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Abstract: We incorporate thermal effects for injection currents ranging up to 150 mA in order
to model the tuning behavior of a two-section, all-active distributed-Bragg-reflector (DBR),
ridge-waveguide semiconductor laser utilized for a single-mode operation. In particular,
we investigate wavelength tuning as a function of injected currents within the grating and
phase/gain sections of the laser cavity and examine how any athermal lasing conditions may
arise. The effect of thermal drift on the resonant wavelength due to a change in refractive
index as well as thermal expansion of the laser cavity is included within a traveling wave
analysis (TWA). From the TWA, the spatial distribution of gain along the active region of the
laser is also derived in order to help describe the tuning behavior for a high-order (37th)
grating previously optimized to minimize linewidth. A comparative analysis with a single
mirrored, active-passive DBR laser is also included. Results show a good agreement with
reported experimental data and compare well with the wavelength stability of other laser
devices.

Index Terms: Tunable semiconductor laser, single-mode laser, surface grating, high order
grating, athermal.

1. Introduction
All-Active DBR lasers incorporating high-order gratings along the active region of the laser cavity
have shown narrow linewidth behavior below 500 kHz, side-mode suppression ratios (SMSR) well
above 45 dB and threshold currents under 25 mA; all of which meet the current standards required
by industry [1]–[3]. The high-order grating formed with the etched slots creates very good single
mode operation, however unlike traditional distributed feedback (DFB) lasers they do not require
high-resolution processing with e-beam lithography and regrowth steps [4], [5]. Furthermore, in
contrast to DFB lasers which typically use a first-order grating structure throughout the entire
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Fig. 1. (a) An optical image of the actual device modeled shows a 1 mm active region composed of
grating (right) and phase/gain (left) sections. The slots are just visible in the grating section. (b) 2D
representation of the scheme utilized to dissect the laser into sections of differing effective indices of
refraction for implementation within the traveling wave equations. Refractive indices (n) of each layer
and thicknesses of the active and slotted regions are given with a slot width (ds) and slot period (dp)
optimized for a 37th order grating.

active region, the partially-slotted DBR laser presented here incorporates a periodic Bragg grating
positioned on only one side of a ridge waveguide thus requiring only a single cleaved facet. The
high-order (37th) enables a larger slot width of circa 1 μm for ease of fabrication. The dimensions of
the high-order grating may be optimized such that the reflection and transmission coefficients are
robust against small changes in slot width and period [6]. In our design, we use two contacts over
the grating and phase sections, as shown in Fig. 1(a). Small adjustments to the currents in the two
sections allow high performance in SMSR as well as a low linewidth even considering an increase in
photon loss due to the high order grating, and in principle allows for etching using photolithography
[7]. A disadvantage of high-order gratings is that they introduce radiation loss not observed with
first-order DFB lasers, so placement of the slots within the cavity must be carefully managed to
minimize this loss.

Sufficient control of the tuning capabilities of semiconductor lasers is required if the laser is to be
utilized across various platforms in optical network units [8]. In particular, widely tunable arrays using
DFB and DBR lasers are used to increase bandwidth in wavelength-division multiplexing (WDM)
systems. However within such devices, thermoelectric cooling (TEC) methods are implemented
which are usually associated with a low energy efficiency rating and power consumption 4−5 times
greater than athermal tuning methods [9], [10]. For example, when operating our device, the TEC
uses a driving current as high as 300 mA corresponding to an additional Watt of power necessary in
order to achieve wavelength stability. It has been shown that by manipulating the injection current in
different sections of a laser, one can effectively control the tuning of the resonant wavelength while
reducing the laser’s sensitivity to temperature fluctuations. Such a device is frequently referred to as
an athermal laser [11], [12]. In order to athermalize the laser one must control the thermal drift of the
reflected wavelength of the grating in relation to the peak gain wavelength. If the separation of these
two wavelengths becomes greater than half the mode separation of the grating’s reflectivity peaks,
a mode hop is anticipated [13]. In this article, we aim to characterize the wavelength tuning of the
laser as a function of thermal effects on the refractive indexes and the gain which is dominated by
the particle distribution and carrier number within the laser cavity. Both the gain and the refractive
indexes are dependent on the injection current in each section of the all-active DBR laser. Its 37th
order grating design had been previously optimized using 24 slots with a depth of 1.35 μm to
minimize linewidth while still allowing sufficient transmission of power through the grating [image
in Fig. 1(a)] [14], [15]. The 37th order corresponds to a slot width (ds) of 1.09 μm and period (dp)
of 8.96 μm in order to excite a wavelength of 1550 nm. In the manner outlined below, the model
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includes data previously retrieved from a scattering matrix analysis [14] to derive the coupling
factor, radiation loss, and reflectivity coefficient of the grating which are then implemented within
a finite-difference time-domain (FDTD) method for traveling waves [16]. Calculations are shown to
match well against measured experimental data.

2. Theoretical Methods
The traveling wave equations are simulated using the scheme outlined in Fig. 1(b), where the
laser cavity is broken into ‘N’ partitions. We then solve the following differential equations for the
amplitudes of the forward (F) and reverse (R) traveling waves within each section of the laser cavity
[17], [18],

u
c

∂F (t, z)
∂t

+ ∂F (t, z)
∂z

= (g − iδ − αs − h1) F (t, z) + i (κ + h1) R (t, z) + sf (1)

u
c

∂R (t, z)
∂t

− ∂R (t, z)
∂z

= (g − iδ − αs − h1) R (t, z) + i (κ + h1) F (t, z) + sr (2)

Waveguide loss, radiation loss from the slots, and coupling factor are defined by αs, h1, and
κ respectively, with c being the speed of light and u the group refractive index. δ is the Bragg
wavelength detuning defined as

δ = ω

c
n i − u

2c
αG (z, t) − qπ

dp
(3)

with designations for the resonant frequency of the laser (ω) at threshold, the linewidth enhancement
factor (α), the gain per unit time (G), and the order of the grating (q). The subscript on effective index,
n i , corresponds to which section of the laser we are simulating; namely the grating or phase/gain
section which in general have differing injection currents. At constant temperature, the effective
indices depend only on whether or not a slot is present in that particular section. The effective
refractive index for a section containing a slot with a depth of 1.35 μm has been calculated to be
3.1965 and 3.1997 if no slot is present [14]. As temperatures change due to varying the injection
current, thermal effects are included in the refractive indices by considering the thermal expansion
coefficient of the lasing cavity, σe, as well as the thermo-optic coefficient, ∂n i /∂T [19]. Together these
two factors contribute to the detuning of the resonant wavelength of the laser quantified as,

dλr

dT
≈ λr

u

(
n i σe + ∂n i

∂T

)
(4)

where λr is the resonant wavelength at threshold and the thermo-optic coefficient is retrieved from
experimental data with a value of 2.3 × 10−4 K−1 [11], [20]. The thermal expansion is found to
account for roughly 3% of the tuning in our model. The gain per unit time is dependent on the
detuning between the photon mode and Fermi level separation which is defined as

G (z, t) = 
R sp

[
1 − exp

(
�ω − E f

kB T

)]
(5)

with kB as Boltzmann’s constant and using a quasi-Fermi level separation, E f = E ef f + σT2/(β + T),
where Eef f is the effective bandgap energy with σ and β being empirically derived fitting parameters
previously determined in [21]. The effective bandgap energy includes the first electron and hole
subbands in the conduction and valence band which is estimated to be approximately 0.9 eV [22].
Altogether this yields a quasi-Fermi level separation of 0.832 eV at ambient temperature; agreeing
well with calculations done in [23]. The spontaneous emission is defined as a function of the number
of carriers,

R sp = βsp ηsp γeN (z, t) (6)

where βsp is the spontaneous emission coefficient, γe is the carrier-recombination rate, and
ηsp = BN/Vγe is the internal quantum efficiency with subsequent parameters defined in Table 1.
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TABLE 1

Parameters Used in Simulations

Parameters have been previously determined when calculating the intrinsic linewidth of the laser
cavity [3], [17] with radiative loss estimated using experimental data for the 37th order grating [1]
and βsp ranged between typical values of 10−4 and 10−5 for a more precise fitting. The gain per
unit distance is then,

g (z, t) = uG (z, t)
2c (1 + εP )

(7)

which includes nonlinear gain suppression, ε, and P is the photon density. κ, the amount of coupling
between the forward and reverse waves, is approximated to second order as r � tanh (κ × Leff)
where r is the reflectivity of the grating structure calculated to be 0.427 from the scattering matrix
method with the coupling factor considered to be zero in the phase/gain section of the laser [6],
[7]. It is noteworthy that κ is an imaginary term in the traveling wave equations and contributes to
the total shift of the resonant wavelength. The reflectivity is also used to estimate the radiation loss
through the slots. The spontaneous noise terms are defined by sf and sr which satisfy

〈
s (z, t) s

(
z′t ′

)〉 = uK R sp δ (t − t ′) δ (z − z′)
cL ef f

(8)

where K is the Petermann factor. There is a separate equation utilized to calculate the number of
carriers in each section given by

dN (z, t)
dt

= ηJ i V
ed

− A N − B N 2 − CN 3 − G (z, t)
1 + εP

P . (9)

The injection current per volume is given by J i /d, with η the injection efficiency and d the active
layer thickness of 400 nm. Typical parameter values for semiconductors utilized in the calculations
are listed in Table 1 which include 2nd (B) and 3rd order (C) decay processes in carrier lifetime with
the latter taken as an exponential function of the activation energy and temperature as described
in [24].

Before simulating the traveling wave equations to retrieve the wavelength tuning, we must first
calculate the change in temperature due to the power dissipated given by [25],

�Ti = Pdi sZ T = Pi n Z T (1 − υ) (10)
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Fig. 2. Change in refractive index (�n) and change in wavelength (�λ) calculated from (4) for the grating
section. The quadratic change in temperature (�T) from (10) is also depicted.

where Pdi s (P in) is the dissipated (input) power for each section with a quadratic dependence on
current given by

Pi n = J 2
i R + J i (VD + VS) . (11)

R = 9.2 � is the Ohmic resistance of the laser, VD + VS = 0.8865 V are the diode (VD ) and
series (VS) voltages, respectively, while Z T is the thermal impedance with an approximate value of
75.43 ± 3.12 K/W. All values are estimated from measurements taken for an array of similar high-
order grating, all-active DBR lasers by I. Matthews et al. in [26]. U is the wall-plug efficiency of the
laser defined as Pout/P in with Pout the output power of the device.

Although this may vary for individual sections at very high injection currents and consequently
changes of temperature, injection currents in our analysis only adjust the temperature on the order
of 10 K and significant thermal diffusion between grating and phase/gain sections is not anticipated.
Therefore, we conservatively approximate υ at 0.35 for both sections of the all-active DBR laser;
similar to many active-passive DBR and DFB laser cavities [25].

Fig. 2 demonstrates the effect a change in temperature of 10 K has on the refractive indexes and
subsequently the resonant wavelength within the grating section. The overall change in temperature
is calculated from (10) and agrees well with previously reported experimental results [27]. The
thermal drift is most significant well above threshold with a total shift predicted of roughly 1.1 nm
when adjusting currents up to 100 mA. For this range of injection currents, the quadratic dependence
of temperature is predominant causing a change of index (�n) of more than 0.001. It should be
noted that although the index within the phase/gain section may also change due to temperature,
this change had a negligible effect on the wavelength tuning (�10−2 nm) due to the absence of
slots in this region.

3. Theoretical Methods
The derived wavelength tuning map presented in Fig. 3(a) is for the laser presented in Fig. 1 with a
1 mm long cavity containing a phase/gain section of 760 microns and relatively short grating section
of 240 microns. This asymmetry within the design along with the high-reflective coating at the end
of the phase/gain section contributes to a non-uniform distribution of particles along the cavity as
will be shown. The end of the grating section is covered with an antireflective coating and serves
as the output end of the cavity [6], [17].

In general, tuning maps are not provided for two-section devices, but is done here to make clear
what the tuning mechanisms are within the laser. Tuning maps are generally presented for SG-DBR
and other widely tunable lasers. An earlier work from our group in [28] offers a comparative study
with tuning maps for 3-section DBR and 4-section SG-DBR lasers showing a noticeably more linear

Vol. 10, No. 5, September 2018 1503711



IEEE Photonics Journal Athermal Tuning for a Two-Section, All-Active DBR Laser

Fig. 3. (a) Simulated wavelength tuning map for the all-active DBR laser using the traveling wave
analysis described in Section 2. The tuning behavior is found to be a balance of changes in the
refractive indexes due to temperature for increasing grating currents labeled with arrow (R1) as well as
changes in gain/carrier density highlighted with arrows (B1) and (R2). (b) Average carrier density along
the entire active region of the cavity. As the grating current is increased and gain is becoming saturated,
the rate of change of the carrier density is reduced for the full range of currents in the phase/gain
section.

tuning effect when varying currents in the front and rear mirror sections [29]. Notably in these
types of lasers, the overall redshift in wavelength due to thermal effects for increasing front grating
current is comparable to that of the all-active DBR laser demonstrated in Fig. 2 [30]–[32] though
the exact range of tuning may vary depending on current range in each section [33]. We need to
fully understand the tuning behavior of our two-section slotted lasers so that we can determine the
best conditions for athermal operation.

This is the first investigation for the all-active DBR laser aimed at sharply examining the effects
of currents under 150 mA though the nonlinear behavior was demonstrated in [27], [28], [34] with
less detail/analysis. In addition, we further contribute a comparison with a 2-section active-passive
DBR laser using identical gratings to demonstrate the contrasting effects that can occur.

3.1 Tuning Map Analysis

3.1.1 Two-Section All-Active DBR Laser: As labeled in Fig. 3(a), we find a balance of three main
effects in the tuning map: a redshift (R1) of the wavelength for increasing grating currents well above
threshold, a blueshift (B1) for increasing grating currents below and near threshold, and a redshift
(R2) for increasing phase/gain currents.

Shifts B1 and R2 are found to be primarily from the effects of gain on wavelength tuning which is
quantified in the second term of the Bragg detuning in (3) with gain being proportional to N 2 [6].
Here an increase in carrier density will subsequently produce a blueshift in the resonant wavelength
while a decrease in carrier density causes a redshift. This is corroborated in Fig. 3(b) where we
have plotted the carrier density profile as a function of injection currents. Indeed a decrease in
carrier density is shown for growing phase/gain currents causing the redshift R2 with thermal drift
from the phase/gain section found to be negligible with the grating (coupling) effect on the waves
removed. Conversely, an increase is seen near threshold for increasing grating currents causing
the blueshift B1.

For increasing grating currents above threshold, the carrier density is still increasing, however
with the rate of change slowing down. Here, as we move above threshold circa a grating current of
40 mA, the thermal drift begins to take over and we see the redshift R1.

3.1.2 Active-Passive DBR Laser With Similar Grating: In order to confirm this behavior, we
calculate the wavelength tuning for a 2-section active-passive DBR cavity containing a gain section
of equal length to that of the all-active DBR laser and with the same 37th order grating placed at
the output end of the cavity but without gain material [Schematic in Fig. 4(a)]. All other parameters
are unchanged for the simulation. Within the same range of injection currents, the tuning behavior
for the active-passive DBR laser is markedly different with the blueshift B1 due to gain missing and
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Fig. 4. (a) Tuning map (nm) calculated from the traveling wave analysis for an active-passive DBR laser
with gain section of 1 mm. This 37th order grating described in the text is placed at the end of the
cavity however now without gain material. Results demonstrate different tuning behavior than that of the
tuning map in Fig. 3 with notably the blueshift (B1) at low injection currents disappearing. (b) The same
simulation as in (a) however the temperature effects on the refractive index are no longer included. This
removes the thermal redshift we see for increasing grating currents labeled as (R1). The scale of (b) is
kept over the full tuning range shown in Fig. 3 to demonstrate the different wavelengths achievable.

now only the redshift R1 for increasing grating currents clearly appears. The redshift R2 due to gain
in the phase/gain section also remains though notably the tuning range is reduced from 2.5 nm
when gain is present to 1.6 nm without the gain. It should be reemphasized that tuning maps for
SG-DBR and multi-sectioned DBR lasers may have an altered tuning range as well due to differing
injection currents [28], [33], [34].

In Fig. 4(b) we further adjust the active-passive DBR model by deliberately neglecting the effects
of temperature on wavelength tuning. As anticipated, the redshift attributed to the thermal drift for
increasing grating currents in the all-active DBR laser disappears. In this scenario, the wavelength
tuning is dominated by the gain in the phase/gain section for increasing phase/gain currents for
which we see the redshift R2 now is roughly 1 nm.

3.2 Comparison With Experiment

The laser in the experiment contains an active region composed of five AlGaInAs quantum wells
which are underneath a p-doped InP layer (1.6 μm thick), a p-doped InGaAsP layer (50 nm-thick),
and a InGaAs contact layer (200 nm thick). The ridge and slots themselves are formed via two
inductively coupled plasma (ICP) etch steps using Cl2 and N2 gas. The ridge is then passivated and
metal contacted followed by being coated in high-reflection and anti-reflection films. It is then eutectic
bonded onto an aluminum nitride carrier. When examining athermal performance, it is mounted on
a Cu block, which uses an embedded thermistor and a TEC to fix the operating temperature. The
TEC was not used for temperature control of the device, but only for adjusting various ambient
temperatures. The laser output is coupled from free space into either a photodiode for power
measurements or a single-mode fiber and optical spectrum analyzer for wavelength measurements.
The experimental tuning behavior is presented in Fig. 5(a) for the all-active DBR laser. The tuning
range for the measured data is larger than the simulated tuning in Fig. 3(a) due to the addition of
mode hops (�0.39 nm) which roughly occur at clear changes in shading (color online). In Fig. 5(b)
we have fitted the mode hops to the simulated results at the same detuning intervals retrieved from
experiment. The total shift in simulated wavelength then includes mode hops as well as changes due
to gain and temperature [34]. It should be noted that although mode hops are included to account
for the total shift in wavelength, quantifying the exact positions of mode hops is not part of this
analysis. Altogether good agreement is shown in Fig. 5 for the wavelength tuning behavior between
experiment and theory for the specified injection currents. The simulated threshold current under
uniform injection is approximately 28 mA compared to experimental measurements of roughly
25 mA. The discrepancy in threshold current can be accounted for in the estimated values for
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Fig. 5. (a) Experimental results showing the resonant wavelength as a function of currents applied to
the grating and phase/gain section. Results shown are for a 1 mm laser and using a 37th order grating
composed of 24 slots. (b) Tuning map calculated from the travelling wave analysis. Overall shift matches
well with experimental data after mode hops are added in with a maximum wavelength shift of �3.0 nm.
Solid lines demark an athermal area with no mode hopping as a function of injection currents. (c) The
total wavelength shift along the athermal region is demonstrated by plotting the E-field spectrum for
grating currents (GC) of 100 mA (blue square) and 60 mA (black square) with phase/gain currents (PC)
of 40 mA and 140 mA, respectively.

injection efficiency and the spontaneous emission rate [1], [15]. This also compensates for the shift
in hopping position of roughly 5–10 mA between experiment and theory.

Following the solid lines in Fig. 5(b), one can notice athermal behavior for which the laser output
avoids mode hopping and which the wavelength is unchanged for the full range of phase/gain
currents. This behavior may again be explained by examining the wavelength tuning in the all-active
DBR laser and comparing it to that of the 2-section active-passive DBR laser. To reiterate, a mode
hop is expected if the reflected wavelength of the grating shifts by roughly half a mode hop in relation
to the peak gain wavelength [25]. From the thermal drift equation in (4), it is determined that the
grating current ranging from 20 to 100 mA is able to produce the total redshift R1 of roughly 1 nm in
the reflected wavelength we see in Fig. 4(a) due to changes in the refractive index with temperature.
Following the black diagonal line in Fig. 5(b), a reduction in grating current from 100 mA → 60 mA
will produce a blueshift in wavelength by reducing the temperature. This is counterbalanced by the
redshift R2 in wavelength as phase/gain currents are increased from 40 mA → 100 mA due to the
significant reduction in carrier density [displayed in Fig. 3(b)]. Changes to the peak gain wavelength
have been shown to be linearly proportional to the average carrier density throughout the active
region [25], [35]. Overall, following the black diagonal line, the blueshift due to temperature effects
and the redshift due to gain/carrier density are both approximately 1 nm helping to offset each other
and prevent significant detuning or mode hopping.

Along the horizontal red line on the tuning map of Fig. 5(b), we find a relatively small change to
the carrier density and hence peak gain wavelength for the specified range of phase/gain currents.
This is combined with a negligible change to the reflected wavelength since the grating current is
kept constant and the thermal drift from the phase/gain section has negligible effect on wavelength
tuning (�10−2 nm) [25]. Therefore no mode hops are expected in this region as confirmed in
the experimentally measured tuning map. The simulated wavelength tuning along the athermal
region is presented in Fig. 5(c) where a total shift of �0.12 nm (15 GHz) is determined; well under
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Fig. 6. Measured spectra taken at various points along the tuning map of Fig. 5a (highlighted). The
spectra demonstrate lasing with very good SMSR values over 40 dBm as well as the anticipated blueshift
(B1) when adjusting grating currents near threshold (black to blue curve) and the redshift (R1) at higher
grating currents (solid red curve). The redshift (R2) is also shown for increasing phase/gain currents
(70 mA–100 mA) while keeping the grating current constant. Comparison of the solid and dashed red
spectra exhibits a wavelength change of 0.04 nm/5 Ghz along the athermal region of the tuning map.

Fig. 7. The gain distribution throughout the cavity is plotted for various points along the athermal line of
Fig. 5b. For constant phase/gain (PC) currents well above threshold (solid curves) changes throughout
the majority of the cavity are within maximum noise fluctuations of roughly ±2 ns−1 with average gain
values of 29.7 ns−1 and 25.4 ns−1 for PC = 100 mA and 140 mA respectively. Below PC = 100 mA
the gain distribution begins to change considerably and the grating current (GC) needs to be adjusted
in order to compensate for the detuning due to the changes in gain as shown by the gray dashed and
solid black curves. A vertical line delineates the phase/gain section from the grating section (�240 μm
from front facet). Linewidth values are shown under a uniform injection current of 60 mA (inset).

half the size of a mode hop. A similar shift is found in the experimental data range from GC =
100 mA/PC = 40 mA to GC = 60 mA/PC = 133 mA. The slight variance is accounted for by
the difference in threshold currents (5–10 mA) between experiment and simulation. The spectra
in Fig. 6 demonstrates the wavelength tuning behavior using a constant phase/gain current of
70 mA while varying the grating current. The blueshift (B1, black to blue curve) that is expected
closer to threshold can be seen, as well as the redshift (R1, black to solid red curve) when moving
towards higher grating currents. The dashed red spectrum demonstrates the redshift (R2) for
increasing phase/gain currents showing excellent wavelength stability as one moves along the
athermal region of the tuning map. Fig. 7 shows the steady state carrier density behavior by plotting
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the gain distribution for increasing phase/gain currents at values taken along the solid athermal
line of Fig. 5(b). For phase/gain currents between 100–150 mA changes to the average rate of
gain across the cavity are approximate to noise fluctuations in particle number, hence little change
to the peak gain wavelength is anticipated. Below phase/gain currents of 100 mA, the gain begins
to noticeably vary across the entire length of the cavity and grating currents need to be adjusted to
counterbalance any wavelength shift because of this. The asymmetric distribution in gain agrees well
with previous reports and is strongly dependent on photon loss in the grating region as well as the
coupling factor [17], [36]. Sample linewidth values (inset) are plotted under uniform injection current
for various cavity lengths. The best fit curve agrees well with previous reported experimental data
and in general the linewidth behavior follows the well-known Schawlow-Townes formula for varying
currents [6], [37]. Furthermore, a mode-hop free wavelength stability of 0.04 nm/5 GHz was verified
over a temperature range of 8–47 C that extended the phase/gain current up to 350 mA [34]. That
stability compares well with results reported for a 5-section digital-supermode DBR laser but now
achieved through the simpler fabrication scheme for our laser [9], [38]. Although the gain distribution
is non-uniform along the cavity, the variation in gain along the active region is comparable to that
of 1st order active-passive DBRs as well as quarter-wavelength shifted DFB lasers with similar κL
values yielding very good SMSR while minimizing spatial hole burning [39].

4. Conclusion
To conclude, we have used a traveling wave analysis to accurately account for the total wavelength
tuning in a two-section laser by including changes due to thermal drift along with gain in the study.
The analysis included a detailed comparison with a 2-section active-passive DBR laser using a
similar grating design without gain. Altogether, the theoretical analysis matched well with the tuning
behavior and the total wavelength shift taken from experiment. The thermal drift was found to
dominate the wavelength tuning above threshold for increasing grating currents as well as the
increased rate of mode hopping. For increasing phase/gain currents the wavelength tuning was
found to be dominated by gain while thermal drift in the phase/gain section had little effect on the
output wavelength found in the grating section. Together this behavior resulted in a unique method
(via design) and region to athermally tune the laser, useful for WDM systems where overall one
looks to balance the shift in wavelength due to gain/carrier density with the thermal drift in the grating
section. This requires adjusting currents in only the phase/gain and grating sections simultaneously,
notably simpler than a number of multi-section lasers.

References
[1] A. Abdullaev et al., “Improved performance of tunable single-mode laser array based on high-order slotted surface

grating,” Opt. Exp., vol. 23, pp. 12072–12078, Apr. 2015.
[2] M. Nawrocka et al., “Widely tunable six-section semiconductor laser based on etched slots,” Opt. Exp., vol. 22,

pp. 18949–18957, Aug. 2014.
[3] F. Bello, Q. Lu, A. Abdullaev, M. Nawrocka, and J. F. Donegan, “Linewidth and noise characterization for a partially-

slotted, single mode laser,” IEEE J. Quantum Electron., vol. 50, no. 9, pp. 755–759, Sep. 2014.
[4] Q. Lu et al., “Two-section single mode lasers based on slots suitable for photonic integration,” Electron. Lett., vol. 48,

pp. 945–946, Jul. 2012.
[5] G. P. Agrawal and N. K. Dutta, Semiconductor Lasers, 2nd ed. New York, NY, USA: Van-Nostrand, 1993.
[6] F. Bello et al., “Traveling wave analysis for a high-order grating, partially-slotted laser,” IEEE J. Quantum Electron.,

vol. 51, no. 11, Oct. 2015, Art. no. 2200305.
[7] Q. Lu, W. Guo, D. Byrne, and J. F. Donegan, “Design of slotted single-mode lasers suitable for photonic integration,”

IEEE Photon. Technol. Lett., vol. 22, no. 11, pp. 787–797, Jun. 2010.
[8] C. A. Brackett, “Dense wavelength division multiplexing networks: Principles and applications,” IEEE J. Sel. Areas

Commun., vol. 8, no. 6, pp. 948–964, Aug. 1990.
[9] W. Zhang, L. Shen, Y. Yang, and H. Chen, “Thermal management for a micro semiconductor laser based on thermo-

electric cooling,” Appl. Therm. Eng., vol. 90, pp. 664–673, Jul. 2015.
[10] Y. Zhou and J. Yu, “Design optimization of thermoelectric cooling systems for applications in electronic devices,” Int. J.

Refrig., vol. 35, pp. 1139–1144, Dec. 2012.
[11] J. Zhu et al., “Athermal colorless c-band optical transmitter system for passive optical networks,” IEEE J. Lightw.

Technol., vol. 32, no. 22, pp. 3651–3658, Sep. 2014.

Vol. 10, No. 5, September 2018 1503711



IEEE Photonics Journal Athermal Tuning for a Two-Section, All-Active DBR Laser

[12] S. H. Lee et al., “Self-configuring athermal tunable DS-DBR laser for passive optical networks,” in Proc. Int. Conf.
Lasers Electro-Opt., San Jose, CA, USA, May 2010, Paper CWN5.

[13] J. Bovington, S. Srinivasan, and J. E. Bowers, “Athermal laser design,” Opt. Exp., vol. 22, pp. 19357–19364, Aug. 2014.
[14] Q. Lu, W. Guo, D. Byrne, and J. F. Donegan, “Analysis of slot characteristics in slotted single-mode semiconductor

lasers using the 2-D scattering matrix method,” IEEE Photon. Technol. Lett., vol. 18, no. 24, pp. 2605–2607, Dec. 2006.
[15] A. Abdullaev et al., “Linewidth characterization of integrable slotted single-mode lasers,” IEEE Photon. Technol. Lett.,

vol. 26, no. 22, pp. 2225–2228, Nov. 2014.
[16] M. Jabbari, M. K. Moravvej-Farshi, R. Ghayour, and A. Zarifkar, “XPM response of a chirped DFB-SOA all-optical flip-

flop injected with an assist light at transparency,” IEEE J. Lightw. Technol., vol. 27, no. 13, pp. 2199–2207, Jul. 2009.
[17] J. Park, X. Li, and W. Huang, “Performance simulation and design optimization of gain-clamped semiconductor optical

amplifiers based of distributed Bragg reflectors,” IEEE J. Quantum Electron., vol. 39, no. 11, pp. 1415–1423, Nov. 2003.
[18] L. M. Zhang, S. F. Yu, M. C. Nowell, D. D. Marcenac, J. E. Carroll, and R. G. S. Plumb, “Dynamic analysis of radiation

and side-mode suppression a second-order DFB laser using time-domain large-signal traveling wave model,” IEEE J.
Quantum Electron., vol. 30, no. 6, pp. 1389–1395, Jun. 1994.

[19] J. Teng et al., “Athermal silicon-on-insulator ring resonators by overlaying a polymer cladding on narrowed waveguides,”
Opt. Exp., vol. 17, pp. 14627–14633, Aug. 2009.

[20] F. G. Della Corte, G. Cocorullo, M. Iodice, and I. Rendina, “Temperature dependence of the thermo-optic coefficient
of InP, GaAs, and SiC from room temperature to 600 K at the wavelength of 1.5 μm,” Appl. Phys. Lett., vol. 77,
pp. 1614–1616, Jul. 2000.

[21] Y. P. Varshni, “Temperature dependence of the energy gap in semiconductors,” Physica, vol. 34, pp. 149–154, Jan. 1967.
[22] J. Masum, D. Ramoo, N. Balkan, and M. J. Adams, “Temperature dependence on spontaneous emission factor in

VCSELs,” IEE Proc. -Optoelectron., vol. 146, no. 6, pp. 245–251, Dec. 1999.
[23] W. Guo, D. C. Byrne, Q. Lu, B. Corbett, and J. F. Donegan, “Fabry–Perot laser characterization based on the amplified

spontaneous emission spectrum and the Fourier series expansion method,” IEEE J. Sel. Topics. Quantum Electron.,
vol. 17, no. 5, pp. 1356–1363, Sep. 2011.

[24] J. Piprek, J. K. White, and A. J. SpringThorpe, “What limits the maximum power output of long-wavelength AlGaInAs/InP
laser diodes,” IEEE J. Quantum Electron., vol. 38, no. 9, pp. 1253–1259, Sep. 2002.

[25] L. A. Coldren and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits. New York, NY, USA: Wiley, 1995.
[26] I. Mathews, A. Abdullaev, S. Lei, R. Enright, M. Wallace, and J. Donegan, “Reducing thermal crosstalk in tenc-hannel

tunable slotted-laser arrays,” Opt. Exp., vol. 23, pp. 23380–23393, Sep. 2015.
[27] M. J. Wallace, R. O’Reilly Meehan, R. Enright, F. Bello, and J. F. Donegan, “Athermal operation of a multi-section laser,”

in Proc. Int. Conf. Optical Fiber Commun., 2017, Paper W2A.3.
[28] D. C. Byrne, W. H. Guo, Q. Lu, and J. F. Donegan, “A tunable semiconductor lased based on etched slots suitable for

monolithic integration,” in Advances in Optical and Photonic Devices, K. Y. Kim Ed. London, U. K.: InTech, 2010.
[29] X. Han, Q. Cheng, F. Liu, and Y. Yu, “Numerical analysis on thermal tuning efficiency and thermal stress of a thermally

tunable SG-DBR laser,” IEEE Photon. J., vol. 8, no. 3, Jun. 2016, Art. no. 1501512.
[30] A. Davies, S. Fan, R. Penty, and I. White, “Active wavelength control of tunable lasers for use in uncooled WDM

systems,” in Proc. Int. Conf. Lasers Electro-Opt., Baltimore, MD, USA, 2003, pp. 1828–1829.
[31] S. Sakamoto, “Reduced temperature dependence of lasing wavelength in membrane BH-DFB lasers with polymer

cladding layers,” IEEE Photon. Technol. Lett., vol. 19, no. 5, pp. 291–293, Mar. 2007.
[32] Y. Liu, “Uncooled DBR laser directly modulated at 3.125 Gb/s as athermal transmitter for low-cost WDM systems,”

IEEE Photon. Technol. Lett., vol. 17, no. 10, pp. 2026–2028, Oct. 2005.
[33] H. Wang and Y. Yu, “New theoretical model to analyze temperature distribution and influence of thermal transients of

an SG-DBR laser,” IEEE J. Quantum Electron., vol. 48, no. 2, pp. 107–113, Feb. 2012.
[34] M. J. Wallace et al., “Athermal operation of multi-section slotted tunable lasers,” Opt. Exp., vol. 25, pp. 14426–14438,

Jun. 2017.
[35] H. Ishii, H. Tanobe, F. Kano, Y. Tohmori, Y. Kondo, and Y. Yoshikuni, “Quasicontinuous wavelength tuning in super-

structure-grating (SSG) DBR lasers,” IEEE J. Quantum Electron., vol. 32, no. 3, pp. 433–441, Mar. 1996.
[36] A. Abd El Aziz, W. P. Ng, Z. Ghassemlooy, M. H. Aly, R. Ngah, and M. F. Chiang, “Impact of signal wavelength on the

semiconductor optical amplifier gain uniformity for high speed optical routers employing the segmentation model,” in
Proc. 10th Int. Conf. Inf. Sci. Signal Process. Appl., Kuala Lumpur, Malaysia, 2010, pp. 259–262.

[37] W. Sun, Q. Lu, W. Guo, M. Wallace, F. Bello, and J. F. Donegan, “Analysis of high-order slotted surface gratings by the
2-D finite-difference time-domain method,” IEEE J. Lightw. Technol., vol. 35, no. 1, pp. 96–102, Jan. 2017.

[38] A. J. O’Carroll, R. Phelan, B. Kelly, D. Byrne, L. P. Barry, and J. O’Gorman, “Wide temperature range 0 < T < 85 °C
narrow linewidth discrete mode laser diodes for coherent communications applications,” Opt. Exp., vol. 19, pp. B90–B95,
Nov. 2011.

[39] J. Carroll, J. Whiteaway, and D. Plumb, Distributed Feedback Semiconductor Lasers. London, U. K.: The Institution of
Electrical Engineers, 1998.

Vol. 10, No. 5, September 2018 1503711



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


