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Abstract

®

CrossMark

We experimentally and analytically investigate the influence of temperature on the linewidth of
an InP quantum dot (QD) laser. The full width half maximum of the peak in the optical
spectrum strongly depends on the pump current and rebroadens at high injection levels. We
show that with increasing temperature these effects are amplified. Applying a QD laser model
including the excited and ground state with detailed balance scattering rates, we are capable of
reproducing the experimentally observed data qualitatively and thus show that a relatively
simple QD-laser model is capable of capturing this complex behavior. Additionally, we include
a temperature dependent energy band gap reduction needed to fit the data and show that this

effect enhances the rebroadening effect for higher temperatures.
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1. Introduction

Since the invention of the laser in the 1950 s and its demonstra-
tion in 1960 it has been used for precise measurements because
of the high spatial and spectral coherence. In particular, narrow
line lasers has become an essential building-block of coher-
ent communication systems and future LIDAR-based detec-
tion systems, in which phase noise strongly impacts the ratio
of signal power to noise power [1, 2]. Semiconductor lasers
with QDs have been especially of great interest [3, 4] with
their low bias currents, high modulation bandwidths and their
apparent temperature insensitivity, resulting from the highly
confined carriers in the atomic-like electronic structure. QD
lasers also have shown to exhibit emission linewidths of a
few hundreds of kHz at room temperature[5, 6]. The spec-
tral coherence of a laser can be measured via the linewidth,
in which a smaller linewidth means a higher spectral coher-
ence. The linewidth is influenced by the spontaneous emission,

1361-6463/20/235106+8%$33.00

which on the one hand broadens the spectrum homogeneously
through the lifetime of the carriers. On the other hand the spon-
taneous emission influences the linewidth via the amplitude-
phase coupling [7], often approximately described via the a-
factor [8]. The amplitude-phase coupling also depends on the
inhomogeneity of the laser material, which is in QD lasers the
self-organized growing technique, i.e. the epitaxial process,
resulting in differently sized QDs [9]. For quantum well (QW)
lasers measurements have shown that the a-factor is a more
or less constant material parameter due to the linear depend-
ence of both the refractive index and gain [10]. For a QD laser
the description of gain and refractive index is more complex
and also for the latter mainly non-resonant states contribute
to this. These effects are called instantaneous frequency shifts
[11-13]. The band structure of a QD laser contains localized
energy levels. They are coupled via relative slow scattering
rates and thus are not occupied through an equal distribution.
The gain is consequently not clamped and the temperature and

© 2020 IOP Publishing Ltd  Printed in the UK
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the injection current influence the gain via the scattering rates
as well as the refractive index a-factor. The usually defined
a-factor is therefore non-constant in QD lasers and depends
on the operation point. As a result, also the linewidth changes
with the pump current [11, 14—-17] and a linewidth rebroaden-
ing is observed for higher currents.

Previous work [15, 18] showed that this can be modeled
by a minimal QD laser model, however, without capturing
the effect of the temperature. In the following we investig-
ate the influence of temperature on the linewidth rebroaden-
ing in a InP QD laser both by measurements, and via a QD
laser model that contains the temperature via the detailed bal-
ance between in and out scattering rates. As a result the carrier
distribution and thus the gain and the refractive index become
temperature dependent. For the scattering we include carrier
exchanges between the reservoir and the excited state (ES)
and ground state (GS) and the relaxation rate between the two
states [19]. The resulting non-linear scattering rates are based
on microscopic calculations [19-21] and taken from [14]. We
will show that the carrier temperature increases the linewidth
and enhances the effect of rebroadening. We also included a
temperature dependent band gap energy to reproduce meas-
ured shifts of the emitted wavelength and thus also of the level
separations.

To calculate the linewidth a Gaussian white noise source is
added to the complex electric field accounting for the spontan-
eous emission and the variance of the phase is thus derived by
a semi-analytical approach through the variance matrix [22],
where the Jacobian of the full system is evaluated at the steady
state.

2. Studied device and experimental setup

The QD distributed feedback (DFB) lasers studied has a cav-
ity length of 1 mm and a stripe width of 3 gm. The QD active
region was grown by chemical beam epitaxy (CBE) on a (001)
oriented n-type InP substrate, which contains 5 stacked layers
of InAs QDS with 30 nm In(),gl6Ga0'184ASO,392P0,608 (115Q)
barriers. This active layer was embedded in a 350 nm thick
1.15Q waveguiding core resulting in both carrier and optical
confinement. The QDs were tuned to operate in the desir-
able operation wavelength range by using a QD double cap
growth procedure and a GaP sublayer. Growing the dots on a
thin GaP layer allows a high dot density to be obtained and
improved layer uniformity. An average dot density of approx-
imately 4 - 10'° cm~? per layer was obtained, while a FWHM
is found of 36.5 meV at 4 K which broadened to 60 meV at
300 K, indicating good dot size uniformity. After the growth
of the QD active core, the wafer was removed to pattern the
grating region which is performed by applying a HeCd laser
to holographically expose an optical resist with a uniform grat-
ing pattern across the whole wafer, followed by wet chemical
etching. Following the patterning of the grating, the p-type InP
cladding and InGaAs contact layers were regrown using metal-
organic chemical vapor deposition (MOCVD). The laser used
avery low (>0.01%) reflectivity antireflection coating on both

facets in order to eliminate the termination phase of the grating
at the cleaved facets.

In order to measure the spectral linewidth of the laser, we
use a self-heterodyne fiber interferometer [5], where one part
of the laser emission is sent to a 100 MHz frequency-shifted
acousto-optic modulator (AOM) and another part propagates
through a 25 km fiber coil. A polarization controller is also
used to match the polarization between two parts. At the out-
put of the interferometer the resulting beat note, centered at
the AOM frequency, is recorded by an electrical spectrum ana-
lyzer through a high-speed photodiode. Two optical isolators
providing 60 dB isolation were inserted just before the inter-
ferometer so as to eliminate the reflected light which intro-
duces an optical feedback to the laser and affects the laser
stability. In what follows, the measured spectra are curve-
fitted by using the pseudo-Voigt approximation function which
depends on a linear combination of Gaussian and Lorentzian
functions.

3. Semiclassical single mode rate equation model

We use a QD laser model based on our previous work from
[14] with a single optical mode which is resonant to the
central GS transition. The carriers are described within an
excitonic picture thus neglecting the separate degree of free-
dom for electrons and holes. The model originates from a
semi-classical approach, meaning that the charge carriers are
described microscopically, but the electric field classically
with Maxwell’s equations [23]. This model is able to describe
the complex non-equilibrial carrier dynamics [24, 25]. Here
we focus on the temperature dependent linewidth rebroad-
ening. The excitonic band structure and the scattering pro-
cesses are sketched in figure 1. We treat electrons and holes
equally to simplify the calculations. The QD-laser system con-
sists of the electrically pumped reservoir N(¢) which is filled
to its quasi Fermi level Er(N), the two occupation probabilit-
ies of the carriers within the QD pgs and pgs, and the complex
electric field E(f) = A(t)e ="« +®() where A(t) is the slowly
varying amplitude within the rotating frame of the laser fre-
quency wy. The total scattering contributions RZ@’} s and R™
in equations (1)—(3) contain the temperature dependent in- and
out scattering processes, which enables us to investigate the
impact of the temperature 7, on the linewidth rebroadening.
The temperature dependent scattering rates also change the
carrier distribution and thus the gain since there is no carrier
clamping of the GS level. Secondly the refractive index and
thus the effective a-factor of our device varies with temperat-
ure. Note that we describe the index shift by the linear relation
6§)N. This has been derived from [12]. The ES is included in
the carrier dynamics model and participates in the scattering
processes but is not optically active. Stimulated emission can
only occur from the GS. The equations are given by

N
N=nJ— — ~ 4NopRy{ — 2NopRGY (1)
1
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Figure 1. (a) Sketch of the bandstructure used for the QD laser model. pgs and pgs describe the probability occupations within the excited
and ground state respectively within an excitonic picture, N(¢) is the charge carrier density in the reservoir acting as the charge carrier
reservoir, which is electrically pumped. The emitted light E(¢) is described via its amplitude A(#) within the rotating frame of the optical
wavelength. E(t) = A(t)e’i(wL’Jr‘I)(’)). (b) Schematic Graph of the optical power spectrums for increasing temperature. The peak positions

shift to higher wavelengths while the linewidth increases.

; PES cap 1 rel
= PES L Rer R 2
PES o + Rpgg 5 2
KjGS = _@ +Rza§‘) +RV€I —80(2PG5 _ 1)A2 (3)
7Gs
. 1 1
A= EgO(szS - I)A - EHA + DnoierA (4)
. D,,;
d=—6ON+ %&p. (3)

The reservoir is pumped electrically by a current density J,
which is normalized and non-dimensionalized to the element-
ary charge e and multiplied with the injection current effi-
ciency factor n. The timescales 7y, 7gs and 7gs describe the
spontaneous recombination times of the reservoir charge car-
riers N, the ES charge carriers pgs and the GS charge car-
riers pgs respectively. The ES is twofold degenerated which
explains the factor % in equation (2). go models the gain rate
thus describing the Einstein coefficient, because A2 is nor-
malized such that it describes the photon number. £ mod-
els the photon losses and d{2 the change of instantaneous
frequency due to refractive index changes. It describes the
inhomogeneous linewidth enhancement resulting from non-
resonant occupations. For §€2 = 0 the laser is assumed to emit
at wy. The value for €2 was taken from [14] and slightly mod-
ified to fit the experimental data. We want to point out, that
an explicit amplitude-phase coupling is excluded, as we want
to show that the coupling via 6€2 to the reservoir and the tem-
perature dependent scattering rates are enough to qualitively
describe the temperature dependent linewidth rebroadening.
Because of the change of instantaneous frequency §€2 there is
still an effective a-factor. Ry , Rt and R™! describe the total
scattering contributions from the reservoir N into the ES pgg
and GS pgys and vice versa respectively and between the two
states, which are defined as

RCEaSp/Gs = SCEaf/’ZIS(I — PES/GS) — SCEasp/’gngS/GS (6)
Rrel _ Srel,in(l o PGS)PES o Srel,ompGS(l o ,OES) (7)

with SE“SI’/’ZS, SE”SP/’g‘g being the in- and out-scattering rates from
the reservoir into the ES or GS and S+, §"/% being the
in- and out-scatter rates from the ES into the GS. The rela-
tionship between the in- and out-scattering rates are given

by the detailed balance relation Sz‘;”/gg = fes/Gs - SZ;”/’G"S and

Srelout :j‘;S’e”i” with the corresponding Boltzmann factors
fES/GS(N),fdeﬁned as [19, 26—28]

_(EF _
fes/Gs(N) = exp —(Eeg — Ers/s) .
k5Teq
N — oxp [ —2Eret(Teg)
fIN) =exp ( T ) . ©)

Here, Egg/gs is the energy level of the ES and GS respectively,
kg is the Boltzmann constant and T, is the temperature of
the QD charge carriers. We assume very fast scattering pro-
cesses and thus a fast equalizing of the material’s and the QD
charge carrier’s temperature. The Efq is the quasi-Fermi level
in the reservoir, which can be expressed in terms of the charge-
carrier density in the reservoir by

N
El = E™ 4+ kgT,,1 — ) —1]. 10
= iatan [ () 1] 0o

E™ is the reservoir band edge energy and Dy, is the density of
states within the reservoir. Substituting the quasi-Fermi level
into equation (8) yields

—AE gs,65) (Teq) )
kpTey

exp(

exp(%m) —1

fesjcs(N) = a1
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f(N) = exp <_AEM> : (12)

kB Teq

for the Boltzmann factors, where AEgs,Gs(Te,) is the ener-
getic distance between the reservoir and the ES/GS and
AE,,(T.q) between the two states. We can thus rate the total
scatter contribution as

RZ?/GS = 52“5”/35 (1= pEs/cs —fes/Gs * PEs/Gs] (13)
Rl = grebin [(1 — ps)pes —f pos(1 — pEs))] . (14)

The non-linear in-scattering rates So¢ /- and S""" were taken

ES/GS
from [14] and are given by

ani A -N?
ae,m ) _ ES/GS (15)
PEs/ PGs BES/GS +N
. C-N
Srel,ln N) = 16
() = (16)

where Agg/gs,Besigs,C and D are fit parameters derived from
fits to the full microscopically calculated rates [29] of the
electrons and holes. For our reduced model we use the
average of the parameters fitted to the hole and electron
scattering rates. We additionally included the temperature
dependence of the band gap energies. This was done to repro-
duce the wavelength shifts to higher values with increasing
temperature, which is shown schematically in figure 1(b).
With this temperature dependent energy band we want to
model all temperature influences resulting in wavelength
shifts. The corresponding fit equation for the band gaps are
given by

TZ
AE T,,) = AE —~ < 17
(£5,G5) (Teq) (5,G5)(0) O‘Teq+5 an
T2
AEre Te :AEre 0) - < ’ 18
(1) = AEa(0) —ag=o a9

where the corresponding fit parameters o and /5 of InP were
taken from [30] and slightly modified because of the 1-D
character of QDs. This was done by fitting the paramet-
ers to the measured wavelengths of the three different tem-
peratures 293K, 303K and 313K, see figure 4. For simpli-
city the parameters are considered to be equal for the three
band gap energies between reservoir and ES and GS and
between the two states. These two effects make the Boltzmann
factors fgs/gs and f the only temperature dependent quantit-
ies and thus relevant for the temperature dependent linewidth
rebroadening.

1o a) Experiment b) Simulation
x 203K ]
10 1 303K 7
. x 313K ]
= 81 ]
£ ]
0 1
(5] i
H ]
C 4 E
)] ;
() fersnses LA B L B Lo L L R BB L BN
0 50 100 150 0 50 100 150

Pump current J [mA] Pump current J [mA]

Figure 2. Input-output-curve: results of the (a) experiment and the
(b) simulation of the output power of the laser for three different
temperatures between 293K, 303K and 313K of the InP-QD laser

plotted over the injection current J.A decrease in the output power
can be seen for higher temperatures.

3.1 Analytics of linewidth calculation

Our analytical approach is based on a method known from
stochastic differential equations [22], with which the variance
g of avector x given by a linear stochastic differential equation

dx=A-xdt+B-d (19)

=
115

can be obtained via the covariance matrix ¢ of the dynamical
variables. It can be calculated via
t
o= / expA(t—7)BB  expA”(t—1)dr . (20)
g ) a bb a4
If we linearize our QD laser model we arrive at a linear
equation of the
dX=A -Xdt+B-dW,

2y

with X = (N, pgs, pcs,A, ). A is the Jacobian of the linearized
system and B is the noise matrix including the spontaneous
emission of the complex electric field D,,;.£4 and D mie £ s
Wiener processes (Gaussian white noise). The average vari-
ance of the phase 04 4 o ¢ in the long time limit then describes

the linewidth of the laser via

1
Aw = lim —o3paa() (22)
We derive the Jacobian A and the noise matrix B analytically
from equations (1)-(5) and use equation (20) to numerically

calculate the variance matrix and then the linewidth via equa-
tion (22).

3.2. Comparison between experiment and theory

In this section we will compare the measurements to the
numeric results from the model described in section 3. For this
we set our focus on the output power of the laser, the spectrum
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Figure 3. Calculated a-factors plotted over the pump current J for
three different temperatures 7,,. The a-factor increases dynamically
with the pump current J and the temperature.

and the temperature dependent linedwith rebroadening effect.
All parameters that were used in the simulation are stated in
table 1.

In figure 2 the light-current curve is plotted for the exper-
iment (a) and the model (b) showing the output power over
the injection current J. The light-current curves have been
obtained for three different temperatures, e.g. 293K, 303K and
313K. Looking at figure 2(a), one can see a slight decrease in
the output power for higher temperatures and a threshold shift
to higher currents. This makes sense as higher temperatures,
meaning higher thermal kinetic energy, results in more scat-
tering processes out of the occupied states relative to the in-
scatter processes and thus increasing the losses that have to be
compensated by stimulated emission. This effect is also cap-
tured by the model as shown in figure 2(b). Mathematically
this comes from equations (11) and (9) because higher tem-
peratures increase the out-scattering rates. There is a slight dif-
ference in the quantitative value of the output power between
experiment and theory which could be due to additional gain
compression effects. Including these effects is possible but
not needed to satisfactorily model the measured data of the
linewidth rebroadening.

In order to show that the model intrinsically describes a
temperature T,, and pump current J dependent a-factor, we
computed the effective a-factor over the pump current J for
three different temperatures 7,,. Other papers have shown that
the temperature dependent a-factor has an influence on the
linewidth enhancement, which we show is included in this
model [31]. This is shown in figure 3. The a-factor is hereby
calculated via the relation o < %:, where Aw is the differ-
ence of frequency and Ag the difference of gain for two oper-
ation points of the system, with one operation point calculated
as a normal solution of the system and one operation point
as a solution of the system with a small additional injection
added to the electric field. The effective a-factor arises from
the coupling between the phase ® and the reservoir charge car-
riers N via the instantenous frequency shift 6€2 even though the
direct amplitude-phase coupling is excluded.

Table 1. Parameters used in the simulation if not stated otherwise.

Parameter (Description) Value (unit)

1

T, Lifetime of reservoir 1ns™
Tgs Lifetime of ES 0.75ns™!
Tes Lifetime of GS 0.75ns ™!
2K Cavity loss rate 180.18 ns™!
Nop QD density 4-10" cm~?
D Density of states in reservoir 6.26-10% cm™2
AEgs Confinement for ES 64 meV
AEgs Confinement for GS 114 meV
AE . Energetic distance between ES 50 meV
and GS
20 Gain 350.285 ns !
AEs Parameter for Scat. rates ES 5.6-107 2 cm?ns !
Bgs Parameter for Scat. rates ES 1-10" ¢cm™?
Ags Parameter for Scat. rates GS 7.25-10""2 cm?ns ™!
Bgs Parameter for Scat. rates GS 3.6-10" cm™?
C Parameter for Scat. rates Rel. 520.65 ns !
D Parameter for Scat. rates Rel. 1.8-10" cm™2
0y Reservoir carrier frequency shift 21 GHz
n Injection current efficiency 0.25
factor
D2, ES carrier frequency shift 8.55 KHz
a Fit Parameter 3.15-107*ev K ™!
B Fit Parameter 274 K

As mentioned in section 3 we use the measured
wavelengths to fit our parameters « and S for capturing the
temperature dependent wavelength shift. The wavelengths
were measured at the peaks of the spectrum as shown in
figure 4(a) and the results are plotted together with the meas-
ured wavelengths in figure 4(b). In figure 4(a) one can see
a clear shift of the peaks to higher wavelengths for higher
temperatures. This can be explained by the interplay between
the amplitude phase coupling, i.e. the spontaneous frequency
change §€2, and the temperature dependent energy band gap,
which reduces the band gap energy with increasing tem-
perature. With higher temperatures 7,, and a smaller band
gap energy AEI’E‘?SZ /Gs» out-scattering processes increase and
with it the occupation of the reservoir charge carriers N.
This increases the influence of the frequency change 62
which then increases the effective a-factor. The variation
of the phase ® in equation (5) thus changes and the fre-
quency of the electric field is increased. This corresponds
to a smaller wavelength reducing the peak position in the
power spectrum. In counterplay, smaller band gap energy
AE";SI /Gs corresponds to a smaller emitting band gap fre-
quency w enhancing the emitted wavelength. Both effects
are in the magnitude of a few meV. Taking both effects
in consideration the peak wavelength can be calculated
and has been plotted in figure 4(b). Fitting the temperat-
ure dependent band gap energy parameters reproduces the
wavelengths of the experiment (orange cross) indicated by the
blue line.

Reading out the FWHM at the emitted spectra one gets the
linewidth of the QD-laser, which is usually done by fitting a
Voigt profile to the peak [5]. This dependence of the linewidth
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Figure 4. (a) Experimental measurements of the power spectrum for three different temperatures T,,. An increase of T, shifts the
wavelengths to higher values. (b) The peak wavelength position of the output power spectrum of the experiment (orange cross) and the

model including the fit effect (blue line).

on the injection current J and the temperature T, is the main
focus of this paper. Figures 5(a) and (b) show the measured
and simulated linewidths Aw respectively as a function of
the pump current J in mA for three different temperatures,
293 K, 303 K and 313 K. The typical linewidth rebroadening is
detectable for all temperatures [18]. See for example the green
curve for 313K in figure 5(a). In [18] the rebroadening was
explained by the gain compression effects. Note, that in this
paper the gain compression is not a phenomenological para-
meter in equations (1)—(5) but results from the carrier dynam-
ics within the complex gain model. For 293K the rebroadening
effect can hardly be seen because the applied currents are not
high enough. Comparing the different temperatures the influ-
ence of the thermal kinetic energy of the charge carriers is vis-
ible and leads to the higher linewidth. See the upshift of the
curves in figure 5(a). The linewidth for 313K is higher for all
J and the rebroadening effect starts at lower bias currents J
and with an enhanced slope. Looking at the simulation results
in figure 5(b) parts of this behavior is captured qualitatively.
Higher temperatures result in higher linewidths, although
the rebroadening slope is not increased for higher values of
T,,. Regarding equations (11) and (9) the influence of tem-
perature should be clear when reformulating the Boltzmann
factor and thus the factor that describes the out-scattering
rates to

exp (a)
Jes/os(N) = ;
/ exp (b) —exp(—7-)
with a = #jgm and b = 7. An increase in temperature

increases the value of exp (f%), which enlarges the size of
the whole fraction (Disregarding the possibility for negative
values because b = D—]ZB > 0, Teq >0.) and thus the whole term.
The tempearture dependent energy band gap effect decreases
AFEggGsier and thus also increases the out-scattering rates
by a small amount. The same argument goes for the factor

fis /6s(N) in equation (9). An intuitive explanation can be

cap /[ rel,in cap [ rel,in
ES/GS /(SES/GS +

), which describes the equilibrium occupation of the

given by defining the quantity p., =

Scap/rel,out
ES/GS

QD-level [32]. A higher value of p,, stands for a higher equi-
librium occupation reached via a higher percentage of in-
scattering. In our model p,, decreases with higher values of
T,, effectively reducing the relative in-scattering processes.
As a result there are more charge carriers in the higher states
pes and N which increases the instantaneous frequency change
induced by 62, and consequently also the variance of the phase
OADPAD-

Without the detailed balance relation, i.e. the T-dependent
Boltzmann factor between in an out scattering rates the simu-
lated curves in figure 5 would be temperature independent.

Comparing the experimental data and the simulation, there
are still discrepancies in the quantitative reproduction. For
all three temperatures the rebroadening effect in the simula-
tion occurs for similar injection currents J and with the same
rebroadening slope. There are many effects, that could model
this additional behavior. This could be due to missing tem-
perature dependent effects, for example the joule heating of
the device, the temperature dependent gain or considering the
real temperature of the charge carriers, which can be higher.
We excluded these effects here to keep the model as simple
as possible, still able to reproduce the behavior of the experi-
ment qualitively. Another point is that the temperature depend-
ency was included in the detailed balance only and not in the
in-scattering rates. It is known that the in-scattering rates are
also temperature dependent [20, 33] and thus should have an
additional influence on the temperature dependent linewidth
rebroadening. Discrepancies could also be explained by miss-
ing hole burning effects and the separated treatment of elec-
trons and holes. All these effects could be added to increase
the accuracy of the model, but would only result in many
parameters to tune the simulation until the outcome fits the
desired measured values. This would be not in the sense of
this paper.
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Figure 5. Results of the (a) experiment and the (b) simulation for the linewidth Aw of the QD laser for three different temperatures, 293K,
303K and 313K plotted over the injection current. An increase in the linewidth rebroadening effect can be seen for higher temperatures.

4. Conclusion

With our model we have shown that the influence of temper-
ature on the wavelength shift and the linewidth rebroadening
in QD lasers, especially the pump current dependency, can be
nicely described with a microscopically motivated model that
includes the charge carrier dynamics within the surrounding
reservoir and in the localized QD levels. A crucial ingredient is
the correct description of in- and out-scattering processes via
the temperature dependent detailed balance relation. Experi-
mental data obtained on an InP based QD laser show the same
trends and support our conclusion that the complex carrier
dynamics is mainly responsible for the temperature sensitiv-
ity of the linewidth.
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