths as a third dimension.

Since Fig. 5(a) does not provide information about resonant
wavelengths, it is convenient to plot 3D trajectories as shown in
Fig. 5(b), where wavelength is included as a third dimension.
The inset of Fig. 5(b) illustrates the wavelengths that cover the
entire range between 1532 nm and 1568 nm for the realistic
condition, gy, < 120 cm™t.

B. Calculation of Differential Quantum Efficiency

With the threshold modal gain pair solutions for wavelengths
ranging from 1532 nm to 1568 nm calculated, we can now
determine the differential quantum efficiency 7, of the C-C
laser. In such a way, the output characteristics of this complex
resonator can also be determined. The differential efficiency can
be simply defined as the cavity output modal loss relative to the
total modal loss (which is the threshold modal gain), reduced by
the injection efficiency. For simplicity, we assume that there is
no excess scattering loss caused by the rightmost grating mirror
or the leftmost high-reflection coated mirror, so that all output
cavity loss is coupled into the output waveguides. Hence, for
each wavelength and modal gain pair, 7, is given to a good

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 23, NO. 6, NOVEMBER/DECEMBER 2017

Current density (kA/cm®) w.r.t. cavity-2

1.0
200 5 10 15 20
—— 2=1538nm, n =0.45
0.8F g 15_7—x=1539nm, n,=0.63 s
Ny E —— A=1544nm, 1 =0.9
[}
0.6 §. ) S S S N SR / ,,,,, 7 4
H
0.4F = | VO S S S A o W - .
o v
@ 1 j L~
% 120 0 ;
e, 30 5020 40 60 80 100 0 5 10 15 20 25 30 35 40
/ TG4z (cm™) Current (mA)
(@ (b)

Fig.6. Output characteristics of C-C lasers, (a) 3D trajectories, showing modal
threshold gain, I'g¢, 1 vs I'g¢p, —o and corresponding differential quantum effi-
ciency as a third dimension, and (b) power-current characteristics as a function
of differential quantum efficiency. (w.r.t. = with respect to)

approximation by [21, Appendix 5]:

1 1
L ln (TgZXTHR)
i Lo

S Tgin,1 + Liz Lgin o

Na =1 ®

where L is the total cavity length including the phase tuning
sections and the gratings. For our 7, calculations, n; and rggr
are approximated as 0.8 and 1, respectively. Note that the de-
nominator of (9) is the net cavity modal gain, i.e., the sum of
the net modal gains of each cavity, including the axial con-
finement factors. This could have been more simply written as
[< gin,1 > + < gin,2 >], where the < > denote a 3D averag-
ing of the gain material in each cavity over the entire mode.

Fig. 6(a) displays the threshold modal gain pair solutions for
differential efficiencies ranging from 0.45 to 0.9, by applying
a fixed phase current in both passive sections of the device.
These values represent wavelength solutions across the entire
36 nm tuning range of the laser using a coupling coefficient,
k = 300 cm~!. Given the injection currents applied to each
cavity in order to reach threshold, the corresponding resonant
wavelengths and the differential efficiency are known, the out-
put optical power-current (P-I) characteristics can be calculated
from (9) to obtain the following expression,

he
P = ndfq (I = (Iyn1+ Lin2))

(10)
where h, ¢, g are constants; and A, I;, 1, Iy, o are the values
obtained from the solution, representing the resonant emission
wavelength, and threshold currents for the cavities, respectively.
Finally, P-I curves are plotted for three different solutions, dif-
ferentiated by their resonant wavelength and differential effi-
ciency, as shown in Fig. 6(b). Equations (9) and (10) require
that there be some gain in both cavities so that power levels are
not drastically different [21, Appendix 5].

C. Quasi-Continuous Tuning

The resonant wavelengths, covering the entire range be-
tween 1532 nm and 1568 nm for the realistic condition,
Tgn <120 cm~! is shown in the inset of Fig. 5(b). It is of
great importance to check whether missing wavelength val-
ues between adjacent cavity modes in Fig. 7 can be filled out
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Fig. 7. The lasing modes covering the emission wavelength range between
1532 nm and 1568 nm by fixing the phase currents (bottom). Continuous tuning
is possible between any two adjacent cavity-modes by varying the phase currents
in both cavities (top).

electronically. To save computation space and time, only the re-
gion around 1550 nm, occupying two cavity modes, is simulated.
It is found that any wavelength can be obtained by changing
the phase current independently in phase sections of cavity-1
and cavity-2, as shown in Fig. 7. However, because of the
mode-hoping behavior, the device is expected to exhibit quasi-
continuous tuning.

D. Devices With Higher

The above theoretical results use a grating with x =
300cm ™!, which is the value utilized in standard and large-area
SGDBR lasers [5]. In spite of showing great potential of C-C
lasers, evidenced by the simulated results shown so far, the
gratings used have very low-reflectivity mirrors, requiring rela-
tively high threshold current densities for the device, sometimes
>10 kA/cm?. Such unrealistic current densities may prevent
such devices even from lasing. Thus, it is of significant interest
to consider higher coupling coefficient grating mirrors [22], in
order to increase the reflectivity of 10-um-long grating mirrors
and reduce the threshold currents and power dissipations.

In order to confirm such improvements, numerical calcu-
lations were performed for the same resonator structure with
a higher x = 600 cm™" and 900 cm~'. As can be seen in
Fig. 8(a), the mode solutions have lower modal gain values, in-
dicating that less current is required to reach threshold compared
to the structure with £ = 300 cm™~'. The threshold current in
a resonators especially with x = 900 cm™! is drastically re-
duced, even as low as ~6 mA forn; = 0.61. At the same time,
the entire wavelength range between 1532 nm and 1568 nm
is covered by these solutions with a more realistic condition,
Lgin < 120em™t.

The improved performance is further confirmed through the
P-I characteristics with different « for a pair of 7, values, cal-
culated by the threshold modal gain pair solutions. Note that
for £ = 900 cm ™!, the optical output power as high as 5 mW at
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Fig. 8. (a) 2D plot for modal threshold gain, I"g;}, _; vs I'g{}, _o for lasers
with different coupling coefficients. Lasers with the coupling coefficient as
high as 900 cm™! obviously require less modal gain to reach threshold, and
(b) calculated power-current (P-I) characteristics as a function of differential
quantum efficiency for grating mirrors of different x for a grating length of
10 pm.

TABLE I
POWER CONSUMPTION ESTIMATE OF THE C-C LASERS
WITH £ = 900 cm™~! FOR 5 mW OUTPUT POWER

Section Number Current (mA) Voltage (V) Power (mW)
Gain 2 6+ 10)=16 12,14 21.2
PT 2 12+ 12)=24 1.4 33.6
Total 40 ~55

PT = phase tuner.

nq = 0.61 can be achieved for the total injection current of only
15 mA in two active sections (see Fig. 8(b)).

E. Power Budget Estimation

Table I presents the total maximum power consumption of
the fully-operational C-C laser with £ = 900 cm ™! and optical
output power of 5 mW. There are two phase tuning sections
integrated in the chip. It should be noted that it is possible to
achieve full wavelength tuning using these two phase sections
of the laser.
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Fig. 9. (a) I'g{;,—1 vs I'gy,_o for lasers with a grating length of 5 m and

K = 900 cm ™!, and (b) contour plot of the emission wavelength as a function of
the modal gain. The emission wavelength range between 1521 nm and 1578 nm
can be covered by the cavity modes where the phase current is fixed in each
cavity.

FE. Devices With Shorter Grating

Despite this reasonably good performance of C-C lasers with
coupling coefficient x = 900 cm™!, further improvement is
still required for the device with wide tuning range as high
as 50 nm in order to cover the whole-C band. This is because
the grating with a length of 10 pm unfortunately cannot pro-
vide such desired wide tuning range. It should be noted that
all the simulation results of C-C lasers presented so far used
Ly, = 10 pm. This clearly necessitates of doing the analysis of
the device with a grating length as short as 5 pm.

Fig. 9 (a) displays the threshold modal gain pair solutions for
Ly, = 5 pm, by applying a fixed phase current in both passive
sections of the structure. Most importantly, this should be tech-
nologically achievable with only slight increase in cavity loss in
the device. This is reflected by the mode solutions at a bit higher
(T'gin-1, I'gin—2) values compared to the case L, = 10 pm.
These values represent wavelength solutions across the entire
>50 nm tuning range of the laser using a coupling coefficient,
x = 900 cm™!, as presented by the contour plot in Fig. 9(b).

G. Deep Grating

One possible way of increasing the coupling coefficient of
such grating mirrors is to use deeply-etched grating, as demon-
strated by Chen et al. [22], where 50% power reflectivity was
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(b)

Fig. 10. (a) Holographically patterned deep-grating etched by methane/
hydrogen/argon-RIE for (a) InP, and (b) quaternary waveguide layers.

obtained experimentally for a grating of length 10 pm.

rg = tanh (kL) (11)

Thus, x = 880 cm!. Utilizing deeply-etched grating with
x = 880 cm™! and (11), power reflectivity can be calculated to
be 0.5.

For shallow-etch depths, the corrugated grating can be seen as
a small perturbation, giving a negligible scattering loss. The loss
increases with increased etch depth and importantly, the maxi-
mum loss occurs at an etch depth of about half the waveguide
thickness. As the etch depth is increased further, the loss starts
to roll off. As the grating etch depth penetrates across the entire
slab waveguide thickness, a symmetric perturbation is created,
thus reducing the scattering loss [23].

H. Deep Grating Fabrication

There have been experimental efforts in fabricating such
high-x mirrors. Several etching recipes for such deep gratings
with high aspect ratio and straight sidewalls were used. While
methane-based reactive ion etch (RIE) is a common etching
method for InP-based embedded square gratings, the polymer
buildup and the photoresist erosion problems generally limit
the depth of square gratings beyond 100 nm. However, us-
ing our optimized recipe, the grating pattern was successfully
transferred to InP and 1.4-quaternary (Q) waveguide layers by
methane/hydrogen/argon (MHA) RIE method. Fig. 10(a) and (b)
shows examples of the fabricated gratings of InP and 1.4Q lay-
ers, respectively, with SiO, as the etch mask. A nearly square
grating profile of ~350 nm depth, being suitable for the C-C
lasers, is produced using an optimized etched recipe. Moreover,
the groove opening, clean bottoms and profile straightness are
found to be acceptable for x =900 cm~!. A layer of 50 nm SiO,
was deposited on the sample by a plasma enhanced chemical
vapor deposition (PECVD) method as the hard mask. Photore-
sist was then spun on top of this SiO» layer. The interference
grating patterns are generated by the holographic exposure on
the photoresist and are transferred to SiO, by a CF,/CHF3/0,
RIE. Finally, semiconductor layers were etched to realize the
deep grating.

III. COUPLED-CAVITY LASER FABRICATION

For the sake of simplicity and proof-of-principle demonstra-
tion, devices were processed with one phase section and two
gain sections. Cavity-1 is formed by 90-/m and 40-pm long gain
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Fig. 11. Microscope image of a fully-processed processed C-C laser followed
by an absorber.

and passive sections, respectively, whereas cavity-2 consists of
only 100-pum-long active sections. The device is followed by
a long absorber section that allows the accurate on-chip static
characterization decoupled from facet coupling loss. The ab-
sorber may also be forward biased to operate as an integrated
booster amplifier. The offset quantum well (OQW) integration
platform [24] was chosen for processing C-C lasers. The OQW
integration platform has quantum wells offset from the center
of the waveguide, with a confinement factor of 10%. The def-
inition of active and passive areas required a wet etch of the
top 200-nm-thick InP layer and quantum wells which were se-
lectively removed by the etch-stop layer. This makes the OQW
integration platform the simplest way to combine active and
passive components on chip. First-order grating mirrors were
defined on the device using electron beam lithography. Devices
utilized standard shallow grating (x ~ 300 cm™!) by etching
down to 80 nm in the 1.4Q layer. After grating definition, a
blanket p-cladding and p* -contact layer were regrown. Surface
ridge waveguide with a width of 2-3.3 pum was then formed.
After that, p-contact vias were opened to allow metallization
of p-contact layer. P-side contact metal layers were deposited
to allow p-side electrical connection. We implanted the regions
between p-side contacts on the PIC to provide electrical isola-
tion. The wafer backside was then thinned down to 140 pm and
metallized. After cleaving and anti-reflection (AR) coating of
the waveguide facets, devices were singulated, and mounted to a
ceramic carrier in order to provide heat-sink and electrical con-
nection for contacting the device. After wirebonding, devices
were tested. In the device, the light outcoupling port was ac-
cessed by an angled cleaved facet with AR coating to suppress
back-reflection. A microscope picture of the fully-processed
PIC with a C-C laser followed by an absorber is shown in
Fig. 11.

IV. DEVICE CHARACTERIZATION

Temperature dependent continuous-wave (CW) P-I-V char-
acteristics of devices were measured on a Peltier-cooled copper
heatsink, as shown in Fig. 12. The device shows CW operation
up to room-temperature. Measurements were performed when
the current in cavity-1 is fixed to 17 mA and no current in the
phase section is applied. On-chip absorber, reverse biased by
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Fig. 12. (a) Temperature dependent P-I-V characteristics of the C-C laser.
Schematic of the device biasing is shown as inset, and (b) pulsed P-/ character-
istics of the same device, which is superimposed on the plot obtained from the
theory.

2 V, was used as a photodetector with an assumed responsivity
of 1 A/W to measure the optical power coming out from the
device. The maximum off-chip CW output power from the laser
to a lensed fiber is 0.4 mW at 15 °C and when the absorber was
forward biased to operate as a booster amplifier. In spite of the
reasonable series resistance in the device and good diode turn-on
voltage, verified by I-V characteristics and good material quality
of the sample, devices exhibit higher threshold current density
compared to the value obtained through numerical simulation.
This could be most probably due to grating with £ < 300 cm™!
which introduces high scattering loss. Such a loss was not taken
into account in the theoretical analysis.

In order to minimize joule heating effect, pulsed measurement
was performed using a pulser with a low duty cycle (e.g. 0.2%).
A resistive 50:50 power splitter was used after the pulser to
split the pulse current into two paths in order to drive two gain
sections of the device. Since the current splitting depends upon
the load in these two paths, current probes were connected in
each path to know the current going into each gain section.
The pulsed and the theoretical P-I characteristics, as shown in
Fig. 12(b), are superimposed on each other. Device exhibits
lasing when the gain-1,2 sections are pumped by 11.9 mA,
14.7 mA, respectively. This operation with modal gain I'gyj, 1,
I g1, _» can be described by a point (109 cm™', 115 cm ™) in Fig.
5(a), if one assumes a x = 300 cm™!. The threshold currents are
in the expected range for the resulting low mirror reflectivities,
corresponding to Figs. 6(b) and 8(b) [with solid lines], and
the lower differential efficiencies are explained by experimental



6000309

CW, 15°C AL=11.2nm

Relative intensity (dB)
)
Qe

i

-50 ] % g { fieahy S
15632 1534 1536 1538 1540 1542 1544 1546 154
Wavelength (nm)
Fig. 13.  Spectra of C-C lasers by varying current in cavity-1 and cavity-2,

while the phase section current is kept constant.
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Fig. 14. (a) Fine tuning of the emission wavelength by changing current

in the phase section, while the currents in gain sections are constant, and
(b) wavelength tuning curve as a function of phase current.

injection efficiencies that are considerably less than unity, which
was assumed in the theoretical plots.

The emission spectra of the C-C device are shown in Fig. 13,
which was obtained by varying the current in cavity-1 and
cavity-2 and keeping the current in the phase section constant.
The wavelength tuning range of such devices is measured to
be 11.2 nm, whereas the designed repeat mode-spacing of the
laser was 16.8 nm. This could be attributed to the low-x mirrors
due to under etched mirrors, resulting in high-threshold devices.
This results in device self-heating, which causes early thermal
rollover in the device. As can be seen in Fig. 13, the device
exhibits single-mode operation with a side-mode suppression
ratio (SMSR) of over 24 dB over the entire operating range.

The fine tuning of the emission wavelength was measured by
varying the phase-section current at a constant current in both
cavities. Fig. 14(a) shows the change of the emission wavelength
as a function of phase section, yielding mode-hop-free tuning
range around 0.07 nm. However, a mode hop occurs if the
phase section is tuned beyond the axial mode spacing within
the laser of approximately 1.1 nm, if the other currents are not
simultaneously adjusted. The wavelength tuning curve of the
phase tuning section follows a square root behavior with respect
to injected current, indicating primarily radiative recombination
in this region, as can be seen in Fig. 14(b).

V. CONCLUSION

A comprehensive theoretical analysis of small-size and
low-power consumption linear coupled-cavity lasers is proposed
in this study. A description of step-by-step design procedures
to realize such photonic-integrated circuit compatible devices
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is also provided here, serving as guidelines for the laser de-
signers to model next-generation single-mode, and widely tun-
able devices. We have then experimentally demonstrated active-
passive integrated C-C lasers with a simple configuration and
compared the device results with the theory. The tuning range
of these single-mode devices is measured to be 11.2 nm, less
than the designed value, but partially explained by relatively
low-reflectivity mirrors that require quite high gains and current
densities. The relevant works for developing high-performance
C-C lasers with short-deep grating to obtain wide tuning ranges
as high as 50 nm are in progress and will be presented in future
reports. Owing to their advantages of compact size, low-power,
simple fabrication technique and full-integrability with stan-
dard processes into advanced PIC designs, these lasers should
be useful for many diverse applications.
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