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ABSTRACT

In this paper, we investigate the temperature dependence of spectral linewidth of InAs/InP quantum dot dis-
tributed feedback lasers. In comparison with their quantum well counterparts, results show that quantum dot
lasers have spectral linewidths rather insensitive to the temperature with minimum values below 200 kHz in the
range of 283K to 303K. The experimental results are also well confirmed by numerical simulations. Overall, this
work shows that quantum dot lasers are excellent candidates for various applications such as coherent commu-
nication systems, high-resolution spectroscopy, high purity photonic microwave generation and on-chip atomic
clocks.
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1. INTRODUCTION

The combination of advanced modulation formats and coherent detection are the key technologies in coherent
communication systems to overcome limitations of current fiber infrastructures.! Over the past years, the fast
digital signal processing (DSP) technology has been successfully implemented in the fiber transmission system
and semiconductor lasers are nowadays used as local oscillators in coherent detection systems. Narrow linewidth
lasers are especially important for new systems which use higher-order modulation formats. For instance, at
40 Gbit/s, the laser linewidth must be in the range of 240 kHz, 120 kHz, and 1 kHz for 16PSK, 16QAM, and
64QAM, respectively.? To meet these goals, quantum dots (QDs) remain promising candidates owing to the
ultimate carrier confinement and the pretty low population inversion factor.? For instance, Su and Lester reported
an InAs/GaAs QD laser with a linewidth around 500 kHz.* Lu et al. demonstrated a linewidth of less than 150
kHz in an InAs/InP QD laser,” while Becker et al. achieved a record linewidth of 110 kHz.% In this context, our
prior work has shown the importance of controlling spatial nonlinearities originating from spatial hole burning
for narrowing the spectral linewidth at high drive currents.” For instance, using a QD distributed feedback
(DFB) laser with symmetric facet coatings has led to spectral linewidths below 400 kHz over a wide range of
bias current. In addition, a high degree of stability of the spectral linewidth over temperature is also a very
important feature for low-cost and Peltier-free applications. With QD lasers, a temperature insensitive behavior
is expected when the sublevel splitting is larger than the thermal activation energy.® This work investigates
both experimentally and theoretically the temperature dependence of the spectral linewidth of InAs/InP QD
DFB lasers. As compared to their quantum well (QW) counterparts, the spectral linewidth is found to be
rather insensitive to the temperature. The experimental results are also confirmed by a rate equation model
taking into account the spontaneous emission noise and the carrier noise. Overall, this work shows that QD
lasers are excellent solutions for narrow linewidth operation which is of first importance not only for coherent
communication systems but also for high-resolution spectroscopy, high purity photonic microwave generation
and on-chip atomic clocks.
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2. LASER STRUCTURE

The QD gain material was grown by chemical beam epitaxy (CBE) on a (001) oriented n-type InP sub-
strate. The undoped active region of the laser consisted of five stacked layers of InAs QDs with 30 nm
Ing s16Gag.184A80.302Po.60s (1.15Q) barriers. Each layer contains QDs with an average dot density of approxi-
mately 4x10'° ecm™2. The grating period is 235 nm leading to an operating wavelength of 1.52 ym. The single
lateral mode ridge waveguide laser has a cavity length of 1 mm and a stripe width of 3 pm. One of the cleaved
facets was coated with a high reflectivity coating of 62%, the other with a low reflectivity coating of 2%. Figure
1(a) represents the light current characteristics for the QD DFB laser for different temperatures ranging from
283 K to 303 K with a step of 5 K. The threshold current is increased from 42 mA at 283K to 52 mA at 303K.
Figure 1(b) shows the lasing spectrum operating at 2xI;, (293K). Single mode emission is successfully achieved
with a side mode suppression ratio (SMSR) of 51 dB. The inset also gives the corresponding SMSR as a function

of temperature measured at 2x1I;,, showing that the single mode behavior is enhanced from 50.2 dB at 283K to
52 dB at 303K.
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Figure 1. (a) L-I curves measured for different temperatures ranging from 283 K to 303 K. (b) Optical spectrum measured
at 2xI, (293K). The inset shows the corresponding variation of the SMSR with temperature at 2xI,.

3. EXPERIMENTAL RESULTS

The spectral linewidth is measured with a self-heterodyne interferometric technique incorporating a delay line
of 25 km.? The intrinsic spectral linewidth has a Lorentzian shape, however, due to the Gaussian shape filter in
the electrical spectrum analyzer (ESA) and the residual electrical noise from the power supply as well as thermal
fluctuations, the linewidth is rather in the shape of a Voigt function, which is defined as the convolution of a
Gaussian function and a Lorentzian function.

In this work, the retrieval procedure is simplified by using a normalized pseudo-Voigt function fy such as:

fv=0-n)fe(z,ve¢) +nfr(z, L) (1)

where fg and f; are the normalized Gaussian and Lorentzian functions represented as:

fa(x,v6) = (1/m'Pra)exp(—2? 42) (2)
fr(x,n) = A/myp) (A + 2% /1)~ 3)

where v and i are related to the full-width at half maximum (FWHM) of the Gaussian and Lorentzian
functions respectively, and 7 is the mixing parameter.

In the experiments, the captured radio-frequency (RF) spectrum is the spectral aliasing of both the negative and
the positive sides of the full spectral range, hence the output of the ESA is the convolution of two parts, which
must be taken into account to retrieve the original spectral linewidth.
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As such, the FWHM linewidths from the Gaussian and Lorentzian parts can be expressed as:

FG =2VIn 2’7G (4)

FL = 2'VL (5)
The FWHM of the pseudo-Voigt profile can be defined as:!°
Dy = (I3 + 2.69269T4 T, + 2.42843T5, 12 4 4.47163T4T3 +0.078420¢I'; + I'7)Y/° (6)

Figure 2(a) displays the spectral linewidth as a function of the normalized bias current for the QD DFB laser
measured at 283K, 293K and 303K, respectively. From the pseudo-Voigt profile, a minimum linewidth of 168 kHz
is obtained at 283K (I/I;, = 1.3). When the temperature is raised to 293K, this minimum slightly increases to 177
kHz (I/1;, = 1.4) and to 178 kHz at 303K (I/1;;, = 1.5). Overall, the variation of the spectral linewidth does not
exceed 5%, which proves the very good stability over the temperature range. A comparison with a commercial
QW DFB laser operating at 1.55 um is also performed. Figure 2(b) shows the evolution of the spectral linewidth
of the QW DFB laser assuming the same experimental conditions. Results show that the minimum linewidth
is now enhanced from 2.5 MHz at 283K to 3.1 MHz at 303K, which corresponds to a variation of about 23%
(600 kHz) over the same temperature range. The minimum linewidth at 303 K is found at lower normalized
bias current (I/I;;, = 2.5) than the value at 283K (I/I;, = 3.5), while it is opposite in QD laser. This effect is
attributed to the variation of the threshold current which is about 61% for the QW laser against 23% for the
QD one over the same temperature range. In contrast to QW lasers, the spectral linewidths of QD lasers are
found much narrower and rather independent of the temperature, which is very promising for aforementioned

applications.
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Figure 2. Spectral linewidth of the QD DFB laser (a) and the QW DFB laser (b) as a function of the normalized bias

current and measured at 283K, 293K and 303K. The black dashed lines indicate the minimum linewidth level at 283K
and 303K.

However, experimental results also unveil that any further increase of the bias current leads to a linewidth
rebroadening both for QD and QW lasers. The rebroadening refers to an increase of the linewidth with increasing
bias current at high output power levels. In fact, the linewidth rebroadening occurs in any semiconductor lasers
due to thermal effects, mode instability,!! spatial hole burning,'> and gain compression.'®'* The first three
of these effects are related to the device structure and can be minimized or eliminated by optimizing the laser
design. For instance, a low grating coupling coefficient can reduce the effects of the spatial nonlinearities and so
the spectral linewidth. Controlling the optical field distribution along the cavity through the facet coatings is
also a way of eliminating the linewidth rebroadening. As for the gain compression, it is fundamentally related
to the timescales for the carrier equilibrium dynamics in the semiconductor gain media and is usually enhanced
in QD gain media. Therefore, as compared to QW lasers, the rebroadening can be actually more pronounced in
QD lasers because of the increased scattering rates with the injected current and larger gain compression.'® 16
Indeed, experimental results show that the spectral linewidth of the QD DFB laser is raised by a factor of 1.8
at 2.8xIy, (293 K) against 1.5 times at 5.4x Iy, for the QW DFB laser (293 K).
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4. NUMERICAL SIMULATIONS

Current
s [
Tis  Ths
ES
ES GS
GS ITGS TES I Photons

Figure 3. Schematic of the electronic structure and carrier dynamic in the InAs/InP QD structure.

The spectral linewidth of QD lasers is theoretically investigated through a differential rate equation model taking
into account the spontaneous emission noise and the carrier noise. Figure 3 illustrates the electronic structure
of the QD laser, where electrons and holes are treated as neutral excitons.!” The QD ensemble includes two
energy levels: a two-fold degenerate ground state (GS) and a four-fold degenerate excited state (ES). Carriers
are supposed to be directly injected from contacts into the reservoir state (RS) so the carrier dynamics in the 3D
barrier is not taken into account in the model. Stimulated emission occurs from the GS when the threshold is
reached, and that from the ES is not considered in the model. Following Figure 3, the differential rate equation
system describing carrier and photon dynamics is written such as:

dNgs I Ngs Ngs Nrs
= - - (1_pES)_ spon +FRS (7)
dt q 7'1%93 gg THS
dNgs Ngrs = Ngs Ngs Ngs  Ngs
dt = ( RS + -GS )(1 - PES) ES (1 - PGS) ES - 7_spon + s (8)
TES TES TGS TRS ES
dNgs Ngs Ngs Ngs
7 Tﬁ(l —pas) — G5 (1 —=pes) — TpvggasSas — spon + Fgs 9)
GS TES Tas
dScs Ngs
dt = (FPUQQGS )SGS + BSP sporn T Fg (10)
Tp TGs
dp 1 as
ar QFPUg(gGSaH + 9eskes + grskrs) + Fy (11)

where Nrg, Nggs and Ngg are the carrier populations in the GS, ES, and RS respectively, while Sgg accounts for
the photon population in the GS level. In order to retrieve the spectral linewidth, the phase of the electric field
(¢) is also included. In Eqgs. (7) - (11), 7£% is the carrier capture time from RS into ES. The carriers then relax
from the ES to the GS Wlth a relaxation time 755. Conversely, some carriers w1ll escape from the GS to the
ES with an escape time TE g, and from the ES to the RS with an escape time T through thermal excitations.
TI‘;%O% s.cs are the spontaneous emission times, 7, is the photon lifetime, v, is the group velocity of light. The
gain of each state is expressed as grs rs,as while prs Es s represent the carrier occupation probabilities in
the RS, ES, and GS. a%° is the contribution of the GS carriers to the phase-amplitude coupling factor (ag
- factor), and the coefficients kps s are defined in.'® The frequency noise (FN) in semiconductor lasers is
contributed from the spontaneous emission noise, the carrier generation and recombination noises, as well as
the low-frequency flicker noise. In the model, carrier recombination noises are considered through the Langevin
noise sources Frgs ps gs to the carrier numbers in Egs. (7) - (9). Additionally, the spontaneous emission noise
of the laser light is expressed as Fg to the photon number in Eq. (10) and Fy4 to the phase in Eq. (11). In this
paper, the contribution of the flicker noise, such as the electrical noise from the pump current source, temperature

variations, and mechanical vibrations, is not considered in this model. Derivations of auto- and cross-correlations

10553 -16 V. 5 (p.4 of 7) / Color: No / Format: Letter / Date: 1/26/2018 1:34:33 PM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http:/SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact author_help@spie.org with any questions or concerns.

terms will be reported elsewhere. Using a small-signal analysis of Eqs. (7) - (11), the FN of the laser is calculated
by FN(w) = |jwdp(w)/27|? with d¢(w) being the phase fluctuation due to the noise perturbation. All material
and optical parameters used in the simulations are listed in Table 1.'7 The laser threshold current is calculated
to be 48 mA at 293K. The spectral linewidth of the QD laser is then extracted from the FN spectrum at low
frequencies as Av = 2rFN(w — 0).

Table 1. Material and laser parameters used in the simulations.

Symbol | Description Value

FErs RS transition energy 0.97 eV

Fgs ES transition energy 0.87 eV

FEgs GS transition energy 0.82 eV

ng RS to ES capture time 6.3 ps

&8 ES to GS relaxation time 2.9 ps

B ES to RS escape time 10 ns

Tgss GS to ES escape time 10 ps

s RS spontaneous emission time | 0.5 ns

T ES spontaneous emission time | 0.5 ns

o GS spontaneous emission time | 2.8 ns

Tp Photon lifetime 6.3 ps

Ty Polarization dephasing time 0.1 ps

Bsp Spontaneous emission factor 0.8x10~*

aGs GS Differential gain 5.0x1071% c¢m?
ags ES Differential gain 10x10~15 ¢m?
aRs RS Differential gain 2.5x1071% ¢m?
13 Gain compression factor 2.0x10716 c¢m?
r, Optical confinement factor 0.06

ags GS contribution to ag-factor 0.5

Np Total dot number 6.0x107

Dgs Total RS state number 7.2x108

Vb Active region volume 7.5x10~ " cm?
Vrs RS region volume 1.5x10~™1 c¢m3

Figure 4 presents the evolution of the spectral linewidth as a function of the normalized bias current between 283
K and 303 K. Overall, the simulation well reproduces the experimental results except the linewidth rebroadening.
The latter can not be predicted because of the various assumptions made in the model. Indeed, flicker noise,
gain compression and spatial hole burning are not taken into account at this stage.'® Nevertheless, for a bias
current of 155 mA, the calculated spectral linewidth increases from 170.5 kHz (I/1;;, = 3.4) at 283K to 175.1 kHz
(I/1y, = 3.2) at 293K, and 179.8 kHz (I/I;;, = 3.1) at 303 K which is in agreement with the measured values.
The simulation also confirms that the spectral linewidth of QD lasers is rather insensitive to the temperature
range.

5. CONCLUSIONS

In summary, we have investigated both experimentally and theoretically the temperature dependence of the
spectral linewidth of InAs/InP QD DFB lasers. By comparison with QW lasers, we show that the spectral
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Figure 4. Spectral linewidth of the QD DFB laser as a function of the normalized bias current and calculated at 283K,
293K and 303K.

linewidth of QD lasers is rather insensitive to the temperature with minimum values below 200 kHz between
283 K and 303 K. In addition, the numerical simulations based on differential rate equations nicely reproduces
the temperature behavior. Such results indicate that QD lasers are excellent candidates for narrow linewidth
operation, which is of first importance not only for coherent communication systems but also for high-resolution
spectroscopy, high purity photonic microwave generation and on-chip atomic clocks.
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