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Major Goals: The objective of this project was to explore the potential of a novel type of semiconductor lasers —
quantum dot (QD) lasers with asymmetric barrier layers (ABLs) — for low-threshold, temperature-stable, high-power,
and high-speed operation. To accomplish this goal, a comprehensive theory of static (threshold and power) and
dynamic characteristics of ABL QD lasers has been developed and recommendations have been provided for the
development of ABL QD lasers that will significantly outperform conventional QD lasers.

The following particular major goals were set for this project:

1) To calculate the threshold current density of ABL QD lasers.

2) To calculate the characteristic temperature of ABL QD lasers.

3) To calculate the internal differential quantum efficiency of ABL QD lasers.

4) To calculate the light-current characteristic (LCC) of ABL QD lasers.

5) To study dynamic properties and calculate the modulation response function of ABL QD lasers.

6) To calculate the modulation bandwidth of ABL QD lasers as a function of the dc component of the pump current
density and parameters of the structure.

7) To calculate the maximum modulation bandwidth of ABL QD lasers and the optimum dc component of the pump
current density at which the maximum bandwidth is attained.

8) To calculate the operating characteristics of ABL lasers considering undesirable out-tunneling leakage of charge
carriers through the ABLs.

9) To study the effect of non-instantaneous capture of electrons and holes into QDs, i.e., non-instantaneous
pumping of QDs, on the modulation bandwidth of ABL QD lasers.

10) To study the effect of out-tunneling leakage from QDs on the modulation bandwidth of double tunneling-
injection (DTI) QD lasers.
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11) To study the effects of carrier-density-dependent internal optical loss on static characteristics of semiconductor
lasers with a quantum-confined active region.

12) To study the effects of varying the thickness of the optical confinement layer (OCL) on static characteristics of
semiconductor lasers with a quantum-confined active region.

Accomplishments: 1) A theory of static (threshold and power) characteristics of ABL QD lasers has been
developed. The use of ABLs should ideally prevent the simultaneous presence of electrons and holes (and hence
parasitic electron — hole recombination) outside the QDs. It has been shown that in such a case of total
suppression of parasitic recombination, the ABL QD lasers offer close-to-ideal performance: the threshold current
density is below 10 A/cm”2 at any temperature, the absolute value of the characteristic temperature is above 1000
K (which manifests a virtually temperature-independent operation), the internal differential quantum efficiency is
practically unity, and the LCC is linear at any pump current.

2) A search for materials suitable for implementation of 1.55 um Al-free diode lasers based on InP with ABLs has
been conducted. It has been shown that a very high (over 10”*6) suppression ratio of the parasitic electron flux can
be achieved using common IlI-V alloys for the ABLs. Hence placing such ABLs in the immediate vicinity of the
active region should completely suppress the parasitic recombination in the OCL. Several optimal ABL designs
have been proposed that are based on one of the following alloys: Al-free GalnPSb, ternary AllnAs, or quaternary
AlGalnAs with a low Al-content. As an important and beneficial byproduct of utilization of such ABLs, an
improvement of majority carrier capture into the active region has been shown to occur.

3) The local charge neutrality has been shown to be strongly violated in the active region of ABL lasers, especially
at high injection currents. While violation of local neutrality has been shown to have almost no effect on the LCC of
the laser (the quantum efficiency is close to 1 and the LCC is linear), it causes weakening of the temperature
dependence of the threshold current and, hence, an increase in the characteristic temperature of the laser.

4) A theoretical model for ABL lasers has been proposed that includes undesirable out-tunneling leakage of charge
carriers through the ABLs. By the example of an InGaAs/GaAs quantum-well laser (lasing wavelength A = 980 nm),
the effect of out-tunneling leakage of carriers through the ABLs on the device static characteristics has been
studied. The ratios of out-tunneling flux suppression by the ABLs, which are required to prevent the adverse effect
of parasitic recombination in the OCL, have been estimated. In the structure considered, the effect of the ABLs
becomes appreciable at the suppression ratios exceeding 100. To suppress 90% of the parasitic current, the
suppression ratios should be above 23000. The effect of the ABLs on the useful fluxes of carrier supply to the
active region has also been studied.

5) The small-signal dynamic response of ABL QD lasers has been studied. The modulation bandwidth has been
shown to have a maximum as a function of the dc component of the pump current density and parameters of the
structure. This provides a clear path for optimizing the laser structure to enhance its bandwidth.

6) The effect of non-instantaneous capture of electrons and holes into QDs, i.e., non-instantaneous pumping of
QDs, on the modulation bandwidth has been studied. The maximum bandwidth and the optimum dc injection
current density at which it is attained have been calculated as functions of the capture cross-section.

7) It has been shown that the optimum component of the dc pump current density that maximizes the modulation
bandwidth in ABL QD lasers is significantly lower than that in both conventional and double tunneling-injection
(DTI) QD lasers. Hence, the maximum modulation bandwidth has been shown to be more easily attainable in ABL
QD lasers as compared to both DTI and conventional QD lasers.

8) It has been shown that, even in the most dramatic situation of indirect capture of charge carriers into the lasing
ground state and unlike the conventional QD lasers, the continuous-wave power of ground-state emission in ABL
QD lasers does not saturate with increasing pump current — instead, it increases almost linearly with injection
current. This advantage for high-power lasing of ABL QD lasers over the conventional QD lasers is due to efficient
suppression of unwanted electron-hole recombination in the OCL in ABL QD lasers.

9) Using numerical simulations, a search has been carried out for designs of ABLs for a laser diode having GaAs
OCL and emitting at the wavelength A = 980 nm. Optimal designs of ABLs based on AIGaAsSb and GalnP for
blocking electrons and holes, respectively, have been proposed, which make it possible to reduce the parasitic
recombination current down to less than 1% of the initial value. To suppress electron transport, an alternative
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structure based on three identical AllnAs barriers has also been proposed. GaAsP spacers of different thicknesses
form unmatched spectra of size quantization levels between barriers thus blocking the hopping conduction channel:
the parasitic electron flow is reduced by several tens of times in comparison with the case of spacers of equal
thickness.

10) Effect of out-tunneling leakage of carriers from QDs on modulation bandwidth of DT QD lasers has been
studied. It has been shown that, due to zero-dimensional nature of QDs, the modulation bandwidth is practically
unaffected by out-tunneling leakage from them — it depends only slightly on the out-tunneling time. Hence,
concerning out-tunneling leakage, DTI QD lasers are robust — provided that tunneling-injection is fast, no
significant effort should be necessary to suppress out-tunneling leakage in practical devices.

11) It has been shown that the LCC shape in QD lasers can be tailored by varying uniformity of QDs. Making the
QD ensembile less uniform has been shown to result in roll-over in the LCC. The second branch in the LCC has
been shown to appear with making the QD ensemble even less uniform.

12) The LCC of semiconductor lasers with a quantum-confined active region has been studied with a proper
account for internal optical loss that varies with the carrier densities in the OCL. It has been shown that (i) roll-over
of the LCC occurs with increasing injection current, and, (ii) depending on the parameters of laser structures, the
LCC can be two-valued (can have two branches), i.e. the optical emission at two different output powers will be
possible within a certain range of injection currents. While the internal differential quantum efficiency for the first
(conventional) branch of the LCC is less than 1 and decreases with increasing pump current, that for the second
(unconventional) branch is greater than 1 and nonmonotonous.

13) In the presence of the internal optical loss that varies with the carrier densities in the OCL, the laser
characteristics have been shown to transform qualitatively with varying temperature: they are conventional, i.e.,
consist of one branch, at low temperatures but they have two branches, i.e., are of a binary nature, at high
temperatures.

14) Operating characteristics of quantum well (QW) lasers have been studied in terms of the thickness of the OCL.
The following quantities have been calculated as functions of the OCL thickness: maximum modal gain, optical
confinement factor (in QW, OCL, and cladding layers), threshold current density, electron and hole densities (in
QW and OCL), internal optical loss (in QW, OCL, and cladding layers), internal differential quantum efficiency,
stimulated and spontaneous recombination currents, and output optical power of the laser. It has been shown that
up to the pump current density 50 kA/cm”2 the output power of the considered lasers depends only slightly on the
OCL thickness in the range of thicknesses 1.5-2.8 9m. This result is important for designing high brightness lasers
as broadened waveguides are used in such lasers to attain low beam divergence. At high pump current densities,
the output power has been shown to have a maximum as a function of the OCL thickness.

Training Opportunities: 1) L. V. Asryan, Seminar at UT Dallas on “Double tunneling-injection lasers and lasers
with asymmetric barrier layers: Optimizing performance by suppressing recombination outside the active region,”
Oct. 19, 2018.
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Results Dissemination: Results of the work obtained during this project performance were disseminated at the
following international conferences:

1) L. V. Asryan and J. L. Monk, “Excited states and optical power of ground-state emission in quantum dot lasers
with asymmetric barrier layers,” All-virtual web conference, Oct. 31 — Nov. 4, 2021.

2) L. V. Asryan, Invited talk on “Internal optical loss and light-current characteristic in injection lasers,” International
School and Conference "Saint Petersburg OPEN", In-person and Virtual, St. Petersburg, Russia, May 25-28, 2021.

3) L. V. Asryan, Invited talk on “Optimizing the quantum dot lasers for high-speed operation: Novel versus
conventional designs,” CLEO 2021, All-virtual web conference, May 10-14, 2021.

4) L. V. Asryan, "Modulation bandwidth of quantum dot lasers with asymmetric barrier layers," International School
Laser Physics, All-virtual web school, St. Petersburg, Russia, Nov. 17-18, 2020.

5) L. V. Asryan and J. L. Monk, “Small-signal dynamic response of quantum dot lasers with asymmetric barrier
layers,” SPIE Photonics West, San Francisco, CA, USA, Feb. 1-6, 2020.

6) Z. N. Sokolova, N. A. Pikhtin, S. O. Slipchenko, L. V. Asryan, “Temperature-induced single-to-double branch
transformation of operating characteristics in semiconductor lasers with a low-dimensional active region,” SPIE
Photonics West, San Francisco, CA, USA, Feb. 1-6, 2020.

7) Z. N. Sokolova, N. A. Pikhtin, S. O. Slipchenko, and L. V. Asryan, "Effect of temperature on the quantum well
laser characteristics," VII International Symp. "Coherent Optical Emission in Semiconductor Compounds and
Structures”, Moscow, Russia, Nov. 18-20, 2019.

8) L. V. Asryan, Invited lecture on "Novel injection lasers: Superior performance via suppression of parasitic
recombination," International School Laser Physics, St. Petersburg, Russia, Oct. 22-25, 2019.

9) L. V. Asryan, Invited talk on "Tailoring the shape of the light-current characteristic in semiconductor lasers,"
International Conf. PhysicA.SPb, St. Petersburg, Russia, Oct. 22-24, 2019.

10) L. V. Asryan, “Light-current characteristic shape transformation in quantum-dot lasers,” SPIE Photonics West,
San Francisco, CA, USA, Feb. 2-7, 2019.

11) L. V. Asryan, "Effects of carrier leakage and noninstantaneous pumping on the modulation bandwidth of a
double tunneling-injection quantum dot lasers," 6th Symp. "Semiconductor Lasers: Physics and Technology"”, St.
Petersburg, Russia, Nov. 13-16, 2018.

12) Z. N. Sokolova, N. A. Pikhtin, and L. V. Asryan, "Degenerated characteristics in semiconductor quantum well
lasers," 6th Symp. "Semiconductor Lasers: Physics and Technology", St. Petersburg, Russia, Nov. 13-16, 2018.

13) F. I. Zubov, M. E. Muretova, M. V. Maximov, A. E. Zhukov, and L. V. Asryan, "Effect of tunneling transparency
of asymmetric barrier layers on the characteristics of quantum well lasers," 6th Symp. "Semiconductor Lasers:
Physics and Technology", St. Petersburg, Russia, Nov. 13-16, 2018.

14) L. V. Asryan, Plenary lecture on “Close-to-ideal semiconductor lasers: Optimizing performance by suppressing
recombination outside the active region,” International Conf. on Microwave & THz Technologies, and Wireless
Communications, Aghveran, Armenia, Sep. 19-21, 2018.

15) L. V. Asryan, Plenary lecture on “Modulation bandwidth of semiconductor lasers with a quantum-confined active
region,” Young Scientists School “Advanced Electronic Devices and Materials”, Aghveran, Armenia, Sep. 19-20,
2018.

16) L. V. Asryan, Invited lecture on “Double tunneling-injection and asymmetric barrier layers: Tools for optimizing
semiconductor lasers,” International Symp. "Modern Problems in Physics: 30 Year Anniversary of the Department
of Theoretical Bases of Microelectronics", St. Petersburg, Russia, Sep. 17, 2018.
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17) M. E. Muretova, F. |. Zubov, L. V. Asryan, E. S. Semenova, M. V. Maximov, and A. E. Zhukov, “Search for
asymmetric barrier layers for 808 nm Al-free laser diode,” 26th International Symposium “Nanostructures: Physics
and Technology,” Minsk, Belarus, June 18-22, 2018.

18) M. E. Muretova, F. I. Zubov, L. V. Asryan, E. S. Semenova, M. V. Maximov, and A. E. Zhukov, “Development of
design of 808 nm Al-free laser heterostructures with asymmetric barrier layers,” 18th International Conference
“Laser Optics 2018,” St. Petersburg, Russia, June 4-8, 2018.

19) Z. N. Sokolova, N. A. Pikhtin, and L. V. Asryan, “Two-threshold semiconductor quantum well lasers,” 18th
International Conference “Laser Optics 2018,” St. Petersburg, Russia, June 4-8, 2018.

20) L. V. Asryan, “Operating characteristics of quantum dot lasers with asymmetric barrier layers,” SPIE Photonics
West, San Francisco, CA, USA, Jan. 27 — Feb. 1, 2018.

21) L. V. Asryan, Keynote lecture “Recombination in waveguide, its effects on the diode laser characteristics, and
methods of its suppression,” International Seminar “Current Problems in Physics and Technology of Semiconductor
Nanomaterials” and SPIE Student Chapter Meeting at St. Petersburg Academic University, St. Petersburg, Russia,
Nov. 10, 2017.

Honors and Awards: 1) L. V. Asryan, Feature interview with Electronics Letters, May 2019
2) L. V. Asryan, Elected to the grade of Senior Member of SPIE, June 2019

Protocol Activity Status:

Technology Transfer: Nothing to Report
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Abstract: Due to internal optical absorption loss, which varies with carrier density in the optical confinement
region, the operating characteristics can be two valued in semiconductor quantum well lasers. Particularly, there
can be two lasing thresholds and two branches in the light—current characteristic. While the internal differential
quantum efficiency for the first (conventional) branch of the light—current characteristic is less than 1 and
decreases with increasing pump current, that for the second (unconventional) branch is greater than 1 and
nonmonotonous.
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Abstract: The effect of out-tunneling leakage of carriers from quantum dots (QDs) on modulation bandwidth of
semiconductor double tunneling-injection (DTI) QD lasers is studied. Fast tunneling-injection into QDs should be
maintained to ensure high modulation bandwidth. It may also seem that out-tunneling leakage from QDs
[tunneling of electrons to the hole-injecting quantum well (QW) and holes to the electron-injecting QW], which is
an undesirable process, should be kept as slow as possible (or even totally suppressed) to maximize the
modulation bandwidth. However, it is shown in this paper that, due to zero-dimensional nature of QDs, the
modulation bandwidth is practically unaffected by out-tunneling leakage from them — it depends only slightly on
the out-tunneling time. Hence, concerning out-tunneling leakage, DTI QD lasers are robust — provided that
tunneling-injection is fast, no significant effort should be necessary to suppress out-tunneling leakage in practical
devices.
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Abstract: A search for materials suitable for implementation of 1.55 um Al-free diode lasers based on InP with
asymmetric barrier (AB) layers is conducted. It is shown that a very high (over 10*6) suppression ratio of the
parasitic electron flux can be achieved using common IlI-V alloys for the ABs. Hence placing such ABs in the
immediate vicinity of the active region should completely suppress the parasitic recombination in the waveguide.
Several optimal AB designs are proposed that are based on one of the following alloys: Al-free GalnPSb, ternary
AllnAs, or quaternary AlGalnAs with a low Al-content. As an important and beneficial byproduct of utilization of
such ABs, an improvement of majority carrier capture into the active region occurs.
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Abstract: A self-consistent model for calculating the threshold and high-power characteristics of semiconductor
quantum well lasers with asymmetric barrier layers is developed. The electron and hole concentrations in the
waveguide region and in the quantum well (QW) and the concentration of photons of stimulated emission are
calculated. The local neutrality in the QW is shown to be strongly violated, especially at high injection currents.
The violation of neutrality in a QW makes the electron and hole concentrations there dependent on the injection
current under lasing conditions: in the structures under consideration, the electron concentration in the QW
decreases while the hole concentration increases with increasing injection current. The violation of neutrality in the
QW causes weakening of the temperature dependence of the threshold current and, hence, an increase in the
characteristic temperature T_0 of the laser.
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Abstract: The light-current characteristic (LCC) of semiconductor quantum well lasers is theoretically studied. It
is discussed here that, due to internal optical absorption loss, which depends on the electron and hole densities in
the optical confinement layer, (i) roll-over of the LCC occurs with increasing injection current, and, (ii) depending
on the parameters of laser structures, the LCC can have two branches, i.e. the optical emission at two different
output powers will be possible within a certain range of injection currents.
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Abstract: A theory of static (threshold and power) characteristics of novel diode lasers - quantum dot (QD) lasers
with asymmetric barrier layers (ABLs) - is developed. The barrier layers are asymmetric in that they have
considerably different heights for the carriers of opposite signs. The use of ABLs should ideally prevent the
simultaneous presence of electrons and holes (and hence parasitic electron - hole recombination) outside the
QDs. It is shown in this work that in such a case of total suppression of parasitic recombination, the QD lasers
with ABLs offer close-to-ideal performance: the threshold current density is below 10 A/cm”2 at any temperature,
the absolute value of the characteristic temperature is above 1000 K (which manifests a virtually temperature-
independent operation), the internal differential quantum efficiency is practically unity, and the light - current
characteristic is linear at any pump current.

Distribution Statement: 3-Distribution authorized to U.S. Government Agencies and their contractors
Acknowledged Federal Support: Y



RPPR Final Report
as of 24-Sep-2021

Publication Type: Journal Article Peer Reviewed: Y Publication Status: 1-Published
Journal: Semiconductors

Publication Identifier Type: DOI Publication Identifier: 10.1134/S1063782620030203
Volume: 54 Issue: 3 First Page #: 366

Date Submitted: 5/1/20 12:00AM Date Published: 4/1/20 4:00AM

Publication Location:

Article Title: Parasitic Recombination in a Laser with Asymmetric Barrier Layers

Authors: F.I. Zubov, M. E. Muretova, A. S. Payusov, M. V. Maximov, A. E. Zhukov, L. V. Asryan

Keywords: diode lasers, asymmetric barrier layers, parasitic waveguide recombination

Abstract: In ABL lasers, two thin barrier layers adjacent to the active region on both sides are intended to
prevent bipolar population in the waveguide and, hence, to suppress parasitic recombination there. A theoretical
model is proposed, which is based on rate equations and includes undesirable yet inevitable in practice carrier
leakage. Solutions to equations are obtained for the steady-state case. By the example of an InGaAs/GaAs
quantum-well laser (lasing wavelength ? = 980 nm), the effect of leakage through ABLs on the device
characteristics is studied. The parasitic-flux suppression ratios C of ABLs which are required to prevent the
adverse effect of waveguide recombination are estimated. In the case at hand, the effect of ABLs becomes
appreciable at suppression ratios of C ? 10*2. To suppress 90% of the parasitic current, C should be 2.3 x 1074,
The effect of ABLs on useful carrier fluxes arriving at the active region is also studied.
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Quantum dot lasers with asymmetric barrier layers:
Close-to-ideal threshold and power characteristics

L.V. Asryan

Abstract. A theory of static (threshold and power) characteristics
of novel diode lasers — quantum dot (QD) lasers with asymmetric
barrier layers (ABLs) — is developed. The barrier layers are asym-
metric in that they have considerably different heights for the carri-
ers of opposite signs. The ABL located on the electron- (hole-) inj-
ecting side of the structure provides a low barrier (ideally no bar-
rier) for electrons (holes) [so that it does not prevent electrons
(holes) from easily approaching the active region] and a high bar-
rier for holes (electrons) [so that holes (electrons) injected from the
opposite side of the structure do not overcome it]. The use of ABLs
should thus ideally prevent the simultaneous presence of electrons
and holes (and hence parasitic electron—hole recombination) out-
side the QDs. It is shown in this work that in such a case of total
suppression of parasitic recombination, the QD lasers with ABLs
offer close-to-ideal performance: the threshold current density is
below 10 A cm2 at any temperature, the absolute value of the char-
acteristic temperature is above 1000 K (which manifests a virtually
temperature-independent operation), the internal differential quan-
tum efficiency is practically unity, and the light— current character-
istic is linear at any pump current.

Keywords: quantum dot lasers, semiconductor lasers.

1. Introduction

In conventional diode lasers, pumping the active region (i.e.,
creating the population inversion required for lasing) is a
three-step process. It includes injection of electrons and holes
to the waveguide region [optical confinement layer (OCL)]
from the cladding layers located on the opposite sides of this
region, transportation through this region to the active reg-
ion, and capture into the latter (Fig. 1a). Only a small fraction
of electrons and holes injected to the OCL is finally captured
into the active region — the majority of them remains in the
OCL. Besides, electrons (holes) are easily transported to that
side of the OCL where holes (electrons) are coming from
(right- (left-) hand side in Fig. 1a). Hence, the carrier popula-
tion is bipolar throughout the OCL. While simultaneous pop-
ulation of electrons and holes is required in the active region,
bipolar population outside the active region is undesirable. In
the presence of such population, electron—hole recombina-
tion occurs there [1—21]. This recombination is parasitic as it
adversely affects the laser characteristics. In particular,

L.V. Asryan Virginia Polytechnic Institute and State University,
Blacksburg, Virginia 24061, USA; e-mail: asryan@vt.edu

Received 22 April 2019
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(1) the fraction of injection current that goes into the para-
sitic electron—hole recombination is considerable; hence the
threshold current is increased [8, 12,13, 15, 18];

(ii) the parasitic recombination outside the active region
presents a major source for the temperature dependence of
the threshold current [8,12,13,15,18]; and

(iii) the parasitic recombination rate rises superlinearly
with injection current above the lasing threshold, which leads
to sublinearity of the light—current characteristic (LCC) and
limits the output optical power [19-21].

0060006 060606006
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Figure 1. Energy band diagrams of (a) a conventional diode laser and
(b) an ABL laser. The vertical solid arrows show the electron—hole re-
combination in the active region (QDs). The vertical dashed arrows
show the parasitic electron—hole recombination outside the active re-
gion (in the OCL).

The use of asymmetric barrier layers (ABLs) was propo-
sed [22,23] as one of two approaches to suppress the recombi-
nation of electron—hole pairs outside a quantum-confined
active region in semiconductor lasers. While the other approach
— double tunneling-injection of charge carriers — was exten-
sively discussed in the context of quantum dot (QD) lasers
[22-31], the concept of ABLs was only applied to quantum
well (QW) lasers so far [32—37]. A considerably higher tem-
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perature stability of the threshold current was demonstrated
in ABL QW lasers as compared to reference QW lasers with-
out ABLs [33]. In the meantime, due to a truly discrete energy
spectrum of carriers in QDs, still better characteristics are
anticipated for ABL lasers, which will use a layer with QDs as
the active region instead of a QW. This work explores the
potential of ABL QD lasers for low-threshold, temperature-
stable, and high-power operation.

In ABL QD lasers, to prevent bipolar population in the
OCL and thus to suppress parasitic recombination there, the
QD layer is sandwiched between two barrier layers. The lay-
ers are asymmetric — in the layer located on that side of the
OCL into which electrons (holes) are injected [left- (right-)
hand side in Fig. 1b], the energy barrier for electrons (holes)
[i.e., the conduction (valence) band offset between the materi-
als of the ABL and OCL] is low (ideally, zero) while that for
holes (electrons) [i.e., the valence (conduction) band offset
between the materials of the ABL and OCL] is high. Such
asymmetry in the barrier heights for electrons and holes in
each ABL will ensure that

(i) the carriers coming from that side of the structure, into
which there were injected, will easily reach and be captured to
the active region; and

(i) the further transport of these carriers to the opposite
side of the structure, i.¢., to that side of the structure, into
which the carriers of the opposite sign were injected, will be
effectively blocked.

Assuming that the ABLs function ideally, there will be no
bipolar population and hence parasitic electron—hole recom-
bination in the OCL in the structure of Fig. 1b, electrons
(holes) will not reach the right- (left-) hand side of the OCL.
The only location in the structure, where the electrons and
holes will meet together and recombine, will be the quantum-
confined active region.

Asymmetric band structures and carrier blocking layers
were discussed elsewhere (see, e. g., [38—46]) but for purposes
other than suppression of the parasitic electron—hole rec-
ombination outside the active region.

2. Rate equations

To explore the potential of ABL QD lasers for low-threshold,
temperature-stable, and high-power operation, it is assumed
here that the ABLs function ideally, i.e.,

(1) the left-hand-side ABL totally blocks holes from enter-
ing the left-hand side of the OCL while not hindering at all the
electron injection into QDs; and

(i1) the right-hand-side ABL totally blocks electrons from
entering the right-hand side of the OCL while not hindering
at all the hole injection into QDs.

The following set of rate equations is used, which includes
all the main processes in the layered structure of Fig. 1b:
for free electrons in the left-hand side of the OCL,

on. _ J
blaitL - e + UnvnnlNan — 0V, Ns(1 _f") M

for free holes in the right-hand side of the OCL,

OPr _ J . :
by =4 + 00PN f, 0,0, PR Ns (1= 1) @)

for electrons and holes confined in QDs,
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o
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Inly
— Nsg ‘L‘QI: - ngmax n +j;1 - l)nPh’ (3)
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2NS§ = 0,V,pr Ns(1 = f,) = 0,v,p1Ns f,
Jn Ty ax
— Ng 1:QDP — g8 (St fp = Dinpn @)
and for photons,
anPh max
Tor 8 (S * Jp = Dinpn = cofBnpp, ©)

Here, b, (b,) is the thickness of the left- (right-) hand side
of the OCL [the separation between the n- (p-) cladding layer
and the left- (right-) hand-side barrier (see Fig. 1b)]; n; and
pr are the free-electron and -hole densities in the left- and
right-hand sides of the OCL, respectively; j is the injection
current density; e is the electron charge; g, , are the cross sec-
tions of electron and hole capture into a QD; v, , are the elec-
tron and hole thermal velocities; Ng is the surface density of
QDs; f,, , are the electron- and hole-level occupancies in QDs;
Top is the spontaneous radiative lifetime in QDs; ¢, is the
group velocity of light in the cavity; g™ is the maximum
value of the modal gain [8,12,15]; 8 = (1/L)In(1/R) is the mir-
ror loss coefficient; L is the cavity length; R is the facet reflec-
tivity; and np, is the photon density (number of photons per
unit area of the junction) in the lasing mode.

The quantities n; and p; in (1)—(4) characterise the intensi-
ties of electron and hole thermal escape from a QD to the
OCL. They are given by

E
m=NPexp(-22), pi= NPexp(--~). ©)

where N5 = 2[mO¢" T/(2nh?)]** are the effective densities of
states in the conduction and valence bands in the OCL; mgsl
are the electron and hole effective masses in the OCL; E,, , are
the electron and hole excitation energies from a QD to the
OCL; and T'is the temperature (in units of energy).

The first term in the right-hand side in Eqn (1) [Eqn (2)] is
the electron (hole) injection flux (in units of cm= s™') from the
n- (p-) cladding layer to the OCL. Each of these fluxes is given
by the total injection current density j divided by the electron
charge: this reflects the fact that the current in the n- (p-) clad-
ding layer (including the boundary with the OCL) is purely
electron (hole) current.

The second term in the right-hand side in Eqn (1) [Eqn (2)]
is the flux of thermal escape of electrons (holes) from QDs to
the OCL and the third term is the flux of electron (hole) cap-
ture from the OCL into QDs.

In (3) and (4), Nsf,f,/tqp is the spontaneous radiative
recombination flux in QDs. In (3)—=(5), ¢,g™*(f,, *+ f, = Dnpn
is the flux of stimulated radiative recombination of electrons
and holes in QDs, i.e., the flux of stimulated emission of pho-
tons. The second term in the right-hand side of (5) is the flux
of photon escape from the cavity through the mirrors.

Adding up equations (1) and (3) gives

bt

TQD

0 J
a(blnL +2Nsf) =5 -
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- cggmax(fn +j; - l)nph‘ (7)

Adding up equations (2) and (4) gives

JnJp

TQD

%(bsz +2Ns f,) = é — Ns

- ngmax(fn +ﬁ) - 1)nph- (8)

Subtracting Eqn (7) from Eqn (8) gives
O l(bapr + 2Ns ) - (bimy + 2N5 1)) = 0. ©)

Equation (9) is the condition of conservation of the total
charge in the laser structure, which includes the charge of free
electrons in the left-hand side of the OCL, free holes in the right-
hand side of the OCL, and electrons and holes confined in QDs.
Since the laser structure is not originally charged, the following
condition of global charge neutrality is obtained from (9):

biny + 2Ng f,, = bypr + 2Ns /. (10)

Equality (10) simply states that the total charge of elec-
trons in QDs and the left-hand side of the OCL is compen-
sated for by the total charge of holes in QDs and the right-
hand side of the OCL. As seen from (10), the local charge
neutrality is violated in QDs, i.e., f, # f, in the general case.

3. Steady-state characteristics

A GalnAsP heterostructure lasing near 1.55 um is considered
in this work [8, 12,13, 15]. The materials of the cladding lay-
€rs, OCL and QDS are InP, Ga0'211n0'79Aso'46P0'54 and
Gayg 47Ing 53As, respectively, with the latter two being lattice-
matched with InP. The cavity length is L = 1.139 mm (the
mirror loss is 8 = 10 em™), the width of the laser stripe is 2
um, the surface density of the QD is Ng=6.11 X 10! cm2, and
T=300K.

Continuous-wave operation is considered here and hence
the rate equations (1)—(5) are solved at the steady state. At the
steady state, the set of differential equations (1)—(5) reduces
to the set of algebraic equations. As shown below, solving this
set of algebraic equations reduces in turn to solving a single
algebraic equation in one unknown [see Eqn (15)].

From Eqn (5) at the steady state, the lasing condition is
obtained in the form (equality of the gain to the loss):

§M (St -1 =8 an

From (11) and (1), f, and n; are expressed in terms of f,, as
follows:

S h) =1 gfax I (12)
ot J
MU =my T (3

From (2) and using (12), pr is also expressed in terms of f,,,

ez gy I J _
REPNZ S ea,u,Ns[L— ()]

L+ Ble™ gy J
Jo—Blg™ " ea,0,Nolfy — plg™

Substituting f,, ., and pr from (12)—(14) into (10), the
following equation is obtained to find f,:

(14)

=D

Jn J
b + 2N
W TZ7 T eomns(—gy| NS
1+ Blg™ — £, '
= bz[pl ﬁ g max + ] max
o _ﬂ/g eUpUpNS(fn _ﬁ/g )

+2NS<1+%—fn>. (15)

Equation (15) can be rewritten as a cubic equation in f,,.
Solving (15), f, is found and then, using (12)—(14), f,, n;, and
pr are calculated.

As seen from (15) and (12) and shown in Fig. 2, f, and f,
vary with injection current density j. The fact that the elec-
tron and hole level occupancies in QDs are not pinned in the
lasing regime is entirely due to violation of local neutrality
in QDs, i.e., to electron—hole asymmetry. Indeed, assuming
local neutrality in QDs one would immediately obtain from
(11) that f, , are pinned at the same (threshold) value given
by

fnneutral :f;eutral — l(l + gfax)’ (16)

2

and shown by the horizontal dashed line in Fig. 2.
From Eqn (7) [or (8)] at the steady-state and using (11),
the photon density is calculated,

J—Jsen())
e 2

(17)

nph(j) = Tph

where 7, = 1/(cyf) is the photon lifetime in the cavity and

Sy
0.83

-neutral
Jup

0.67

0.51

5000
JIA cm™

Figure 2. Electron and hole level occupancies in QDs vs. injection cur-
rent density. The horizontal dashed line shows the electron and hole
level occupancies calculated assuming local neutrality in QDs [Eqn
(16)]. The horizontal dotted lines show the asymptotic values of the
electron and hole level occupancies given by (29) and (30).
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J9on(f) = L’NS% (18)

is the spontaneous radiative recombination current density in
QDs.

Finally, the current density of stimulated recombination,
Jsum» and the output optical power of the laser, P, are calcu-
lated,

L npw(j) ., .
JmmU)=€Ji;—=J—J$aU%

(19)

P(j) = ho

”ph(j)S ho
b T e

. . h .. .
TS = S fim (1)S = TS = j3on(/)],(20)
h
where fiw is the photon energy, S = WL is the cross section of
the junction, and W is the lateral size of the device.
The output power can be written as
. h .. .

P(j) = =S = jw)in () @1
where the threshold current density jg, (the lowest pump cur-
rent density, at which the lasing starts) is found as the root of
the equation

J= i) =0, (22)
and 7, is the internal differential quantum efficiency (effi-
ciency of stimulated emission), which is defined as [47]

Jsim(J) _ J = Jspon())

nint(]) - ] _jth ] _jth

(23)

If QDs were neutral, the optical power would be given by

preval = 1O g _ jre), (24)
with
neutraly 2
j&eulral — eNS (f” ) (25)

QD

being the threshold current density in that case. As seen from
(24) and (25), under the condition of local neutrality in QDs,
the LCC of ABL QD lasers (the output optical power versus
the injection current density) is linear.

As seen from (17), (19), and (20), the only mechanism of
non-stimulated recombination in an ideally functioning ABL
QD laser is the spontaneous radiative recombination in QDs.
Since the level occupancies in QDs f,(j) and f,(j) cannot
exceed unity, the current density consumed by spontaneous
radiative recombination in QDs [see (18)] also remains lim-
ited,

QD 5y LNS
]Spon(J) TQD‘

(26)
For typical values of the surface density of QDs Ng (< 10'! cm™)
and spontaneous radiative recombination time in QDs 7qp
(=~ Ins), the upper limit for the spontaneous recombination
current density eNg/top is less than 20 A cm2, which is a very
low value. This means that, no matter what are the particular
functional dependences of f, and £, on j, for the pump current
density j >> eNg/tqp, the spontaneous recombination current

density in QDs can be safely neglected compared to j in (20)
thus yielding a linear LCC (Fig. 3),

. hw .
P(j)="2S. 27)

Z 180F
il 180
A

90

1
0 5 10
JIKA ecm™

Figure 3. Light—current characteristic of an ABL QD laser: output op-
tical power vs. injection current density; 7= 300 K.

As seen from (21) and (27), the internal differential quan-
tum efficiency #;, is practically equal to unity.

As it might be concluded from (20) and (18), due to viola-
tion of local neutrality in QDs and the fact that f, and £, are
nonlinear functions of the injection current density (Fig. 2),
the LCC should also be nonlinear at low j, i.e., at j slightly
above j,. However, even at low j, the LCC of ABL lasers is
virtually linear and very close to that given by Eqn (24) for the
case of neutral QDs. The physics behind this is as follows. To
satisfy the lasing condition (11), the sum £, + f, should remain
constant. With (11) and (16), this sum can be written us

fntfp=2 Soueutral| (28)

What this means is the increase in f,, with j is compensated for
by the decrease in f, (Fig. 2). Hence, while the electron and
hole level occupancies in QDs significantly vary with j, their
product, which determines the spontaneous radiative recom-
bination current density in QDs [see (18)], is almost constant
and hence is not significantly affected by violation of local
neutrality in QDs (Fig. 4). As a result of this, so is the LCC of
the laser even at low j.

As seen from Fig. 2, f,, and f, saturate with increasing ;.
From (15) and (12), the following expressions are obtained
for the asymptotic values of f, and f, at j > oo (the dotted
horizontal lines in the figure):

max
ﬁ/g + 7:p,c:al:xt,O/rn.capt,O

1 + Tp,capl,O/Tn,capt,O

(29)

fn, asympt =

ﬁ/gmax + Tn,capl,O/Tp,capl,O

1+ Tn,capl.O/Tp.capt,O

f1‘1, asympt = s (30)
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Figure 4. Spontaneous radiative recombination current density in QDs
vs. injection current density. The horizontal dotted line shows the as-
ymptotic value js%lojn,asympt = (GNS/TQD)fn,asymptfp,asympta where f;z,asympt
and f,, asymp are given by (29) and (30); 7'= 300 K.

where

Tcapt,0 = D1V capt,0s Tp.capt,0 = D2V capt,0 (31
are the capture times of electrons and holes from the left- and
right-hand sides of the OCL, respectively, into an empty QD
ensemble (when f,, , = 0). In (31), v, capt,0 and V), cap, 0 are the
capture velocities (in units of cm s7') into an empty QD ens-
emble given by [19-21]

Up,capt,0 = 0V, Ns, Vp,capt,0 = GpvaS' (32)

While f, and f, differ considerably from each other, the
free electron density ny in the left-hand side of the OCL is
almost the same as the free hole density pg in the right-hand
side of the OCL in the case of b; = b, considered here (Fig. 5).
This is because each of the electron and hole charges (per unit
area) confined in all QDs, 2Ny f, and 2N f,, is negligible com-

pared to the free-electron and -hole charges in the left- and
right-hand sides of the OCL, b;n; and b,pg.

Using (29) and (30) in (13) and (14), the following expres-
sions are obtained for the asymptotic values of n; and pg at
j — 00

Tn,capt,O + Tp.capl,O ]
1 _ﬂ/gnmx e’

blnL,asymp = b2pR,asympt -

(33)

While the threshold current density for the case of neutral
QDs is given by a closed-form expression [see (25)], no such
expression can be derived for the case of charged QDs.
However, the upper limit for jy can be easily found in the
general case. As seen from (22), since j3b0, is limited [see (26)],
Jmn 1s limited as well and the upper limit for the latter is the
same as that for jQo,,

jth < eNs/'L'QD. (34)

As with the dependence on the injection current density,
violation of local neutrality in QDs leads to the temperature-
dependence of f, and f, (see [12,13,15] where this has been
considered in the context of conventional QD lasers). If QDs
were neutral, £, , [see (16)] and hence the threshold current
density [see (25)] would be independent of temperature. Acco-
rdingly, the characteristic temperature (a figure of merit of a

diode laser from the viewpoint of temperature-stability of jy,)
defined as

0 lnj[h >7l

T:
0 (6T

(35)

would be infinitely high.

As seen from (15), primarily due to exponential [see (6)]
temperature dependences of n; and p; [the T-dependence of
the electron and hole thermal velocities v,, , also entering into
(15) is much weaker compared to these], £, should be temper-
ature-dependent as well. Hence, so should be f, [see (12)].
Similarly to the dependences on the injection current density
(Fig. 2), since the sum f, + f, should remain constant [see
(28)], to satisfy the lasing condition (11), the increase in f,

—
—
T

ny, pg /10" cm™

0 100 200
JjIA em™

Figure 5. Free-clectron density in the left hand side of the OCL and
free-hole density in the right hand side of the OCL vs. injection current
density; 7= 300 K.

f;’l,lh’.f}),lh

0.86

fp,th
f neutral

0.67 -
fn,th

0.48F

1
200 325 450

T/K
Figure 6. Electron and hole level occupancies in QDs at the lasing

threshold vs. temperature. The horizontal dashed line shows the elec-
tron and hole level occupancies calculated assuming local neutrality in

QDs [Eqn (16)].
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with T'is compensated for by the decrease in f, (Fig. 6). As a
result of this, the spontaneous recombination current den-
sity in QDs jy,, controlled by the product of f, and f, [see
(18)], and hence the threshold current density j;, [determined
from (22)], vary only slightly with temperature varying in a
wide range (Fig. 7). As seen from Fig. 7, j;, is below 10 A cm™2
in the entire temperature range from 200 to 450 K. As also
seen from the figure, the temperature dependence of j, is
nonmonotonous: with increasing temperature, jg first
decreases, then increases, and then decreases again. Hence
the characteristic temperature 7, twice changes its sign: it is
first negative, then positive, and then negative again (Fig. 8).
At the temperatures, at which jy, is at its minimum and max-
imum (217 and 401 K, respectively), the characteristic tem-
perature is infinitely high (7, = o0): 1/T, = 0 at these tem-
peratures in Fig. 8. As seen from Fig. 8, the absolute value of

6.22

Juw /A cm™

570

200 325 450
TIK

Figure 7. Threshold current density of an ABL QD laser vs. tempera-
ture.

1100/T; /K"

200 325 450
T/K

Figure 8. Reciprocal of the characteristic temperature of an ABL QD
laser (multiplied by 1100) vs. temperature. The horizontal dashed line
shows the reciprocal of the characteristic temperature calculated assum-
ing local neutrality in QDs (T¢*""™! = o0). At T =217 K, f, 4 is at its
minimum and f,, 4 is at its maximum (see Fig. 6), jy, is at its minimum
(see Fig. 7), and hence [see (35)] 1/Ty = 0. At T =401 K, f, ,=f,.n =
f’;t;”"“l (see Fig. 6), j;, is now at its maximum (see Fig. 7), and hence 1/7
1s again equal to zero.

Ty is above 1100 K in the entire temperature range. Such
high values of T, in ABL lasers with charged QDs represent
virtually temperature-independent j,; for any practical
applications.

4. Conclusions

A theory of static characteristics of novel semiconductor las-
ers — QD lasers with ABLs — has been developed. Assuming
that the ABLs function ideally, i.e., they completely block the
simultaneous presence of electrons and holes outside the QDs,
and hence the parasitic electron—hole recombination is totally
suppressed there, it has been shown that the QD lasers with
ABLs offer close-to-ideal performance: the threshold current
density is below 10 A cm™ at any temperature, the absolute
value of the characteristic temperature is above 1000 K (which
manifests a virtually temperature-independent operation),
the internal differential quantum efficiency is practically
equal to unity, and the LCC is linear at any pump current.
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Abstract—A self-consistent model for calculating the threshold and high-power characteristics of semicon-
ductor quantum well lasers with asymmetric barrier layers is developed. The model, which is based on a sys-
tem of rate equations, uses the universal condition of global charge neutrality in the laser structure. The elec-
tron and hole concentrations in the waveguide region and in the quantum well (QW) and the concentration
of photons of stimulated emission are calculated. The local neutrality in the QW is shown to be strongly vio-
lated, especially at high injection currents. The violation of neutrality in a QW makes the electron and hole
concentrations there dependent on the injection current under lasing conditions: in the structures under con-
sideration, the electron concentration in the QW decreases while the hole concentration increases with
increasing injection current. In the case of the ideal functioning of asymmetric barrier layers, when electron—
hole recombination in the waveguide region is completely suppressed, the violation of neutrality in the QW
has almost no effect on the dependence of the output optical power on the injection current: the quantum
efficiency is close to unity and the light—current characteristic is linear. Nevertheless, the violation of neu-
trality in the QW causes weakening of the temperature dependence of the threshold current and, hence, an

increase in the characteristic temperature 7| of the laser.

DOI: 10.1134/S1063782618120059

1. INTRODUCTION

The use of asymmetric barrier layers (ABLs) [1—4],
along with the double tunneling injection of charge
carriers [5—8], was previously proposed for suppress-
ing parasitic electron—hole recombination in laser
waveguides, and, thereby, for attaining a radical
improvement in the characteristics of lasers with a
low-dimensional active region. In both of these types
of laser, recombination is suppressed by preventing the
simultaneous (bipolar) presence of electrons and holes
anywhere in the structure except for the active region.
In lasers with ABLs (Fig. 1), the bipolar population in
the waveguide region (the optical confinement layer
OCL) is blocked by using two asymmetric barrier lay-
ers. One barrier layer (the left one in Fig. 1) allows
electrons injected from the n-type emitter to enter the
active region but prevents the leakage of holes from the
active region to the left-hand part of the waveguide
region, where there is a significant concentration of
electrons. The other ABL (the right one in Fig. 1)
allows holes injected from the p-type emitter to freely
reach the active region but blocks the electron leakage
from this region to the right-hand part of the wave-
guide region, where holes are abundant.

The operating characteristics of lasers with ABLs
and a quantum-well (QW) active region were calcu-
lated in [9]. The asymmetry between the filling of
electron and hole states was taken into account in
these calculations, but, at the same time, it was
assumed that the QW is electrically neutral, i.e., the
two-dimensional concentrations of electrons and
holes in the QW are the same. However, it was shown
earlier [10—13] that, because of the asymmetry
between the electron and hole parameters, local elec-
troneutrality in the active region is violated even in
conventional laser structures without ABLs. In lasers

Seeeee
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Fig. 1. Schematic energy-band diagram of a laser with
asymmetric barrier layers.
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with ABLs, in addition to the asymmetry between the
electron and hole parameters, there is asymmetry in
the spatial distribution of oppositely charged carriers
in the waveguide region (in Fig. 1, electrons are pres-
ent only in the left-hand part and holes only in the
right-hand part of the waveguide) and, thus, the viola-
tion of local electroneutrality in the active region can
be manifested to an even greater degree. In this paper,
we present a self-consistent model for calculating the
threshold and high-power characteristics of semicon-
ductor QW lasers with ABLs taking into account the
possible violation of electroneutrality in the active
region and using the universal condition of global
charge neutrality in the structure.

2. BASIC EQUATIONS

Our model is based on the following system of rate
equations:

nOCL ] nQW OCL
bl 5t = ; + - Vn,capt,(](l - f,,)l’lL , (1)
aPOCL J pQW OCL
b2 R ==+ - Vp,Capt,O(l - -f‘P)pR S (2)
ot € Tp,esc
on™Y oct  nV oW ow
=v, (1= f)n g %
at ,capt,0 L Tn’esc D (3)
—c, 8" (S + [, — D,
apQW ocL pQW oW ow
= —y a-rf)p _2__p )
at p.capt,0 p)PR Tp)esc 5 (4)
—c, & (S + [, — Dy,
anph _ max 1 S
ot =C.8 (f;; + fp - )I’lph — chnph- ( )

Here, the unknowns are the three-dimensional con-

centration nf L of free electrons in the left-hand part
of the waveguide region, three-dimensional concen-

tration ngL of free holes in the right-hand part of the
waveguide region, two-dimensional concentrations
n?% and p?W of electrons and holes localized in the
QW, and the concentration n,, of stimulated-emission
photons per unit contact area.

Equations (1)—(5) also feature the occupancies f,
and f, of the states corresponding to the bottom of the
electron and the top of the hole quantum-confine-
ment subbands in the QW, respectively. However,
these quantities are not independent, because they
can be expressed in terms of the electron and hole
concentrations in the QW [14—16]:

QW QW

fnzl—exp(—%j, fpzl—exp(—%j, (6)

c v

ASRYAN et al.

where N, CZ 'V) = mS,:ZT /(nth?) are the two-dimensional
effective densities of states in the conduction and

valence bands of the QW, m?,‘,z are the electron and

hole effective masses in the QW, and 7'is the tempera-
ture expressed in units of energy.

The following quantities enter Egs. (1)—(5) as
parameters: b, and b, are the thicknesses of the left-
and right-hand parts of the waveguide region (which
are typically the same); j is the injection current den-
sity; e is the elementary charge; T, .. and T, . are the
times of thermal escape of electrons and holes from
the QW to the waveguide region, respectively; v, ..o
and v, ..o are the velocities of electron and hole cap-
ture from the waveguide region into the empty (f, =
J, =0) QW, measured in cm/s; B;p, is the coefficient of
spontaneous radiative recombination in the two-
dimensional region (the QW), measured in cm?/s [17];
¢, is the group velocity of light; g™ is the maximum
modal gain coefficient in the QW; B =
[1/2D)]In[1/(R,R,)] represents the output loss of
photons from the cavity; L is the length of the laser
Fabry—Perot cavity; and R, and R, are the reflectiv-
ities of the facet mirrors of the cavity.

The times of thermal escape from the QW to the
waveguide region can be expressed in terms of the
velocities of capture from the waveguide to the empty
QW 8, 18]. In the case of undoped waveguide and QW
regions, these expressions are [8, 18]

1 N2D
Tn,esc = < 2
Vn,capt,O(l - f;z) n
N2D
Tp,esc = 1 - ? (7)

Vp,capt,O(] - fp) D
where

_ W
nlszDexp(——AE" En ],
T

AE — eV
» =N3Dexp(——vT 2 J (8)

Here, ny[y) = 2[mf,’)VCLT/(Znhz)P/2 are the three-
dimensional effective densities of states in the conduc-

. . . . ocL
tion and valence bands in the waveguide region; m,,

are the electron and hole effective masses in the wave-
guide region; AE, , are the discontinuities of the con-
duction- and valence-band edges at the heterointer-
face between the QW and the waveguide region; and

sSW and eSW are the energies of the bottom of the elec-

tron and the top of the hole quantum-confinement
subbands in the QW, respectively.

In this study, we make the assumption, reflected in
Egs. (1)—(5), that both ABLs function perfectly: free

SEMICONDUCTORS  Vol. 52 No. 12 2018
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electrons are absent in the left-hand part and free
holes in the right-hand part of the waveguide region

ocL ocL .
(i.e.,ng = p, ~ =0)and, consequently, recombina-

tion in the waveguide is completely suppressed.

Equations (1)—(5) represent a system for finding
five unknowns (four charge-carrier concentrations

n ", pect, @, and p@» and the photon concentra-

tion n,,). It is shown below that four of the five
unknowns in this system can be expressed via the fifth
one (for definiteness, let this one be n?Y) thus reduce
the solution of the system to the solution of an alge-
braic equation for this unknown (n%).

Adding Egs. (1) and (3), we obtain

9 (B0 + n®™y = L - @ po¥

ot e )
- ggmax(f;1 + fp - l)nph’

and adding Egs. (2) and (4), we obtain

20+ p

ot e (10)
- ggmax(f;l + fp - 1)nph‘

Comparing Egs. (9) and (10), we find

OCL

—[e(bsz n™)=0. (1)

+p%") — o) +

The expression in square brackets in Eq. (11) is the
total charge per unit contact area in the laser structure.
Therefore, this equation represents the condition for
conservation of the total charge in the laser structure.
Since the structure is initially neutral, we obtain from
Eq. (11) the universal condition of its global electro-
neutrality in the form

OCL

oCL
bin.

= bypg (12)

which presents the equality of the total charge per
unit area of electrons in the QW and the left-hand
part of the waveguide region to the total charge of
holes in the QW and the right-hand part of the
waveguide region.

+n?% + pV,

We consider the continuous-wave operation of the
laser and, thus, will solve the rate equations (1)—(5)
for the steady-state case (d/0d¢ = 0 in all equations).

OCL

From Egs. (1) and (2), nSCL and pg

expressed as

can be

2t = / 41 L% 3)
eVn,capt,O(l - f;z) Tn,esc Vn,capt,O(1 - ﬁ4)

OCL _ J + 1 1

QW
0 (14)
eVp,capt,O(l - fp) Tp,esc Vp,capt,O(1 -

A%
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Taking into account Eq. (7), Egs. (13) and (14) can
be written as

oCL J "
nL = nl 2D’ (15)
ev, n,capt, 0(1 f ) Nc
ocL J pQw
PR = + D . (16)
ev p.capt, 0(1 f ) szD

Using Eq. (6) in Eq. (15), we ultimately express

OCL _ .
n - via n@W:

. QW QW
ocL _ _J n n

n exp +n . (17)

- evn,capt,() [ czD] 1 NC2D

In the steady-state case, Eq. (5) yields
—1= B 18
St Ty ——t (18)
g

which is the lasing condition. Using Eq. (6) in Eq. (18),
we obtain

QW QW
1—exp (_ 7\[sz —&Xp [_ pNzDJ = Eax (19)
c v g
from whence p@¥ can be expressed via n®V as
QW _ A72D 1
p- =N, In 5 CTaY (20)
1- max eXp| — 2D
g N,
From Eq. (18), we have for (1 —f,)
l—fr—r__B 21
fP -/;l max ( )
g
or, using Eq. (6),
QW
1-f, =1- B —exp| -2 |. (22)
p gmax ( NC2D

Using Egs. (20) and (22) in Eq. (16), we ultimately

express pg - via nW:
gCL _ J
QW
€V p,capt,0 [1 - Eax —&xp (_ 7\,2D]:|
+ p In

QW 1\’
1 - Eax —¢Xp (_ 7\[2[))
g ¢

Substituting expressions (17), (20), and (23) for

OCL

n o, p, and ngL into the condition of global elec-
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troneutrality represented by Eq. (12), we obtain the
following transcendental algebraic equation for n?%:

. QW QW
bl[ J exp(” 2Dj+n1 n—m}+an
evn,capt,O N N

c c

- J

B n®"
eV, capt.0 {1 - o —exp _N fD

+ pIn 5 oW
l - max —€exXp _N2D
g ¢
+N1n

\4 QW .
1_ Eax _eXpE_;lVZDJ
g

c

(24)

The solution of this equation yields the two-
dimensional concentration n?V of electrons in the QW
as a function of the injection current density j and the
parameters of the laser structure. Having determined

7, we can then calculate 10", p@%, and pg<" using
Egs. (17), (20), and (23).

The concentration of photons in the cavity can also
be expressed in terms of n?V. From Egs. (9) and (10),
we have for the injection current density in the steady-
state case

j=eBpn? p?™ + ec,g" " (fy + f, =Dy (25)

Using Eq. (18) and introducing the photon lifetime
in the cavity

1
T =— (26)
ph ’
ch
we can express the injection current density as
n
j=eBpn? p? + et (27)

Tph
from whence the concentration of stimulated-emis-

sion photons is

QW QW

Ny = Ton i_ Bypn="p ) (28)

where p@¥ is expressed via n?¥ according to Eq. (20).

The solution of Eq. (24) makes it further possible to
calculate the light—current characteristic of the laser,

ASRYAN et al.

i.e., the dependence of the output optical power on the
injection current density [19, 20]:

. . . n.
P(j) = %"’Sfmm(j) = ho™ s

ph

= %‘”S[j —eBpn®™ (NP2 ()] (29)

= ’%‘”S(j — Je M),

where 7 is the photon energy, S = WL is the area of
the stripe contact, Wis the contact width, and j, is the
threshold current density.

The stimulated-recombination current density and
the internal differential quantum efficiency (the effi-
ciency of stimulated radiative recombination) appear-
ing in Eq. (29) are given as follows [21]:

. n .
Juim = €22 = j—eBypn?" p™, (30)
ph
Mg = =200 31)
J — Jin

The threshold current density ji;, is found as the
root of the equation

Mo (/) =0 (32)
or, using Eq. (28),
J—eBypn®™ (j)p (j) = 0. (33)
Expression (31) can be written as
y _ _J=eBpn® (Dp® ()
nint(.]) - . QW . QW .
J—eBpn " ()P~ (Jin) (34)

. QW . . QW , .
T = Jgenld) _ J = gen(h)
-, QW - R X P
J— .]spon,th J —Jm
where we introduced the current density of sponta-
neous radiative recombination in the QW

Joon(/) = eBon®™ (Hp?" (j) (35)
and expressed the threshold current density as
Jin = .ls?bon,th = eBzD”Q (Jm)PQ (Jun) (36)
= eB2Dnt?1Wpt(l)1wa
where
na” =0 () and  pg" =p™ () BT

are the threshold concentrations of electrons and
holes in the QW.

3. DISCUSSION OF THE RESULTS

In this section, we present the results of calcula-
tions performed on the basis of our model for laser
structures emitting at wavelengths of A, = 808 nm

SEMICONDUCTORS  Vol. 52 No. 12 2018
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(Figs. 2—7a) and 840 nm (Figs. 7b—9). In the structure
emitting at 808 nm, the materials for the QW and
waveguide regions are (GaAs),q(Gay s Ing4P)¢; and
(GaAs)g46(Gag 51Ing 49P)g 54, Tespectively; the thick-
ness of the QW is 7.4 nm. In the structure emitting at
840 nm, the materials for the QW and waveguide
regions are GaAs and Al ,Ga, gAs, respectively [3, 9];
the thickness of the QW is 7.5 nm. The thickness of the
waveguide region in both structures is # = 0.4 um. The
cavity length and the width of the stripe contact are
L =500 um and W= 3 um, respectively.

Under the assumption of local electroneutrality in
the QW [3, 9], the concentration of electrons and
holes in the QW remains unchanged with increasing
injection current and equal to its threshold value. As
can be seen from Eq. (24), when the violation of local
electroneutrality in the QW is taken into account, the
electron concentration in the QW #?W and, therefore,
also the hole concentration p?% (see Eq. (20)) become
dependent on the injection current density j. Accord-
ing to the lasing condition (19), n?¥ and p?% cannot
increase or decrease simultaneously. If #9% decreases
with increasing current, the fulfillment of condition
(19) requires that pQW increases and vice versa.

Figure 2 shows the dependences of the concentra-
tions n?Y and p?W on the injection current density.
According to this figure, n®V decreases and p<¥
increases with increasing current in the structure
under consideration. Therefore, the difference
between n?% and pQ@¥ increases (that is, the violation of
the local electroneutrality becomes stronger) with
increasing pump current. Nevertheless, it can be seen
that both the decrease in #?V and the increase in p?W
level off with increasing j, so that n?% and pW
approach their asymptotic values (which are shown in
the figure by dotted horizontal lines). The following
expression for the asymptotic value of @V at j — oo
can easily be obtained from Eq. (24):

1+ Tp,capt,O

QW 2D Tpcapt,0
nasympl - Nc h'l - s (38)

1__B
gmax
where
b b,
Tn,capI,O = and Tp,capl,O = (39)
Vn,capt,O Vp,capl,O

are the capture times of electrons from the left-hand

part and holes from the right-hand part of the wave-

guide region into the empty QW, respectively.
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Fig. 2. Two-dimensional concentrations of electrons and
holes (solid and dash-dotted curves, respectively) in the
QW as functions of the injection current density (bottom
axis) and injection current (top axis). The dashed horizon-
tal line shows the concentration of electrons and holes in
the QW calculated on the assumption of local electroneu-
trality in the QW. The dotted horizontal lines show the
asymptotic values of the electron and hole concentrations
in the QW, given by Egs. (38) and (40). Figures 2—7a show
the results of calculations for the structure emitting at a
wavelength of Ay = 808 nm. In Figs. 2—9, the thickness of
the waveguide region b = 0.4 um, the cavity length L =
500 um, and the width of the stripe contact W= 3 um.

Using Eq. (38) in Eq. (20), we obtain the asymp-
totic value of pQW at j — oo:

1 + Tn,capl,O
T

p,capt,0

B

max

QW _ 2D
pasympt - NV 11'1

(40)

In this paper, we use equal values for the velocities

of electron and hole capture into the QW (v, .00 =

Vyeapro = 1 % 10° cm/s) and assume that the QW is
placed in the middle of the waveguide region, i.c., we
use equal values for the thicknesses of the left-hand
and right-hand parts of the waveguide region (b, =
b, = b/2 = 0.2 um). Thus, the times of electron and

hole capture into the QW are the same (T, .0 =

Tycapto — 0-2 ns). According to Egs. (38) and (40), if
the electron and hole capture times are equal, the
maximum value of the ratio of the positive to the neg-
ative charge in the QW is

QW 2D QW

Clasympt _ Ny~ _ myy
QW ~ A2D T QW

enasympl N c ¢

(41)
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Fig. 3. Occupancies of the states corresponding to the bot-
tom of the electron and the top of the hole quantum-con-
finement subbands in the QW (solid and dash-dotted
curves, respectively) as functions of the injection cur-
rent density (bottom axis) and injection current (top
axis). The dotted horizontal line shows the asymptotic
values of the occupancies, given by Egs. (42) and (43) and
coinciding with each other when the times of electron
and hole capture into the QW coincide.

. 2D
where we used the expressions for N,

» given after
Eq. (6). For the considered QW based on

W W
(GaAS)0‘9((‘-}aO.51an‘.49P)(.).l: ?a(zympt/nz?sympt =54 (See
dotted horizontal lines in Fig. 2). Thus, our calcula-
tions demonstrate that local electroneutrality in the
QW s violated to a significant extent, especially at high

pump currents.

Figure 3 shows the occupancies of the states corre-
sponding to the bottom of the electron and the top of
the hole quantum-confinement subbands in the QW
versus the pump current density. The character of
these dependences is evident from Eq. (6) and Fig. 2:
f, decreases since n®" decreases, and f, increases since
pV increases. With increasing current, f, and Iy
approach the following asymptotic values:

B T
p,capt,0
max +
_ n,capt,0
f;t,asympt - ] (42)
1+ Tp,capl,O
Tn,capt,O
B Tn ca
,capt,0
gmax + T
— p.capt,0
.fp,asympt - . (43)
1+ Tn,capt,O
Tp,capt,O
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Fig. 4. Concentrations of free electrons in the left-hand
part of the waveguide region and holes in its right-hand
part (solid and dash-dotted curves, respectively) per unit
contact area as functions of the injection current density
(bottom axis) and injection current (top axis).

When T, ....0 = Tp.capt0» the asymptotic values given by
Egs. (42) and (43) coincide (see the dotted horizontal
line in Fig. 3).

As far as the hole charge in the QW exceeds the
electron charge (Fig. 2), the condition of global elec-
troneutrality, given by Eq. (12), requires that the

charge eblnf L of electrons in the left-hand part of the

. . OCL
waveguide region exceeds the charge eb,pg ~ of holes
in its right-hand part. Figure 4 shows the concentra-
tions of free electrons and holes in the left- and right-
hand parts of the waveguide region, respectively, ver-
sus the injection current density. For comparison with
the two-dimensional carrier concentrations in the QW
(Fig. 2), the concentrations of free carriers in the
waveguide shown in Fig. 4 are recalculated per unit
area of the contact; i.e., we plot in Fig. 4 the values of

OCL

bn. " and b, ngL. As can be seen from Figs. 2 and 4,

the values of blnfCL and b, ngL are close to each other
and are considerably higher than the concentrations
n?% and pVW of electrons and holes in the QW. Thus, a

. ocL OCL /-
small relative excess of n; ~ over pg ~ (Fig. 4) com-
pensates for a significant excess of p?W over n@V
(Fig. 2).

The asymptotic expression for blnf “Land b, pg L at
J — oo has the following form:

OCL _ OCL _ Tn,c:apt,O + Tp,capt,O _]
blnL,asympt - b2pR,asympt - - (44)
-B e
max
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Fig. 5. Density of the spontaneous radiative-recombina-
tion current in the QW as a function of the injection cur-
rent density (bottom axis) and injection current (top axis).
The dashed horizontal line shows the density of the spon-
taneous radiative-recombination current in the QW calcu-
lated under the assumption of local electroneutrality in the
QW. The dotted horizontal line shows the asymptotic value
of the density of spontaneous radiative recombination cur-
rent in the QW, given by Eq. (45).

Because the electron and hole concentrations in
the QW depend on the injection current density, the
density of the spontaneous radiative-recombination

current in the QW also depends on j: jsc;r; increases

with increasing j (see Fig. 5). However, in contrast to
n¥ and p?Y, which exhibit significant variations with

the injection current (Fig. 2), js?)m grows insignifi-
cantly: as j varies from j;, = 103 A/cm? to 20 kA/cm?,

the value of jS?JX\; only changes from 103 to 110 A/cm?.
One can see from expression (35) that this behavior of

Ji Tesults from the fact that the growth in p@¥ with
the injection current is compensated to a significant
degree by a reduction in n®¥ (Fig. 2). Since both n?%

and p@¥ level off with increasing current, js?)r,’] also lev-
els off. Using Eqgs. (38) and (40), we obtain the follow-

ing expression for the asymptotic value of js(g,f:,/1 atj— oo
(dotted horizontal line in Fig. 5):

QW _ 2D A72D
.]spon,asympl - eBZDNc Nv
1 + Tp,capt,O 1 + Tn,capt,O
% 1Il Tn,capt,O 1Il Tp,capl,O (45)
B B
max max
SEMICONDUCTORS Vol.52 No. 12 2018

1627

LA
0 0.1 0.2 0.3
1.000 T T T T u 0.46
. z
£ 0.992 70.23 o0
0.984 : L : 0
0 10 20
J, kA/cm?

Fig. 6. Internal differential quantum efficiency (left axis)
and output optical power (right axis) as functions of the
injection current density (bottom axis) and injection cur-
rent (top axis).

Since the density of the spontaneous radiative-
recombination current in the QW is low and remains
bounded from above with increasing pump current
(Fig. 5), it follows from Eq. (34) that the internal dif-
ferential quantum efficiency should approach unity,
i.e., increase with pump current, which indeed can be
seen in Fig. 6 (left axis). According to this figure, N;,,
is close to unity even at the lasing threshold, and, thus,
its increase is insignificant.

Figure 6 also shows the output optical power of the
laser (right axis) as a function of the pump current
density. One can see that the dependence is linear and
is indistinguishable from the light—current character-
istic calculated under the assumption of local electro-
neutrality in the QW [9]. The closeness of 1;,; to unity
(Fig. 6) and the linearity of the light—current charac-
teristic (similarly to the case of local neutrality in the
QW) result from the assumption of the ideal function-
ing of ABLs, implying that recombination in the wave-
guide region is completely suppressed.

Figure 7 shows the characteristic temperature of
the laser, defined as [11, 22]

. -1
T = (8 In jth)
or )’
as a function of the operating temperature for the
structures emitting at 808 and 840 nm. For compari-
son, we also plot the values of 7; calculated under the

assumption of charge neutrality in the QW [3] (dashed
lines). It was shown in [3] that, in the case where

(46)
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Fig. 7. Characteristic temperature of a laser with asymmet-
ric barrier layers versus the operating temperature for the
structures emitting at (a) 808 and (b) 840 nm. The dashed
lines show the characteristic temperature calculated on the
assumption of local electroneutrality in the QW.

recombination outside the active region is completely
suppressed (the case we consider in this study)
Topewe =T (47)

According to Fig. 7, the characteristic tempera-
ture T, calculated taking the violation of charge neu-
trality in the QW into account is higher than 7} .,

(48)

The value of T exceeds T ., by a larger margin in
the structure emitting at 840 nm (see Fig. 7b).

7;) > TE),neu'r

This result, which means that the violation of
charge neutrality in the QW leads to weakening of the
temperature dependence of the threshold current (as is
shown in Fig. 8), is not self-evident. As can be seen
from Eq. (36), this requires that the product of

QW QW

ny, P grows with increasing temperature more

ASRYAN et al.
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Fig. 8. Threshold current density of a laser with asymmet-
ric barrier layers as a function of temperature. The dashed
line shows the threshold current density calculated under
the assumption of local electroneutrality in the QW. Fig-
ures 8 and 9 show the results of calculations for the struc-
ture emitting at a wavelength of A, = 840 nm.
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Fig. 9. Temperature dependences of the threshold concen-
trations of electrons and holes (solid and dash-dotted
curves, respectively) in the QW. The dashed line shows the
threshold concentration of electrons and holes calculated
on the assumption of local electroneutrality in the QW.

slowly than (m%ﬁeut)z, where rlfﬁem is the concentra-
tion of electrons and holes in the case of charge neu-
trality in the QW. Figure 9 shows the temperature

W
dependences of nfﬁ , pt?lw, and m%ﬁeut. One can see

that, while the electron concentration nfﬁ increases

with temperature faster than m(fl,wnem , the hole concentra-

tion pg" increases significantly more slowly than nt?l,wneul ,

SEMICONDUCTORS  Vol. 52 No. 12 2018
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and, thus, the product nfﬁw pfﬁw indeed increases more

slowly with increasing temperature than (%?I,Wnem)z-

4. CONCLUSIONS

Thus, we have developed a self-consistent theoret-
ical model for calculating the threshold and power
characteristics of semiconductor QW lasers with
ABLs. The model, based on a system of rate equations,
makes use of the universal condition of global charge
neutrality in the laser structure. The concentrations of
electrons and holes in the waveguide region and in the
QW and the light—current characteristics of the laser
have been calculated. We have shown that local neu-
trality in the QW is severely violated, especially at high
injection currents. The violation of charge neutrality
in the QW leads to the dependence of the electron and
hole concentrations there on the injection current
under lasing conditions. In the structures considered
here, the electron concentration in the QW decreases
and the hole concentration increases with injection
current. In the case of ideally functioning ABLs, when
electron-hole recombination in the waveguide region
is completely suppressed, the violation of neutrality in
the QW has almost no effect on the internal differen-
tial quantum efficiency and the light—current charac-
teristic of the laser: the quantum efficiency is close to
unity, and the light—current characteristic is linear.
However, the violation of neutrality in the QW leads to
weakening of the temperature dependence of the
threshold current and, thus, to an increase in the char-
acteristic temperature 7; of the laser.

The developed theoretical model can be used for
the further optimization of laser structures with ABLs.
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Abstract—A search for materials suitable for implementation of 1.55 um Al-free diode lasers based on InP
with asymmetric barrier (AB) layers is conducted. It is shown that a very high (over 10°) suppression ratio of
the parasitic electron flux can be achieved using common I11-V alloys for the ABs. Hence placing such ABs
in the immediate vicinity of the active region should completely suppress the parasitic recombination in the
waveguide. Several optimal AB designs are proposed that are based on one of the following alloys: Al-free
GalnPSb, ternary AllnAs, or quaternary AlGalnAs with a low Al-content. As an important and beneficial
byproduct of utilization of such ABs, an improvement of majority carrier capture into the active region

occurs.

DOI: 10.1134/S1063782618140336

1. INTRODUCTION

Parasitic recombination of charge carriers in the
waveguide layers is one of the main fundamental fac-
tors limiting the diode laser performance [1, 2]. This
recombination causes an intrinsic (i.e., in the absence
of self-heating) saturation of the light-current charac-
teristic and deteriorates the temperature-stability of
semiconductor lasers. To suppress the parasitic
recombination, a concept of asymmetric barrier (AB)
layers has been proposed [1]. The AB that adjoins the
active region on the p(n)-emitter side blocks electrons
(holes) due to the energy barrier in the conduction
(valence) band while not preventing holes (electrons)
from reaching the active region (see Fig. 1). Previ-
ously, the AB-concept was implemented solely for
830—850 nm AlGaAs/GaAs diode lasers, for which its
effectiveness was proved experimentally [3, 4].

In this work, we discuss a need for and a possibility
of application of the AB-concept to 1.55 um Al-free
lasers on InP substrates. Although there has been
experimental work on the use of charge carrier block-
ing layers in 1.55 um devices [5, 6], no laser hetero-
structures comprising two ABs, which would block
charge carriers of both signs, have been realized so far.
Here we perform a systematic search for AB-materials
among commonly-used 11—V compounds aimed to
maximize the suppression of the parasitic carrier
fluxes while keeping to a minimum the impact of the

! The article is published in the original.

ABs on the useful fluxes. The optimal AB-designs are
proposed and their parameters are discussed.

2. REFERENCE LASER HETEROSTRUCTURE

As a reference structure, for which we will search
for ABs, we consider here a completely Al-free Galn-
AsP/InP laser diode having a conventional separate-
confinement heterostructure design (same as in Fig. 1
but without AB layers). The elimination of Al is bene-

S Intermediate eAB
layers

e
S . . S
B Waveguide ow Waveguide 2
O layers layers O
< &

_/ I_

hAB ‘\ @

Fig. 1. Schematic energy band diagram illustrating the
concept of a laser with ABs; p(n)-side AB [marked as eAB
(hAB)] aims to suppress the electron (hole) transport.
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Fig. 2. Contour plot for the localization energy for elec-
trons in the QW based on Ga,In; _ ,As Py _ , which can

be used to achieve ground-state optical transition at
1550 nm for the case of GalnAsP barrier layers having the
band-gap of 1.15 eV. The dashed lines are the contour lines
for the lattice-mismatch 9.

ficial from the viewpoint of post-growth processing as
GalnAsP is resistant to oxidation and characterized by
a lower surface recombination velocity [7]. The wave-
guide we use here is a GalnAsP quaternary alloy lat-
tice-matched to the substrate having the band gap
of E, = 1.15 eV [8]. InP is used as the material for
claddings. The quantum well (QW), also made of
GalnAsP, is the active region of the reference structure.

Figure 2 shows the contour plot for the localization
energy of electrons in the QW for those compositions
that provide the ground-state optical transition wave-
length of Ay = 1.55 um * 5 nm. Here we put the follow-
ing constraints on the QW design: the QW width w =
5—8 nm and the lattice-mismatch |8 < 2% (see the
dashed contour lines in Fig. 2). As seen from the fig-
ure, the strongest electron localization is achieved in

the ternary InAs ¢ Ppy (E°° =166 meV; for holes,

E° =181 meV). However, even in this case, the elec-
tron confinement does not reach the value, which is
necessary to suppress the electron escape from the QW

(TkgT, i.e., E' > 175 at room temperature [2]).

In this work, we consider a common lattice-
matched ternary Gaj4Ings;As as the QW material
instead of InAs ;P 1; (see Fig. 2). The advantages of
using this material for the QW will be discussed below.

In this QW, E.°° = 106 meV, E;*° = 241 meV; the con-
duction band (CB) and valence band (VB) offsets at
the heterointerface with the waveguide are AE-. =
160 meV and AE,, = 255 meV, respectively.

ZUBOV et al.

3. METHOD OF SEARCH FOR ABs

We looked for AB materials among ternary and
quaternary alloys comprising commonly-used group
III (Al, Ga, and In) and IV (As, P, and Sb) elements.
The Al-fraction was limited to about 40%, which is
dictated by the need to eliminate the non-intentional
oxidation of the AB layers. A measure of effectiveness
of the AB layer, which we use here, is the suppression
ratio (C) of the parasitic flux by the AB with respect to
the flux in the absence of AB. Correspondingly, the
main goal of our search was to maximize C. When cal-
culating the fluxes, we assumed that the ABs are
incorporated in the waveguide material.

We used the following search criteria for the AB
materials:

(i) the restriction on the lattice-mismatch is [9] <
2%;

(ii) if the AB-material forms a spurious barrier for
the useful flux (in Fig. 1, such a barrier for electrons is
formed by the hAB), the suppression ratio of the useful
flux should not be higher than 25%;

(iii) the barrier height for the parasitic flux is lim-
ited by 300 meV, and

(iv) if the AB-material forms a spurious well (in
Fig. 1, such a well for holes is formed by the eAB), the
well should not be deeper than 125 meV.

Compliance with the last two criteria allows to
achieve the desired wavelength A, = 1.55 um using the
above selected QW-material by tuning the QW-width
within the 5—8 nm range. If the AB-material forms a
spurious well, we do not set any restraint [such as (ii)]
on the useful flux suppression since in this case the AB
can be placed immediately adjacent to the active
region thus improving the capture of majority carriers
into the active region.

The thickness of the AB-layer was varied from 3 nm
up to the smaller of the critical thickness of dislocation
formation and 15 nm. Thus the optimal thickness of
the AB-layer was determined, which provides the
highest parasitic flux suppression for the given mate-
rial composition. A detailed description of our method
of search for ABs will be presented elsewhere [9].

4. RESULTS AND DISCUSSION

Figure 3 shows the results of our search for the
p-side ABs. The contour plots in the figure present the
dependence of the suppression ratio of the parasitic
electron flux C, on the composition of the ABs made
of GalnPSb (a) or AlGalnAs (b) alloys. The data pre-
sented satisfy the above discussed search criteria and
the C, values correspond to the optimal AB-thick-
nesses (only C, > 10° and C, > 10% are shown for
GalnPSb and AlGalnAs, respectively). It is seen from
the figure that these alloys allow to achieve very high
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suppression ratios. The maximal values of C, are 4.3 %

10% and 2.9 x 10 for GaInPSb and AlGalnAs, corre-
spondingly. To compare, in the 808 nm Al-free
AB-laser on the GaAs substrate, the maximal value of
C. is 160 as it follows from our calculations for the
p-side ABs based on various III—V compounds [9].
Such a rapid (exponential) growth of the suppression
ratio with increase in Al-fraction for AlGalnAs
(see Fig. 3b) is due to a linear growth of the height of
the barrier in the CB formed by the AB. We see that in
both cases (i.e., of GalnPSb and AlGalnAs) the p-side
ABs can be made lattice-matched (see the dashed
lines in Fig. 3 that correspond to the contour lines
for 9).

We should mention that the restriction on forma-
tion of a spurious well in the VB [see criterion (iv)]
does not allow to use GalnPSb or AlGalnAs for the
p-side AB. If the spurious well depth would be limited
to 50 meV instead of 125 meV, there would still be no
suitable composition within the AlGalnAs alloy,
whereas the maximal C, would be reduced to 200 in
the case of GalnPSb. It is worth mentioning that the
AlInAsP and AlInPSb quaternaries also have suitable
compositions for the p-side AB. However, as these
alloys do not provide evident advantages compared to
GalnPSb or AlGalnAs, we do not present here the
results for them.

Based on the above results of our search for the
p-side AB materials, we propose three optimal designs
for electron-blocking layers (eAB1, eAB2, and eAB3,
labeled by the triangle, circle and cross in Fig. 3,
respectively)—see Table 1 for their parameters. The
advantage of the first compound (Ga 4Ing 4P ¢3Sbg 32)
is that it does not contain Al. Hence adding eABI to
the reference structure will keep it completely Al-free.
The disadvantage of the first design is the presence of
Sb—the element, which utilization in epitaxy is less
common. In view of this, a reasonable alternative for
eABI1 is the use of either Alj,In,ssAs (eAB2) or
Al 4Gay o7In, 53As (eAB3) alloys, which have a moder-
ate Al-content. Alj4In,sgAs is a common ternary
alloy providing the highest e-flux suppression ratio
(C, = 10°) among our proposed ABs. As for
Aly 4Ga, o7Ing 53As, although it is a quaternary alloy, it
is lattice-matched to the substrate and common for
epitaxial growth.

Note that in all three designs, a spurious potential
well is formed in the VB. If the AB immediately
adjoins the active QW (i.e., there is no intermediate
layer), the hole capture into this QW will be mediated
through the spurious well, which may increase the
capture velocity into the active QW. We also note that
the deviation within £2% around the target composi-
tion of each of the proposed ABs will still keep the
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Fig. 3. Contour plots for the parasitic electron flux sup-
pression ratio for the ABs based on Ga,In; _ xPySb] —y (a)
and Al,Ga In; _, _ As(b). Three proposed compositions
for the p-side AB, eAB1, eAB2 and eAB3 are labeled by the
triangle, circle and cross, respectively. The dashed lines are
the contour lines for the lattice-mismatch 9.

material in the region of suitable compounds with suf-
ficiently high e-flux suppression ratio C.,.

As for the hole blocking AB on the n-side of the
structure, we found no materials that satisfy all the
above discussed criteria and provide a noticeable sup-
pression of the parasitic hole flux. However, as we
mentioned above, the material, which we selected for
the QW in the reference structure, Ga, 4In s;As, is
characterized by high localization energy for holes,
241 meV. Hence, taking into account that this local-
ization energy is significantly higher than the thresh-
old energy for carrier escape (7kgT), as well as a poten-
tially improved capture of holes into the active QW in
the presence of a spurious well in the structures with
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Table 1. Proposed designs for the p-side AB and their parameters

Composition Gay ¢Ing 4P 63Sbg 32 Alg 42Ing s5As Alg 4Gag g7Ing 53As
Designation eABI1 eAB2 eAB3
e-flux suppression ratio, C, 4.1 %103 1.0 x 10° 5.7 x 104
h-flux suppression ratio, Cy, — — —
Mismatch, % 0.85 —0.37 —0.02
Critical thickness, nm 12.9 37.1 oo
Optimal thickness, nm 12.9 13.9 15
Barrier for e, meV 200 270 258
Well for hh, meV 47 112 78
Well for 1h, meV 114 84 76
a) negative value—compression of the AB layer.
eAB1, eAB2, or eAB3, we can expect that the bipolar REFERENCES

population, and hence the parasitic recombination,
will be sufficiently suppressed also in the n-side wave-
guide layer in the proposed laser heterostructure.

5. CONCLUSIONS

We have identified suitable materials for the p-side
AB for 1.55 um Al-free InP-based diode lasers. With
the use of such ABs, the bipolar population and hence
parasitic recombination will be virtually suppressed on
the p-side of the laser structure. The use of
Gay 4;In, 53As as the material for the active QW, which
provides deep localization for holes, will aid in sup-
pressing the bipolar population and parasitic recombi-
nation on the n-side of the structure as well.
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Close-to-ideal semiconductor lasers:
Optimizing performance by suppressing recombination outside the active region

Levon V. Asryan
Virginia Polytechnic Institute and State University, Blacksburg, USA

In conventional diode lasers with a low-dimensional active region, the electrons and holes are first
injected from the cladding layers into a bulk reservoir, which also serves as the waveguiding layer [optical
confinement layer (OCL)]. The carriers are then transported to the active region and, finally, captured into
the latter. Due to bipolar (i.e., both electron and hole) population in the OCL, a certain fraction of the
injection current goes into electron-hole recombination there. This parasitic recombination outside the
active region is a major source of the temperature dependence of the threshold current [1]. In addition, the
carrier capture from the OCL into the active region is not instantaneous. For this reason, the carrier density
in the OCL, and hence the parasitic recombination rate, rise, even above the lasing threshold, with injection
current. This leads to sublinearity of the light-current characteristic (LCC) and limits the output power,
especially at high pump currents [2—4].

To suppress the recombination outside the quantum-confined active region, two design approaches were
proposed. One of the approaches [5—11] exploits double tunneling-injection (DTI), i.e., tunneling injection
of both electrons and holes into the active region from two separate quantum wells (QWs). In a DTI laser,
the quantum-confined active region, located in the central part of the OCL, is clad on each side by a thin
barrier and a QW. Electrons and holes are injected into the active region by tunneling from the
corresponding QWs. Ideally, there should be no second tunneling step, i.e. out-tunneling from the active
region into the ‘foreign” QWs (electron-injecting QW for holes and hole-injecting QW for electrons).

The other approach [6, 7] is based on independent tailoring of the conduction and valence bandedges by
means of the use of two asymmetric barrier layers (ABLs) — one on each side of the active region. The ABL
in the electron-injecting side of the structure should ideally prevent holes from entering that side while not
hindering the electron-injection into the active region. The ABL in the hole-injecting side should prevent
electrons from entering that side while not hindering the hole-injection into the active region. A laser
utilizing ABLs was termed a bandedge-engineered laser [6, 7, 12] or an ABL laser [13-15].

In both DTI and ABL lasers, there will be no electrons (holes) in the hole- (electron-) injecting side of
the structure, i.e., the bipolar population will be suppressed outside the active region.

As discussed in this presentation, the total suppression of bipolar population and, hence, of
recombination outside the active region would result in close-to-ideal operating characteristics in DTI and
ABL lasers, namely, virtually temperature-insensitive threshold current, close-to-one internal quantum
efficiency, and linear LCC. The dynamic characteristics would also be improved in these lasers [16, 17].

This work was supported by the US Army Research Office under Grant No. W91 1NF-17-1-0432.
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Interview

Levon Asryan

“Our work aids the understanding of the physical
phenomena that control the output optical power of
diode lasers with a low-dimensional active region.”
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Doctor Levon V.
Asryan from Virginia
Polytechnic  Institute
and State University,
talks to Electronics
Letters about the paper
‘Evolution of light-current
characteristic shape in high-
power semiconductor quantum
well lasers’, page 550.

Tell us about your field of research

Diode lasers, which are also termed laser
diodes, injection lasers, or semiconductor
lasers, have numerous practical applications,
among which are fiber-optic communication
systems. In present-day diode lasers, the stimu-
lated emission (the useful optical output) is
generated in low-dimensional active regions.
While reducing the dimensionality of the active
region of injection lasers was proposed some time
ago as an efficient tool to improve their operating
characteristics, many challenges still exist for such
lasers. Among them is the internal optical absorp-
tion loss, which consumes generated photons thus
reducing the useful optical output of the laser. The
effect of internal loss on the light output of semi-
conductor quantum well lasers is one of the focuses
of this Letter.

Light-current characteristic (LCC) is one of
the key characteristics of injection lasers. It
presents the output optical power as a function
of the input injection current. Ideally, this charac-
teristic should be as steep as possible and remain
linear with increasing pump current. In diode
lasers with a low-dimensional active region,
there are always considerable concentrations of
electrons and holes in the optical confinement
layer (the region wherein the emitted light is
confined) in addition to those in the active
region. These unwanted charge carriers outside
the active region absorb the light generated in the
active region. The concentrations of these carriers
increase with increasing pump current. Hence
more photons are absorbed with increasing
pump current. As a result, the output optical
power is degraded and the linearity of the LCC is
adversely affected. The purpose of our study was
to quantify the extent to which the LCC is
impacted by the internal loss.

Can you describe the background to the
work performed and the advance reported
in your Electronics Letters paper?

We showed that, in addition to the expected
decrease in linearity, roll over of the LCC occurs
with increasing injection current in quantum well
lasers. More surprisingly, depending on the
parameters of the laser structures, the LCC can be
two-valued, i.e., at high enough pump currents,
there will be two possible values of the output
optical power at a given current. We showed how
a single-branched LCC evolves into a double-
branched LCC with increasing velocity of capture
of charge carriers from the optical confinement
layer into the active region (quantum well).

Both the phenomena
of rolling-over LCC and
the existence of the
second branch in the
LCC present very inter-

esting and  important
results. The roll-over should
be inherent in any diode
lasers with a quantum-confined
active region. The point is that
both factors contributing to rolling-over
(the increase in the concentrations of charge
carriers outside the quantum-confined active
region that occurs with increasing injection current,
and the internal absorption of generated light) are
inherent in such lasers. As for the second branch in
the LCC, with the parameters of a given laser struc-
ture, we can predict whether it will be present in
that structure. In addition, by tuning the parameters
of laser structures, we can transform a single-
branched LCC into a double-branched LCC.

What is the significance of this and what
challenges did you have to overcome?

Our work aids the understanding of the physical
phenomena that control the output optical power
of diode lasers with a low-dimensional active
region, such as quantum well lasers and quantum
dot lasers. In the short term, by controllably
changing the parameters of laser structures, the
findings of this work will help to improve the
linearity of the LCC and hence to increase laser
output optical power at a given pump current. In
the longer term, provided that controllable tran-
sitions between the two branches of the LCC are
experimentally feasible, a diode laser offering
fast switching between two optical outputs will
be possible.

How are you planning to develop this
work and what else are you working on
now?

We are planning to identify feasible approaches
for experimental observation of the second branch
in the LCC and for switching between the two
branches. We are also currently working on other
factors that control the operating characteristics of
diode lasers with a low-dimensional active
region, such as non-instantaneous capture into
the active region and parasitic recombination
outside it. Work is also planned on novel types
of semiconductor lasers with a quantum-confined
active region, such as double tunnelling-injection
lasers and lasers with asymmetric barrier layers.

How do you think the field will develop
over the next ten years?

Technological advances have allowed us to
continuously improve the characteristics of the
existing types of diode lasers as well as realise
novel semiconductor lasers such as quantum dot
lasers. Future research in the field of diode
lasers, in our opinion, will be on the development
of truly temperature-insensitive, high-speed, and
energy-efficient laser diodes for a broad range of
applications.

doi: 10.1049/e.2019.1249



Evolution of light-current characteristic
shape in high-power semiconductor
quantum well lasers

Z.N. Sokolova, N.A. Pikhtin and L.V. Asryan™

The light-current characteristic (LCC) of semiconductor quantum well
lasers is theoretically studied. It is discussed here that, due to internal
optical absorption loss, which depends on the electron and hole
densities in the optical confinement layer, (i) roll-over of the LCC
occurs with increasing injection current, and, (ii) depending on the
parameters of laser structures, the LCC can have two branches,
i.e. the optical emission at two different output powers will be possible
within a certain range of injection currents.

Introduction: We develop a theory of light-current characteristic (LCC)
of semiconductor quantum well (QW) lasers (Fig. 1) in the presence of
internal optical absorption loss, which depends on the carrier density in
the optical confinement layer (OCL) [1]. We show that, depending on
the parameters of laser structures, one of the following two situations
will be realised:

(i) Roll-over of the LCC occurs with increasing injection current, i.e. the
output power first increases, approaches its maximum value, and then
decreases and continuously goes to zero at a certain current, which is
the maximum operating current (Fig. 2, curves 1 and 2).

(i) As in case (i), roll-over of the LCC occurs with increasing injection
current. However, in contrast to case (i), the lasing quenches at a non-
vanishing output power, i.e. while the output power is non-zero at the
maximum operating current, there will be no lasing immediately
beyond this point. In this case, in addition to the rolling-over branch
of the LCC, there will be the second branch of the LCC, i.e. the
second mode of lasing. The threshold for the second branch is higher
than that for the first (conventional) branch and the maximum operating
current is the same as that for the first branch (Fig. 2, curves 3 and 4).
With increasing injection current from the second threshold to the
maximum operating current, the output power of the second mode
increases from zero and approaches the same value as that of the first
mode, i.e. the two branches merge together (Fig. 2, curves 3 and 4).
As in the first mode, there can be no lasing in the second mode
beyond this merging point. Hence, in this case, above the second
lasing threshold and up to the maximum operating current, there are
two possible modes for lasing, i.e. the LCC is two-valued.

waveguide region
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Fig. 1 Schematic energy band diagram of a semiconductor laser with a low-
dimensional active region
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In this work, we discuss the evolution of the LCC shape from the con-
ventional rolled-over one [the above case (i)] to the two-valued one
[case (ii)], which occurs with varying the QW laser structure parameters.

Theoretical model: Our model is based on the following set of five
steady-state rate equations [2—4]:
for electrons in the OCL of thickness b [b(3n°"/0r) = 0],

J nv ocL OCL, OCL
;+ NQW - - NQWVn,capl,O(l _fn) n - bB3Dn p =0,
(1)
for holes in the OCL [b(ap°“\/ar) = 0],
J v
;+ NQW I - NQWVp.capl,O(l *fp)pOCL — bB3DnOCLpOCL =0,
piesc
2)
for electrons in QWs (3n?V /ot = 0),
QW N
Vircapt.0 (1 _ﬁ;) nOCL _ :_17 _ BZDnQWpQW _ ngmaxa;' +fp _ l)g —0,
n,esc
3)

for holes in QWs (p% /or = 0),

OCL PQW QW_QW N
Vp,capl,O(1 _.f;z)P ————Bypn<"p - ngmax(ﬁl +fp - I)E =0,
Tp.esc
@
for photons in the lasing mode (3N /3t = 0),
ceNow 8™ (fu +fp — DN — cg(B + ain)N = 0. 4

The following quantities are the five unknowns to be found from the
solution of (1)~(5): n°°* and p°" are the densities of electrons and
holes in the OCL, n?% and p?™ are the densities of electrons
and holes in the QWs, and N is the number of photons of stimulated
emission.

In (1)—(5), f, and f, are the occupancies of the states corresponding to
the lower edge of the electron subband and to the upper edge of the hole
subband in a QW. They are related to the electron and hole densities
n?Y and p?¥ in the QWs as follows [5-7]:

fo=1=exp(—n®/NP),  f,=1—exp(—=p®/NP).  (6)

where Nf},’ = m?\a/h T/(mh 2) are the 2D effective densities of states in
the conduction and valence bands in the QWs, mg\ﬁ/h are the electron and
hole effective masses in the QWs, and T is the temperature in units of
energy.

The following parameters enter into (1)—(5): j is the injection current
density, e is the electron charge, Now is the number of QWs, v, capto
and v, cap0 are the capture velocities (measured in cm/s) of electrons
and holes from the OCL, respectively, into an empty (at f,=0 and
5=0) QW, 7, and 7, ., are the thermal escape times of electrons
and holes, respectively, from the QWs to the OCL which can be expressed
in terms of the capture velocities — see [8, 9], Bsp and B,p are the
spontaneous radiative recombination coefficients in the bulk region
(OCL) and 2D region (QWs) measured in cm’/s and cm?/s, respectively,
(see [10, 117 for the expressions for B3p and Byp), ¢, is the group speed of
light, g™ is the maximum modal gain in each QW (see [12] for the
expression for g™™), §= WL, where W is the stripe contact width and L
is the cavity length, the mirror loss f=(2L)™" (R;R>) .

ln(Rle)’l, R, and R, are the mirror reflectivities, and «;, is the
internal optical absorption loss coefficient.

As seen from Fig. 1, the carriers are not directly injected into
a quantum-confined active region of the laser. They are first injected
from the cladding layers into the OCL and then they are captured
from the OCL into the active region. A key component of our theoretical
model is that we do not assume instantaneous capture of carriers from
the OCL into the QWs, i.e. we do not assume that the capture velocities
are infinitely high; instead, we use finite values for them. In fact,
the capture velocities Vv, capto and v, capo may vary in different laser
structures as they depend on the QW depth, i.e. on the compositions
of the QW and OCL materials; they also depend on the QW width.
In [13, 14], we evaluated the electron capture velocity for our experi-
mental laser structures using our theoretical model.

ELECTRONICS LETTERS 2nd May 2019 Vol. 55 No. 9 pp. 550-552



Another key component of our theoretical model is the internal
optical absorption loss, which depends on the electron and hole densities
in the OCL [15]

OCL OCL OCL OCL
Qjny = ap + r Op,int N + r Tp,int P 5 (7)

where o, and o, are the cross sections of light absorption by
electrons and holes in the OCL, respectively, T is the optical confine-
ment factor in the OCL, and a, is the constant component of the internal
loss coefficient, which is primarily due to light absorption in the
cladding layers.

Owing to the fact that the carrier capture from the OCL into the QWs
is not instantaneous, the densities of these carriers in the OCL are not
pinned — they grow with increasing injection current in the lasing
mode [16, 17]. As a result of this, as seen from (7), the internal
optical loss in the OCL increases as well.

In contrast to [5, 6, 18], wherein charge neutrality was assumed to
hold locally in a low-dimensional active region of the laser, we use
here the condition of global charge neutrality, i.e. the condition of equal-
ity of the total charge of electrons in the OCL and QWs to the total
charge of holes in these two regions [2—4]

e(Nown®™ + bn®") = e(Nowp®™ + bp°ch). ®)

The output optical power as a function of the injection current density
(the LCC) is given as [19]

P(j) =hwcgBN(). )

where o is the angular frequency of the lasing emission and N() is the
number of photons in the lasing mode, which is found from the solution
of the set of rate equations (1)—(5).

In [18], under the condition of local charge neutrality in the active
region, closed-form solutions of the rate equations were obtained and
the following analytical criterion for the appearance of the second
branch of the LCC was derived

OpintVn,capt,0
—_— 10
2 b B}D gmax ( )

Under the condition of global charge neutrality in a QW laser structure,
no closed-form solutions of the set of rate equations (1)—(5) can be
obtained and, correspondingly, no analytical criterion for the appearance
of the second branch of the LCC can be derived. However, the analytical
criterion (10) proved to be helpful also in this case.

Discussion: We solve numerically the set of rate equations (1)—(5) for the
experimental laser heterostructures emitting at 1.01 um. A single strained
QW of 50 A width is made of indium gallium arsenide (InGaAs). The
material of the OCL is GaAs, and the OCL thickness is b= 1.7 um.
The material of the cladding layers is Aly3Gag;As. The cavity length is
L=0.15cm. The cross-sections of light absorption by electrons and
holes in the OCL are o,,, jn=3 107'® cm? and Opint = 1077 ¢m?. The
dopant concentrations in the n- and p-claddings are 5x10' and
3.5x10" ecm™, respectively. The constant component of the internal
loss coefficient is atp=2 cm™'. The spontaneous radiative recombination
coefficient in the OCL material (GaAs) is Byp=2.044 x 107° cm¥s.
The maximum modal gain is g™ =51.89 cm™.

Fig. 2 shows the LCCs calculated at various values of the electron and
hole capture velocities from the OCL into the QW. Curve 1 corresponds
t0 Vycapto =3 % 10° cm/s and Vp.capt,0 = 3 X 10° cm/s; curve 2 corre-
sponds to v, capt0= 7.5 X 10° cm/s and Vp.capt,0 = O X 10° cm/s; curve 3
corresponds to v, capi0 = 10° cm/s and Vp.capt,0 = 10° cm/s; curve 4 corre-
sponds to V,, capt,0 =2 X 10° cm/s and Vp.capt,0 = 10° cm/s. As seen from
Fig. 2, the LCC shape changes with varying the capture velocities.
At relatively low capture velocities (curves 1 and 2), case (i) is realised,
i.e. the output power increases, approaches its maximum value, and then
decreases and continuously goes to zero. As also seen from the figure,
the maximum output optical power increases with increasing capture
velocities.

At high capture velocities (curves 3 and 4 in Fig. 2), case (ii) is
realised, i.e. in addition to the rolling over (conventional) branch of
the LCC, the second branch appears in the LCC. The threshold for
the second branch is higher than that for the first branch. At the
maximum operating current, the two branches merge together.

Immediately beyond the merging point (at which the optical power is
non-zero), there can be no lasing in the structure.

Conclusions: The LCC of semiconductor QW lasers has been theoreti-
cally studied in the presence of internal optical absorption loss, which
depends on the electron and hole densities in the OCL. It has been
shown that depending on the values of the electron and hole capture
velocities from the OCL into the QW, two different shapes of the
LCC can be realised. At low capture velocities, the LCC is single-
branched and rolling over with increasing injection current. At high
capture velocities, the LCC is two-branched — it has the second
branch in addition to the rolling over branch. In contrast to the rolling
over branch, the optical power in the second branch is continuously
increasing with increasing pump current. The two branches merge
together at the maximum operating current beyond which the lasing
quenches in both branches.
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Abstract—In a laser with asymmetric barrier layers (ABLSs) two thin barrier layers adjacent to the active region
on both sides are intended to prevent bipolar population of the waveguide layers, hence, to suppress parasitic
recombination in them. A theoretical model of a laser with ABLs, based on rate equations which acknowledge
undesirable carrier leakage inevitable in lasers of this type implemented in practice, is proposed. Solutions to
equations are obtained for the steady-state case. By the example of an InGaAs/GaAs quantum-well laser (las-
ing wavelength A = 980 nm), the effect of leakages through ABLs on the device characteristics is studied. The
parasitic-flux suppression ratios C of ABLs which are required to prevent the adverse effect of waveguide
recombination are estimated. In the case at hand, the effect of ABLs becomes appreciable at suppression
ratios of C> 102 To suppress 90% of the parasitic current, C should be 2.3 x 10%. The effect of ABLs on useful
carrier fluxes arriving at the active region is also studied.

Keywords: diode lasers, asymmetric barrier layers, parasitic waveguide recombination
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1. INTRODUCTION

The parasitic recombination of electrons and holes
in optical-confinement layers (OCLs) is one of the
major causes of degradation of the characteristics of
high-power diode lasers, including the efficiency and
thermal stability [1]. Previously, to suppress parasitic
recombination, the use of so-called asymmetric bar-
rier layers (ABL) adjacent to the active region was pro-
posed [2]. In the ideal case, ABL on the n-emitter
(p-emitter) side completely blocks hole (electron)
entrance into the adjacent OCL but does not affect
electron entrance into the active region (see Fig. 1).

Previously the concept of an ABL laser was practi-
cally implemented in AlGaAs/GaAs lasers of 830—
850 nm spectral range [3, 4]. Some improvement in
the temperature and power characteristics due to the
use of ABLs was detected, whereas the theoretical
model assuming the complete suppression of parasitic
fluxes predicts a drastic increase in the characteristic
temperature of the threshold current [5] and the out-
put optical power [6].

The measure of the ABL efficiency is the ratio of
suppression of parasitic carrier fluxes from one wave-
guide part to another with respect to the flux in the
absence of ABLs. In an ideal laser with ABLs, the sup-
pression ratios are infinitely large. However, in prac-

tice, blocking barriers have a finite height and a finite
thickness, hence a finite suppression ratio.

It appears that insufficient improvement in the
characteristics of practically implemented ABL lasers
is associated with insufficiently high parasitic-flux
suppression ratios of the used ABLs. In these lasers, as
calculations show, the undesirable electron- and hole-
flux suppression ratios were no more than 20 and 9 %

103, respectively.

° Auxillary p-Side
W layers ABL —
) [—
g g
e . . o
E Waveguide QW Waveguide E
O layer layer O
< ax
_/ /_
n-Side
ABL k [+

Fig. 1. Schematic energy-band diagram illustrating the
ABL laser concept: the p-side (n-side) ABL is intended to
suppress the parasitic electron (hole) flux from one wave-
guide part to another.
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In view of the foregoing, two questions arise:

(i) what parasitic-flux suppression ratios are neces-
sary to make the effect of parasitic recombination in
the waveguide on lasers characteristics negligible?

(ii) Is it possible to achieve such suppression ratios
in practice using semiconductor materials available for
synthesizing of laser heterostructures?

In the present study, we answer the first question.
To this end, a theoretical model of ABL lasers in which
their “nonideality” is taken into account is developed:
the system of equations describing the device is com-
plemented by terms that correspond to carrier leakage
through ABLs. The system of equations is solved for
the cases of neutral active region and global neutrality
of a laser heterostructure. The effect of the ratios of
flux suppression by ABLs on device characteristics is
studied by the example of an InGaAs/GaAs quantum-
well (QW) laser (lasing wavelength is A = 980 nm).

2. BASIC EQUATIONS

Our theoretical model of a QW ABL laser, taking
into account carrier leakage through ABLs, is based on
the following rate equations

on J n
by == = %+ ——+ vy — Vnoo(l — fin
L d d T NTHR neo(l = A (1)
— VNt — b Byphy py,
ong
by ? = VNThL — VNTHR — bR BiphiR PR (2)
@ = Vool = AN — L B,pnp
ot TNE (3)
- Vggmax(fN + fP - I)Sa
%)
b % =VprPr — VprPL — b Biphpy, 4
R _J . P
==L+ ¢y — Vpeo(l =
R 9 & Tor pTPL pcol = fp)Pr (5)
= VprPr — bR Biphg PR
dp p
= = Vpeo(l — - =
Y pcol = fp)Pr Tor 6)
- BZan - Vggmax(fN + fP - 1)S,
% v g + fy = D)5 = V05 ™)

Equations (1)—(3) describe the dynamics of the
bulk electron concentrations in the OCL on the n-emit-
ter side, n;, and the OCL on the p-emitter side, ng, as
well as the two-dimensional electron concentration in
the QW, n, respectively; Egs. (4)—(6) describe the
dynamics of the bulk hole concentrations in the n-side
OCL, p;, and the p-side OCL, pg, as well as the two-
dimensional hole concentration in the QW, p, respec-
tively; Eq. (7) describes the dynamics of the two-
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dimensional photon density in a Fabry—Perot cavity, s.
The following notations are used: b; (by) is the thick-
ness of the n-side (p-side) OCL, j is the pump current
density, g, is the elementary charge, Tyg (Tpg) is the
characteristic time of the thermal escape of electrons
(holes) from the QW, vy (vpr) is the velocity of elec-
tron (hole) tunneling through the p-side (n-side)
ABL, vy (Vpeo) is the velocity of electron (hole) cap-
ture into the QW completely free of carriers, fy (fp) is
the occupancy of the QW with electrons (holes),
B,p (Bsp) is the radiative recombination constant of

the QW (OCL) material [7], v, is the group velocity of
lasing-mode photons within the cavity, g..is the

maximum modal gain of the QW, and o is the optical
loss of the laser cavity.

The right-hand sides of the rate equations contain
carrier-flux densities associated with various physical
processes (the plus and minus signs correspond to the
carrier entrance and escape), respectively. The term
J/q, corresponds to the carrier injection from the emit-
ters to the OCLs, the terms containing Tyg (Tpg) cOI-
respond to electron (hole) escape from the QW to the

OClLs, the terms containing vycq (Vpcy) correspond to
electron (hole) capture into the QWs from the OCLs,
the terms with vyt (vpy) correspond to electron (hole)
tunneling through the ABLs on the p-emitter (r#-emit-
ter) side, the terms with B, (B;p) correspond to the
spontaneous radiative recombination in the QW
(OCLs), the terms with g,,,, correspond to the stimu-
lated recombination in the active region accompanied
by lasing-mode photon generation, and the term with
o corresponds to the lasing photon escape due to
internal optical loss and mirror optical loss. The car-
rier concentrations entering into the flux densities on
the right-hand sides of the rate equations indicate the
reason for the change in the number of carriers, whose
dynamics is described by this equation. For example,
the term vyrhr in Eq. (1) corresponds to an increase in
electrons in the n-side OCL due to electron tunneling
through the p-side ABL from the OCL adjacent to the
p-emitter, and the term —b; Bspnp; describes the
decrease in electrons in the n-side OCL due to the
spontaneous radiative recombination of electrons and
holes in it.

We note that our model assumes that the QW
exchanges electrons (holes) by the capture and escape
only with the n-side (p-side) OCL, and direct carrier
exchange with the opposite OCL is disregarded, since
it is suppressed by the ABL placed between the QW
and this OCL. We also suppose that the ABL thickness
is negligible.

The QW occupancies can be written in terms of
carrier concentrations in the QW [8],

A =1—exp(—#} fo =1—exp(—#j, (8)

C v
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where N&” = mg" kgT /(nh’), Ny° = mgy kpT /(mh”)
are the effective densities of states in the QW for elec-

trons and holes, respectively, mSW and mg};v are the
electron and heavy-hole effective masses in the QW,
respectively, kg is the Boltzmann constant, and T is
the temperature.

The characteristic times of carrier escape from the

QW can be written in terms of the capture velocities as
follows [9]

| NP | NP
TNE = — < 5 PE = X 5 C)
VNe Ty Vec P

where we introduced vye = vneo(l — /) and vpe =

vpeo (1 — fp), i.e., the velocities of electron and hole
capture into the active region at nonzero QW occu-
pancies fy and fp, respectively; the quantities #; and p,
are defined by the OCL and QW material parameters
and the QW thickness,

oW
n = NP exp| ~Afc & |
kT
AE, — €2
= NPex —_—vV__"P 10
P \% P( kT j (10)

In Egs. (10), the effective densities of states in the
OCLs for electrons and holes are given by

o <o)
2nh’
OCL /2 (1
and Ny =2 —kBT
2nh?

respectively, mg L is the electron effective mass in the
OCLs, AE: (AEy) is the QW depth for electrons

(holes), (mSCL)3/2 = (mpy )2 + (mpg")Y%, where
ng,L and mLH are the heavy- and hght hole effective
masses in the OCLs, respectively, eN (EP ) are the
electron (hole) ground state energies in the QWs,
measured from the QW bottom.

The velocities of electron tunneling through the
p-side ABL and hole tunneling through the n-side

ABL are defined as follows
o kgT' 1 _ keT' 1
I T e eR N Prcren
respectively, where Cy (Cp) is the parasitic electron
(hole) flux suppression ratio by the p-side (n-side)
ABL with respect to the parasitic flux in the absence of
an ABL (i.e., the ratio of the flux without an ABL to
the flux with an ABL). The tunneling fluxes through
the ABLs in the rate equations and the corresponding
tunneling velocities were determined in the Boltz-

(12)

ZUBOV et al.

mann-statistics approximation. Their derivation is
given in Appendix 1.

Let the ABL suppression ratios Cy and Cp tend to
infinity (total blocking of the tunneling fluxes through
the ABLs, i.e., the case of ideal ABLSs), the terms con-
taining vy and vpyp in the rate equations will become
equal to zero, and it will follow from Egs. (2) and (4)
that the flux densities associated with the parasitic
recombination in the waveguide are zero. As a result of
such passage to the limit, we will obtain a system of
five rate equations for an ideal ABL laser [10].

Here we are interested in the steady-state lasing.
‘We will also suppose that the electrical neutrality con-
dition » = p in the active region is satisfied. Then
Egs. (7) and (8) yield the transcendental equation for

determining n,
n n
g 1—exp| — —exp| — —a=0. (13)
"‘”[ ( Né") ( N@DH
In Appendix 11, it is shown that all other concentra-
tions can be expressed in terms of #.
The current densities of the parasitic spontaneous
recombination in the left and right OCLs (see Fig. 1)
are written as

Ju = Qb Bspnipr,  Jr = qobLBiphg Pr (14)
respectively, and their sum jy; is the total density of
the parasitic recombination current in the entire wave-
guide. The current density of the stimulated recombi-
nation in the QW is given by

(15)

where jow = qoB,pnp is the current density of the spon-
taneous recombination in the QW. The output power
of the laser radiation is defined by the following
expression

Jstim = J — jQW — JocLs

_WLJstlm(J) (16)

qo
where % is the lasing-mode photon energy, w is the
stripe contact width, and L is the Fabry—Perot cavity
length. The threshold current density j,;, can be deter-
mined numerically from Eq. (15) under the condition
j stim 0.

We note that the solution to the system of rate
equations in the steady-state case can also be deter-
mined under the condition of global neutrality of the
laser structure [10],

P ()) =

A7)

The algorithm for solving this problem is as follows.
The hole concentration in the QW can be written in
terms of the electron concentration using Egs. (7)
and (8),

bL}’lL +n+ bRI’lR = prL + p + bRpR‘

1
1- (a/gmax) -

(18)

exp(—n/NéDJ'
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The concentrations pg, ng, and p; can be expressed
in terms of n; (see Appendix II: (A.11.1), (A.I1.2), and
(A.I1.3), respectively, and n; can be expressed in terms
of n (see Appendix II: (A.11.5)). Then Eq. (17) can be
used to determine #.

We can see that the solution of the problem in the
case of global neutrality will be slightly more labori-
ous, than in the case of local neutrality. In what fol-
lows, we will present the results for a neutral QW. Nev-
ertheless, the main conclusions made in this paper
also take place in the case of global neutrality.

3. MODEL LASER STRUCTURE

Using the presented model, let us illustrate the
effect of the nonideality of ABLs having a finite para-
sitic-flux suppression ratio on the characteristics of
semiconductor laser. To this end, as an example, we
consider a laser having GaAs OCLs and InGaAs QW
laser with a lasing wavelength of 980 nm with ABLs
introduced into the waveguide (see Fig. 1). We note
that it is difficult to achieve efficient room-tempera-
ture lasing in the absence of ABLs in the device with
such a heterostructure in view of highly pronounced
parasitic recombination in the waveguide because of
the low carrier-localization energy in the QW [1].

The thickness of each OCL of the model laser is
taken as 400 nm, the active region material is
In, 3Ga, 5,As, its thickness is 7.6 nm, and the cladding
layers (emitters) are made of Al ,Ga, 3As. In this case,
the electron and hole localization energies in the QW
with respect to the edges of the corresponding OCL
bands will be 41 and 116 meV. The waveguide under
consideration supports only fundamental mode to
which corresponds the I" factor of ~1.3%.

We also suppose that one mirror is totally reflec-
tive, and the other mirror is without deposition; the
cavity length is 500 nm, and the stripe width is 3 pum.

In simulating the laser, we assumed the electron
and hole capture velocities into the QW to be identical
and equal to 10° cm/s, the temperature to be 300 K,
and the pump current density to be 5 kA/cm? (unless
otherwise indicated). The internal loss was also
neglected in the calculation, and the ABL flux-sup-
pression ratios were thought to be identical and equal
to C (unless otherwise indicated).

4. RESULTS AND DISCUSSION

Figure 2 shows the dependences of the electron
concentrations »; and ny in the left and right OCLs,
respectively, as functions of the parasitic-flux suppres-
sion ratio C of ABLs. We can see that the concentra-
tions in both waveguide parts are identical when C = 1
(it can be said that there is no ABLs). As C increases,
on reaching C = 10, the concentrations begin to
change: n; steadily increases, while ng, on the con-
trary, after a small increase, begins to decrease from
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Fig. 2. Dependences of the waveguide electron concentra-
tions in the (/) left OCL n and (2) right OCL ng on the

parasitic-flux suppression ratio C of ABLs. The inset
shows the dependences of the recombination current den-
sities in the waveguide on C for the (1) left OCL jj,

(2) right OCL jg, and (3) the entire waveguide jocp. The
pump current density is j =5 kA/cmz.

about C = 150, since electron entrance into the right
OCL is blocked by the ABL on the p-emitter side (see
Fig. 1). As Cfurther increases, the increase in #; grad-
ually saturates, and ngx exponentially decreases to zero
(ng = 0 in the laser with ideal ABLs, for which C — =0).
The hole concentrations in the OCLs behave similarly
with increasing C with the difference being that the
concentration in the left part of the waveguide on the
contrary decreases to zero, and the concentration in
the right part saturates after a steady increase.

The inset in Fig. 2 shows the dependences of the
total parasitic recombination current density in the
waveguide jocp and its components for the left and
right OCLs, j; and jg, respectively. The total parasitic
current decreases with decreasing the ABLs tunneling
transparency (as C increases), which was expected.
However, an appreciable drop in waveguide recombi-
nation begins only from the suppression ratios exceed-
ing 100. Total parasitic current suppression by 90% is
reached at C = 2.3 x 10% We also see that a signifi-
cantly lower suppression ratio is required to suppress
recombination in the left part of the waveguide than in
the right part: a 90% decrease in the parasitic current
is achieved at C = 2.6 x 10° and 4.3 x 10* for the left
and right OCLs, respectively. This is because the hole
effective mass is much greater than the electron
effective mass; therefore, the tunneling velocity for
holes will be lower than for electrons at identical C
(see Eq. (12)).

Based on these results, we can assume that the ABL
lasers previously implemented in practice [3, 4] fea-
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Fig. 3. ABL suppression ratio Cs, at which a 50% gain in

the output optical power of the greatest possible one (for
ideal ABLs) is attained, as a function of the pump current
density j. The inset shows the threshold current density ji;,

and the output lasing power P as a function of the para-
sitic-flux suppression ratio C of ABLs at the pump current
density of 5 kA/cmz.

tured rather good suppression of hole fluxes (Cp = 9 X
10%), hence, a low parasitic recombination current in
the n-side OCL, but had a poor electron blocking
(Cy no more than 20), hence, a high parasitic current
in the p-side OCL. This can explain only a moderate
improvement in the characteristics in those lasers due
to ABLs.

We note that a slight increase in the parasitic cur-
rent in the right OCL in the range C ~ 102—103 is prob-
ably associated with satisfying the charge neutrality
condition of the active region. In the case of global
neutrality, such an increment of ji is absent: the
recombination current density in the right OCL
steadily decreases beginning with C = 1.

The inset in Fig. 3 shows the dependences of the
threshold current density and output optical power on
the parasitic-flux suppression ratio. For the laser
under consideration the threshold current can be low-
ered by the ABLs insignificantly (maximum by 24%).
We note that the threshold current density at C=1 (in
essence, there isno ABL) and high C (C =10, i.e., sup-
pression is close to ideal) is identical with high accu-
racy to the threshold currents calculated using theoret-
ical models for an ordinary laser with a double hetero-
structure without ABLs and for a laser with ideal
ABLs, respectively [11].

In contrast to the threshold current, the output
optical power significantly increases as waveguide
recombination is suppressed (up to a 66% increase at
5 kA/cm?); therewith, the effect of the ABLs becomes
stronger with increasing pumping (an optical-power

C

Fig. 4. Dependences of the recombination current densi-
ties in the entire waveguide, jocp, on the parasitic-flux

suppression ratio C for various cases: (/) two ABLs with
the suppression C on both sides of the QW; (2, 3) only one
ABL with the suppression C on the n-emitter (2) and p-emit-
ter (3) side; (4, 5) one ABL on the p-emitter (4) or n-emit-
ter (5) side is ideal, and the other has a finite suppression
ratio C.

increment up to 152% at 20 kA/cm?). At 5 kA/cm?, the
ABL suppression ratio Cs,, at which a 50% increment
in the optical power of the greatest possible one is 2 X
103. This parameter steadily decreases with pumping
(see Fig. 3): sharply near the threshold and gradually
strarting from j = 5 KA/cm?.

The dependences of the recombination current
densities in the entire waveguide for the use of only the
n-side ABL and only the p-side ABL on the suppres-
sion ratio C are shown in Fig. 4 (curves 2 and 3,
respectively). For comparison, Fig. 4 also show the
dependence of j,c; on C for the laser with both ABLs
(curve 1). Inboth cases of the use of only one ABL, the
parasitic current can be ultimately suppressed by approx-
imately the same value. For example, at 5 kA/cm?, the
ultimate reduction in the waveguide recombination
current is only 30% and decreases as pumping
increases further (at 20 kA/cm?, it is already 19%).

Let us also present the simulation results for the
cases when one ABL is ideal (completely blocks the
corresponding undesirable transport), and another
ABL features a finite parasitic flux suppression
ratio C. Curves 4 and 5in Fig. 4 show the dependences
JocL on C for lasers in which the n-side and p-side
ABL is nonideal, respectively. In the former case a
90% parasitic current suppression (with respect to the
laser without ABL) is reached at C = 1.4 x 10%; in the
second case, C = 1.9 x 104

In the ideal case, the ABL should totally block
undesirable transport, not preventing useful carrier
flux entering into the active region. However, in prac-
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Fig. 5. Dependences of the output lasing power P, on the
useful flux suppression ratio S for various parasitic-flux
suppression ratios C= 1 (1), 102 ), 10° (3), and 100 (©)
when using only p-side ABL. The inset shows the depen-
dences Py, (S) for C=1 (1), 10? (2), 10 (3), 10* (4), and
109 () in the case of the use of both ABLs with identical
parasitic-flux suppression ratios and identical useful flux
suppression ratios. The pump current density is 20 kA/cmz.

tice, it may turn out that a sufficiently high opaque
main barrier for undesirable carriers can be realized
only when creating of a spurious barrier (or well) sup-
pressing the useful flux (in Fig. 1, the n-side ABL cre-
ates a spurious well for electrons, and the p-side ABL
creates a spurious barrier for holes). However, we note
that if the ABL forms an additional well, its placement
close to the active region, on the contrary, will pro-
mote carrier capture into the QW.

The effect of spurious barriers (wells) on the laser
characteristics can also be studied using the presented
theoretical model and expressions derived for the
steady-state conditions. Let us assume that the n-side
(p-side) ABL suppresses the electron (hole) flux by a
factor of Sy (Sp). Then the fluxes of carrier capture
into the active region and carrier escape from it, as well
as tunneling fluxes from one waveguide part to
another should be decreased accordingly. To this end,
the electron capture velocity, escape time, and tunnel-

ing velocity are modified as follows: vyc = vne/Sno

TNE — Tnedns and vy = var/Sn. The corresponding
hole parameters are changed in a similar way. At the
same time the form of the rate equations themselves and
expressions derived on their basis remain unchanged.
The dependence of the output optical power P, on
the spurious barrier suppression ratio .S (identical for
both ABLs) for various suppression ratios of the main
barriers at a pump current density of 20 kA/cm? is
shown in the inset to Fig. 5. When the main barrier
suppression ratio is small (1 < C < 10?), the presence of
the spurious barriers even with small S has a negative
SEMICONDUCTORS Vol. 54
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effect on the output power. For example, if C = 102,
the power decreases in half in comparison with a con-
ventional laser structure (without ABLs) even at §'= 4.
However, with increasing the suppression ratio of the
main barriers the output power rises and the slope of
P,.(S) dependence with increasing S is slowed. As a
result, if the parasitic-flux suppression ratio is suffi-
ciently high (C > 10?), one can achieve an appreciable
power increment even in the presence of significant
spurious barriers (wells). For example, if C = 103, at a
twofold suppression of the useful fluxes and a pump
current density of 20 kA/cm?, the optical power will be
higher by 45% than in the laser without ABLs. As C
increases above 10%, the power P saturates at the power
level of the laser with ideal ABLs for the range under con-
sideration 1 <.5< 100 and is almost independent of ,S.

It is interesting that if one of the ABLs (any) is
removed, even at high parasitic-flux suppression
ratios, the output power will decrease very rapidly with
the suppression of the useful flux (see Fig. 5). For
example, in the case of the use of only the p-side ABL
with a very high suppression ratio, C = 108, the positive
effect of the main barrier will be completely compen-
sated even at §' = 2.

5. CONCLUSIONS

Thus, by the example of an InGaAs/GaAs QW
laser (A = 980 nm), the effect of carrier leakage
through ABLs on the device characteristics was stud-
ied. It was found that, to eliminate undesirable wave-
guide recombination, rather large parasitic-flux sup-
pression ratios are required; therewith, the electron-
flux suppression ratio should be significantly higher
than the hole-flux suppression ratio, which is due to
the difference in the effective mass of particles. For
example, in the case at hand, a 90% parasitic current
suppression in the n-side and p-side OCLs is achieved
at C=2.6 x 10 and C=4.3 x 104, respectively. It was
also found that, if the suppression ratios of the main
ABL barriers are sufficiently large (C > 10%), even at a
significant suppression ratios of the useful fluxes (S up
to 10%), the device characteristics are close to those of
an ideal ABL laser. In our opinion, it is a very import-
ant result, since its consideration will make it possible
to extend the class of semiconductor materials appli-
cable to designing ABLs.

APPENDIX I

Expression for the Tunneling Flux through
an Asymmetric Barrier Layer

Let us find the unidirectional carrier-tunneling
flux through an ABL introduced between two OCLs
(the effect of the active-region QW on tunneling is
neglected). Let us use the Boltzmann statistics: in this
case, the necessary expression can be obtained in an
analytical form. For definiteness, we will consider
electron tunneling from the left OCL to the right
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OCL. It can be shown that the carrier concentration
(per unit area) in the left OCL with the energy of
motion £ in the growth direction is written as

OCL
nt = e I;BTexp[FCL —Ec - E], (A.L1)
T kgT

where F; and E are the positions of the quasi-Fermi
level of electrons in the left OCL and the bottom of the
conduction band in the OCL, respectively. Using the
Tsu—Esaki formula [12], we find the unidirectional
carrier flux (from left to right) in the absence of
an ABL,

LR 1 T E
=——|ndE
fo =5 j 3
_m ) (B = Ec)
2T kT

Then, taking into account that the bulk electron
concentration in the left OCL is

3/2
n = 1 mgCLkBT eXp(FCL — Ecj
V2 kT )

the flux fC]BR can be expressed in terms of the n; con-
centration,

(A.1.2)

%nb (A.1.3)

21tmc
In the presence of an ABL with the electron-flux

suppression ratio Cy, the tunneling flux from the left

OCL to the right OCL will be

Je CLR = kT L
2mme " Cy

The factor at n; in (A.1.4) has the dimension of
velocity. In the above (12), it is denoted as the elec-
tron-tunneling velocity through an ABL (vyy)-
Finally, the desired tunneling flux takes a very simple

LR
Joo =

n. (A.14)

form: fcLR = vn7h- Similarly, other tunneling fluxes
appearing in the rate equations of both electrons (from
right to left) and holes (from left to right and vice
versa) can be obtained.

APPENDIX 11
Determination of the Waveguide Concentrations

Let us show that all waveguide concentrations can
be determined by the electron concentration in the
QW n. Subtracting Eq. (5) from (2), we obtain

n n
VNch, ——— = VpePr + — = 0.
NE TpE
From which

(A.IL1)

Pr = aih — 4y,

ZUBOV et al.

where

a =INe az:L(L_Lj_
Vpc Vec\Tne  TpE
Having substituted (A.I1.1) into Eq. (3), we obtain ng,

n

(A.IL.2)

R =——>)
an + a,
where a; = bgB;pa,/Vnr, s = 1 — b B3pa,/vyr- Then,
using (A.Il.1), from Eq. (4), we obtain
_an -4

n (A.11.3)

ag +1°
where as = By B;p/vpr. One more relation can be
obtained by subtracting Eq. (4) from (1),

L gy ang = Ve
40 TNE
— VNt — VprPr + VerpL = 0.
Having substituted the expressions for pg, 1y, and
pr from (A.IL.1), (A.I1.2), and (A.Il.3), respectively,
into (A.I1.4), we can obtain the cubic equation for ny,

(A.IL4)

ani +bni +cn +d =0,
where

a = —a;as(Vne + Vnr T+ GVpr),

b = aya (i +- 4 anPTj + asvnr
90 TNE

— (a3 + a4a5) (Ve + VNt + @Vpr) + @G3Vpr,

Cc = (613 + (24(15)(i + L + az‘/PTj + VNT
9o TNE

—ay(Vne + Vnr T aVer) + (@ay — aa3)Ver,

d=a4[i+ij.
90 TNE

These coefficients of the cubic equation depend
only on the concentration (#). To find the roots, we
can use Cardano’s formulas. The physically meaning-
ful root is given by

b

n =0 +Bc ——,

AILS
3a ( )

where

Oc :\3/_%"‘\/50 Bc :\31_%_\/60
3 2
o-(a) (3]

’ _c b _ 20 _bc  d
Cc — > Cc — .

a 3a’ 27a° 3a’ a
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PARASITIC RECOMBINATION IN A LASER WITH ASYMMETRIC BARRIER LAYERS

Now, knowing #; , we can calculate other carrier con-
centrations in the waveguide, using (A.11.1), (A.I1.2),
and (A.IL.3).
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Temperature-induced single-to-double branch transformation of
operating characteristics in semiconductor lasers with a low-
dimensional active region

Zinaida N. Sokolova ®, Nikita A. Pikhtin" ), Sergey O. Slipchenko™~ ®, and Levon V. Asryan

D [offe Institute, St. Petersburg, 194021, Russia
® Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061, USA

ABSTRACT

The temperature behavior of operating characteristics in semiconductor lasers with a quantum-confined active region is
studied with a proper account for (i) non-instantaneous capture of charge carriers from the waveguide region into the
active region and (ii) internal optical loss that depends on the carrier densities. Because of (i), the carrier densities are not
pinned in the lasing mode, i.e., they are functions of the injection current. In view of (ii) and as a result of pump-current-
dependence of the carrier densities, so becomes the internal loss coefficient. This in turn leads to the roll-over of the
light-current characteristic at high currents (i.e., decreasing optical power with increasing injection current) and, under
certain conditions, appearance of the second branch in it. The laser characteristics are shown to transform qualitatively
with varying temperature: they are conventional, i.e., consist of one branch, at low temperatures but they have two
branches, i.e., are of a binary nature, at high temperatures. The two branches merge together at the maximum operating
current beyond which the lasing quenches. In contrast to the first (conventional) lasing threshold, the threshold for
emerging the second branch decreases with increasing temperature. The pump-current-dependence of the carrier
densities and internal loss coefficient is also fascinating: these quantities decrease with increasing current in their second
branches.

Keywords: Internal optical loss, light-current characteristic, low-dimensional active region, semiconductor lasers

1. INTRODUCTION

Diode lasers have been extensively studied both experimentally and theoretically before (see a review article [1]). A
new fascinating feature has been however predicted in [2]-[4] for semiconductor lasers with a nanosize active region: in
the presence of internal optical loss that depends on the charge carrier densities [primarily in the waveguide region —
optical confinement layer (OCL)], roll-over of the light-current characteristic (LCC, the dependence of the output
optical power on the injection current) can occur at high pump currents. The more so, the second branch can emerge in
the LCC in addition to the first ‘conventional’ branch; the condition for this is given by the following inequality [5]:
S, M
g
where o, is the cross section of internal optical loss in the OCL, Ve, is the velocity of carrier capture from the OCL
into an empty (unoccupied) quantum-confined active region, b is the OCL thickness, B°“" is the spontaneous radiative
recombination constant for the OCL measured in units of cm®/s (see [6, 7] for the expression for B°M), and g™ is the
maximum value of the modal gain in the active region.
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Fig. 1. Spontaneous radiative recombination constant for the OCL vs. temperature.

Varying each of the parameters entering into (1) can result in single-to-double branch transformation of the LCC. In
[8], we considered a quantum well (QW) laser and theoretically demonstrated how such transformation occurs with
increasing Veupo. Experimental methods for variation of v,y are however not straightforward. As opposed to Vg, the
temperature can be easily varied in laser structures. Compared to the other quantities entering into (1), the spontaneous
radiative recombination constant for the OCL has the strongest temperature dependence, which is given as (see [6, 7])

1
B o - @)

As seen from (2) and shown in Fig. 1, B°“" decreases with increasing temperature. Hence it follows from (1) and (2)
that the condition for emergence of the second branch in the LCC should become satisfied with increasing temperature.

In this work, we study the effect of temperature on emergence of the second branch in the QW laser characteristics.

2. THEORETICAL MODEL

Our model is based on the following set of steady-state rate equations for the free electron and hole densities in the OCL,

ocL OCL " the two-dimensional (2D) densities of electrons and holes confined in the QW, 7" and p?V, and the

n " and p
number of photons in the lasing mode, NV:

for free electrons in the OCL [ b(dn°" / o)=0],

. QW
i+ NQW n__ NQWVn,capt,O(l - fn) nOCL - bBOCLHOCLpOCL = 0 s (3)

e n,esc

for free holes in the OCL [ b(8p°™" /or) =01,

. QW
J p :
Lot Now F e Now ¥y o1 = £,)p° = BB p° <0, ©

p.esc

for electrons confined in the QWs (an?" /ar=0),

QW
n max N
Vn,capt,O(l_f;])nOCL_ _BanprQW_Vgg (f;x+fp_1)E:0, (5)

n,esc

for holes confined in the QWs (p2" /or=0),

QW N
Vo a0 (= [)pO = L - BV OV pOV iy gme(p g no=0. (6)

p.esc
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and for photons (ON/ot =0),
VoNow g™ (fo +f, —DN =V, (B+, )N =0. (7)

The occupancy of the lower (upper) edge of the electron (hole) quantum-confinement subband in the QW is denoted
as fr (fy); fo and f, are expressed in terms of the 2D electron and hole densities 7™ and p?V as follows [2, 9]:

nQW pQW
fnzl—exp(—N—CZDJ, fp:l—exp(—NVQDJ, ®)

where Ni = mSXT / (zh”) are the 2D effective densities of states in the conduction and valence bands in the QW,

mS:Z are the electron and hole effective masses in the QW, and the temperature 7 is measured in units of energy.

The following parameters enter into eqgs. (3)-(7):j is the injection current density, e is the electron charge, Nqw is the
number of identical (of the same material composition and width) QWSs, 7, . and 7, are the thermal escape times of
electrons and holes from a QW to the OCL, vy capto and vy capeo are the capture velocities of electrons and holes into an
empty (at f, = 0 and f, = 0) QW measured in units of cm/s, BV is the spontaneous radiative recombination coefficient
for the 2D (QW) region measured in units of cm’/s (see [7] for the expression for B2Y); v, is the group velocity of light,

max -

g™ is the maximum gain in each QW, S = WL is the cross-section of the junction, ¥ is the lateral size of the device, L is
the Fabry-Pérot cavity length, # = (1/L)In(1/R) is the mirror loss, and R is the facet reflectivity.

A key component of our theoretical model is the internal optical loss that depends on the electron and hole densities.
The expression for the internal loss coefficient a;, in terms of the free carrier densities in the OCL and the 2D carrier
densities in the QW is

()= + T 0 () + 0y p O NI+ TN o n ™ () + o N (], )

L L

where o) and o" are the cross sections of light absorption by electrons and holes in the OCL, I'®“" is the optical

confinement factor in the OCL, o2" and O'SW are the cross sections of light absorption by electrons and holes in the

QW, I'? is the optical confinement factor in the QWs, and « is the constant component, which is primarily due to light
absorption in the cladding layers.

The thermal escape times of electrons and holes from the QW into the OCL are [10, 11]:

1 NZP 1 NZP (10)
7’-n,e:sc = H 7 , €SC = H
Vn,capt,O(l_fn) ny ! Vp,capt,O(l_fp) P
where
AE - AE, — g2V
m, =N3Dexp[—°T€“J, pi=N"exp [—% , (11)

and N> =2[ml"T /(2z1*)]*" are the 3D effective densities of states in the conduction and valence bands in the OCL,

m¢:" are the electron and hole effective masses in the OCL, AE,, are the conduction and valence band offsets at the

heterointerface of the QW and OCL, and &% (ar?w) is the energy of the lower (upper) edge of the electron (hole)
subband in the QW.

The velocities Vycapro and Vpepo Of electron and hole capture from the OCL into an empty QW are the
characteristics of the QW; they thus depend on the QW width and depth, i.e., on the material compositions of the QW
and surrounding layers. The capture velocity can be significantly different in different laser structures. In [12], we
determined the value of the electron capture velocity in the laser structure similar to the one used here as an example for
our calculations (see below).

The total capture velocities vy cape and vy, capt, Which take into account filling of the QW by electrons and holes, are
defined as [11]
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Vn,capt :Vn,capt,O(l_fn)9 Vp,capt :Vp,capt,O(l_fp)‘ (12)

The other key components of our model are:

(1) The capture of carriers from the OCL into the QW is non-instantaneous, which is formally accounted for by finite
(i.e., not infinitely high) values of the velocities of electron and hole capture from the OCL into the QW, vy a0 and
Vp.capto [11-15].

(i) We use the condition of global charge neutrality in the laser structure that is the condition of equality of the total
electron charge of the OCL and QW to the total hole charge of the OCL and QW [8, 16-18],

e(Now n™ +bn""M)=e (NQWpQW +bp°Thy. (13)

As seen from (13), n?V # p?¥, i.e., the local neutrality is violated in a QW in the general case. In [2-5, 19], local charge
neutrality was assumed in quantum dots for the case of quantum dot lasers.

OCL OCL

Because of (i), the free electron and hole densities in the OCL, n
they are functions of the injection current [11, 13-15].

and p~ ", are not pinned in the lasing mode, i.e.,

Due to (ii), i.e., violation of local neutrality in the QW, the 2D electron and hole densities in the QW, 7 and pQW,
are also not pinned in the lasing mode [20, 21].

As a result of pump-current-dependence of the carrier densities, so becomes the internal loss coefficient . This in
turn leads to the roll-over of the light-current characteristic (LCC) at high currents (i.e., decreasing optical power with
increasing injection current) and, under certain conditions, appearance of the second branch in it [2-5, 8, 16, 19].

3. DISCUSSION OF LASER CHARACTERISTICS

We consider the laser structure with a single compressive-strained InGaAs QW of width 30 A. The QW is shifted from
the centre of the OCL. The lasing wavelength is 0.9813 um. Highly-efficient high-power diode lasers emitting at this
wavelength are used for pumping fiber lasers [22]. The OCL material is GaAs and the thickness is 0.9 pum. The material
of the cladding layers is AlGaAs. The cavity length is 1.5 mm and the stripe width is 100 um. The velocities of electron
and hole capture from the OCL into an empty QW are vy capto = Vp.capto = 10® cm/s. The cross sections of internal optical

loss due to absorption of light by free electrons and holes in the OCL are o,"" =3x10™"*cm’ and o;" =10""cm’ .

n

We calculate the laser characteristics as functions of the injection current density at four values of the temperature:
125, 150, 300, and 350 K. As seen from (a) in Figs. 2-6, the characteristics have only one branch at 7 = 125 K. The
second branch emerges at the temperature slightly below 150 K. It is still hardly seen at 150 K [(b) in Figs. 2-6] but well
established at considerably higher temperatures [dashed curves, (c, d) in Figs. 2-6]. The current density at which the
second branch emerges is termed the second threshold current density jg, ».

There is a fascinating feature in the dependences of n°“", p°“", and a;, on j. These quantities increase in their first

branches (the increase is faster at a higher 7) but they (as well as n?" and p®" — see Fig. 2) decrease in the second
branches. The two branches merge together at the maximum operating current density j,.« beyond which the lasing
quenches.

Fig. 2 shows the 2D electron and hole densities in the QW against the injection current density. At the second
threshold current density jy, », the 2D electron and hole densities in the QW in their second branches are considerably
higher than those in the first branches [Fig. 2(c, d)]. This is especially strongly manifested for holes.

At a given injection current density, as we go from (a) to (d) in Fig. 2, i.e., as the temperature increases, the electron
and hole densities in the QW increase.

As also seen from Fig. 2, the 2D electron and hole densities in the QW are different (n?" # p?"). The difference
between n?" and p?V is actually large, i.e., local neutrality is significantly violated in the QW.
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Fig. 2. 2D electron and hole densities in the QW vs. injection current density at
different temperatures. The second branches are shown by the dashed curves.
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Fig. 3. Free electron and hole densities in the OCL vs. injection current density at different temperatures.
The second branches are shown by the dashed curves. 1, 3, 5, 7 — holes, 2, 4, 6, 8 — electrons.

Fig. 3 shows the free electron and hole densities in the OCL against the injection current density. Similarly to n?"
and pQW, at j = ju, 2, the free electron and hole densities in the OCL in their second branches are considerably higher than
those in the first branches [Fig. 3(c, d)].

In contrast to n?" and p?%, the difference between the free electron and hole densities in the OCL is insignificant:
n°" and p®" practically coincide in their first branches in the entire range of the current density; the differnce between
n°" and p°" in the second branches becomes somewhat noticable at high temperatures only [Fig. 3(c, d)].
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The second branches are shown by the dashed curves.

Fig. 4 shows the internal optical loss against the injection current density. As seen from (9) and Figs. 3 and 4, the
dependence of a;,; on j mainly reproduces those of the free electron and hole densities in the OCL (due to the fact that
the optical confinement factor in the QW is much smaller than in the OCL, the contribution of light absorption by
electrons and holes in the QW is negligible compared to that in the OCL).

As expected and shown in Figs. 3 and 4, at a given pump current, n°°", p°“", and ¢, increase with temperature.

101

0 ' 20 40
j(kAand) j (kAVen)

Fig. 5. Occupancies of the states corresponding to the bottom of the electron and the top of the hole
quantum-confinement subbands in the QW vs. injection current density at different temperatures.
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The maximum value of oy [i.€., in(jn,2)] is approximately the same at all temperatures (Fig. 4) and is given by

ammtax ~ gmax _ﬂ . (14)
For the QW laser structure considered here, g™ =46 cm ' and = 7.6 cm .

Eq. (14) can be easily obtained from the lasing condition at the steady state which is the condition of equality of the
modal gain to the total loss [2-5, 8, 16],

gt fo-D=F+ay,. (15)

As the other characteristics (Figs. 2-4), the occupancies f, and f;, of the states corresponding to the bottom of the electron
and the top of the hole quantum-confinement subbands in the QW have two branches (Fig. 5). As seen from Figs. 2-4

(and also Fig. 5 that explicitly shows the second threshold current density), jm, 2 is very high in the entire temperature

range. At such high ji, 2, the electron and hole subbands in the QW are almost completely filled, i.e., the occupancies f;,

and f, in their second branches are close to their maximum value: f,, = 1 (see Fig. 5). Hence the modal gain is close to its
maximum value g™ and we obtain (14) from (15).

The occupancies f, and £, remain very close to each other and high in the entire second branches (i.e., for the pump
current density ranging from j > t0 jmax) for temperatures up to 300 K [Fig. 5(c)]. In the first branches, the difference
between f, and f, (being maximum at the threshold current density for the first branch jy ) decreases with increasing
pump current; for temperatures up to 150 K and for j > 30 kA/cm?, £, and J» almost coincide [Figs. 5(a, b)].

Proc. of SPIE Vol. 11301 113010D-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 24 Feb 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Fig. 6 shows the light-current characteristic (the output optical power against the injection current density). At a

given pump current, the output power decreases with increasing temperature. The decrease is due to the increase of n°",

pOCL, and a, with increasing 7.

Fig. 7 shows the first and second threshold current densities, jy, ; and jg, », and the maximum operating current
density j.x versus temperature. In contrast to the first (conventional) lasing threshold, which increases with increasing 7'
[Fig. 7(a)], the threshold for emerging the second branch decreases [Fig. 7(b)]. Naturally, the maximum operating
current decreases with temperature [Fig. 7(b)].

4. CONCLUSION

The temperature behavior of operating characteristics in semiconductor lasers with a quantum-confined active
region has been studied with a proper account for (i) non-instantaneous capture of charge carriers from the waveguide
region into the active region and (ii) internal optical loss that depends on the carrier densities. Because of (i), the carrier
densities are not pinned in the lasing mode, i.e., they are functions of the injection current. In view of (ii) and as a result
of pump-current-dependence of the carrier densities, so becomes the internal loss coefficient. This in turn leads to the
roll-over of the light-current characteristic at high currents (i.e., decreasing optical power with increasing injection
current) and, under certain conditions, appearance of the second branch in it. The laser characteristics have been shown
to transform qualitatively with varying temperature: they are conventional, i.e., consist of one branch, at low
temperatures but they have two branches, i.e., are of a binary nature, at high temperatures. The two branches merge
together at the maximum operating current beyond which the lasing quenches. In contrast to the first (conventional)
lasing threshold, the threshold for emerging the second branch decreases with increasing temperature. The pump-
current-dependence of the carrier densities and internal loss coefficient is also fascinating: these quantities decrease
with increasing current in their second branches.
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Abstract: Direct modulation bandwidth and optimum dc current maximizing it are discussed for
double tunneling-injection quantum dot (QD) lasers and QD lasers with asymmetric barrier layers
and compared to those for conventional QD lasers. © 2021 The Author(s)

The dynamic properties of novel and conventional semiconductor quantum dot (QD) lasers are reviewed. In
particular, the maximum modulation bandwidth and the optimum dc current maximizing it are discussed and
compared for these lasers.

In conventional semiconductor lasers, the charge carriers first appear in the optical confinement layer (OCL) on
their way to the low-dimensional active region. The electrons and holes are not spatially separated in the OCL and
hence can easily recombine with each other therein. This unwanted electron-hole recombination in the OCL is the
main contributor to the temperature dependence of the threshold current in diode lasers [1-3]. In addition, there is a
certain delay in the carrier capture from the bulk OCL into the quantum-confined active region. As a result of this
delay, the electron and hole densities in the OCL, and hence the parasitic electron-hole recombination rate, do not
remain fixed after the lasing starts — they grow with increasing pumping. This leads to sublinearity of the light-
current characteristic (LCC) of the laser and limits its useful output optical power [4-6].

To suppress the recombination outside the quantum-confined active region, two design approaches were
proposed. One of the approaches [7-13] exploits double tunneling-injection (DTI), i.e., tunneling injection of both
electrons and holes into the active region from two separate quantum wells (QWS). In a DTI laser, the quantum-
confined active region, located in the central part of the OCL, is clad on each side by a thin barrier and a QW.
Electrons and holes are injected into the active region by tunneling from the corresponding QWs. Ideally, there
should be no second tunneling step, i.e. out-tunneling from the active region into the ‘foreign’ QWs (electron-
injecting QW for holes and hole-injecting QW for electrons).

The other approach [8, 9] is based on independent tailoring of the conduction and valence bandedges by means
of the use of two asymmetric barrier layers (ABLS) — one on each side of the active region. The ABL in the
electron-injecting side of the structure should ideally prevent holes from entering that side while not hindering the
electron-injection into the active region. The ABL in the hole-injecting side should prevent electrons from entering
that side while not hindering the hole-injection into the active region. A laser utilizing ABLs was termed a
bandedge-engineered laser [8, 9, 14] or an ABL laser [15-17].

In both DTI and ABL lasers, there will ideally be no electrons (holes) in the hole- (electron-) injecting side of
the structure, i.e., the bipolar population will be suppressed outside the active region.

Elimination of parasitic recombination would allow to attain close-to-ideal static operating characteristics in
DTl and ABL lasers, namely, virtually temperature-insensitive threshold current, close-to-one internal quantum
efficiency, and linear LCC.

The dynamic characteristics are also improved in DTI and ABL lasers as compared to conventional lasers [18—
21]. Modulation bandwidth is an important parameter describing the speed with which the optical output of diode
lasers is varied with altering the input injection current [18]. For the conventional, DTI, and ABL QD lasers, Fig. 1
shows the modulation bandwidth as a function of the dc component of the injection current. Except for the barriers
(in the DTI and ABL structures) and injector-QWs (in the DTI structure), the structures are otherwise similar. As
seen from the figure, the modulation bandwidth has a maximum at a certain optimum value of the dc component of
the injection current. As also seen from the figure, the maximum bandwidth is the same in all the three structures.
The point is that the maximum bandwidth is merely controlled by the photon lifetime in the cavity, which is the
same in all the three structures as the cavity length is chosen to be the same. However, the optimum dc injection
current is considerably different in the structures — it is highest in the conventional laser, noticeably lower in the
DTI laser, and significantly lower in the ABL laser. The physics behind this is as follows: in contrast to the
maximum modulation bandwidth that is not affected by the differential gain, the optimum current does depend on
the differential gain — it decreases with increasing differential gain. Due to the fact that each type of carriers is only
present on side of the DTI and ABL lasers, the differential gain is higher there as compared to that in the
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conventional laser. Furthermore, the differential gain is higher in the ABL laser as compared to that in the DTI
laser as there are no QWSs and hence no extra carriers therein in the ABL laser.

In conclusion, it is discussed that the optimum dc current that maximizes the modulation bandwidth is lower in
the DTI QD laser as compared to that in the conventional QD laser, and even significantly lower in the ABL QD
laser. Hence, while the maximum modulation bandwidth is more easily attainable in the DTI laser as compared to
the conventional laser, it is most easily attainable in the ABL laser out of the three lasers considered.

This work was supported by the US Army Research Office under Grant No. W911NF-17-1-0432.
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Fig. 1. Modulation bandwidth vs. dc component of injection current density
in QD lasers of different designs: (a) conventional, (b) DTI, and (c) ABL.
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Abstract: Continuous-wave power of ground-state emission in quantum dot lasers with
asymmetric barrier layers is studied. Unlike conventional lasers, the power is virtually unaffected
by excited-to-ground state relaxation delay of carriers in quantum dots. © 2021 The Authors

Semiconductor lasers present an important component for various applications ranging from telecommunication to
medical uses. Conventional semiconductor lasers with a low-dimensional active region [Fig. 1(a)] suffer from
parasitic electron-hole recombination that occurs in the optical confinement layer (OCL) [1-4]. To suppress this
recombination outside the laser active region, two alternative approaches were proposed [5-12] — one based on
double tunneling-injection (injection of both electrons and holes) into the quantum-confined active region and the
other using asymmetric barrier layers (ABLS).

Here we discuss the optical output of quantum dot (QD) lasers with ABLs. In such lasers, the active layer with
QDs is clad on each side by a thin barrier layer [Fig. 1(b)]. The barrier layers are designed in such a way that they
prevent from building up bipolar carrier (i.e., both electron and hole) population in the OCL. As a result of this, the
parasitic electron-hole recombination in the OCL is suppressed in ABL QD lasers.

As in conventional QD lasers [13], the QDs in ABL lasers may contain excited states in addition to the ground
state. In this work, the optical power of ground-state emission in ABL QD lasers is studied in the presence of
excited states in QDs. The most dramatic situation is considered in which the charge carriers injected into the OCL
are not directly captured into the lasing ground state in QDs — they are first captured from the OCL into the excited
state in QDs and then they relax from the excited state to the ground state [Fig. 1(b)].

The rate equations model is used for the layered structures shown in Fig. 1. The electron and hole populations
in the OCL, excited-state and ground-state in QDs, and the optical power are calculated as a function of the
injection current.
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Fig. 1. Schematic energy band diagrams: (a) conventional QD laser, (b) ABL QD laser.

Fig. 2 shows the power of ground-state emission against the injection current density in (a) conventional and
(b) ABL QD lasers. As seen from Fig. 2(a), the output power saturates with pumping in the conventional laser [the
dashed line in (a) shows the saturation value]. The saturation is due to the combination of two effects — relaxation
delay of charge carriers from the excited- to ground-state in QDs and parasitic electron-hole recombination in the
OCL. As opposed to conventional QD lasers, the power of ground-state emission continues to increase with
increasing injection current in the ABL laser. As the other advantages of ABL lasers, this advantage for



continuous-wave high-power lasing of ABL QD lasers over the conventional QD lasers is due to efficient
suppression of unwanted electron-hole recombination in the OCL in ABL QD lasers. Indeed, in this case, even in
the presence of excited-to-ground state relaxation delay in QDs, a built up of carrier population of one type only
may occur in each side of the structure — electrons in the left- and holes in the right-hand side in Fig. 2(b).
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Fig. 2. Optical power of ground-state emission vs. excess of injection current density over threshold
current density: (a) conventional QD laser, (b) ABL QD laser. The horizontal dashed line in (a) shows
the saturation value of the power for ground-state emission in the reference conventional QD laser. The
reference structure lasing near 1.55 um is considered [13, 14].

In conclusion, it is shown that, even in the most dramatic situation of indirect capture of charge carriers into the
lasing ground state and unlike the conventional QD lasers, the continuous-wave power of ground-state emission in
ABL QD lasers does not saturate with increasing pump current — instead, it increases almost linearly with injection
current. This advantage for high-power lasing of ABL QD lasers over the conventional QD lasers is due to
efficient suppression of unwanted electron-hole recombination in the OCL in ABL QD lasers.

This work was supported by the US Army Research Office under Grant No. W911NF-17-1-0432.
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Abstract. Possibility of tailoring the light-current characteristic (LCC) shape in quantum dot
(QD) lasers by varying uniformity of QDs is discussed. Making the QD ensemble less uniform
results in roll-over in the LCC. The second branch in the LCC appears with making the QD
ensemble even less uniform.

1. Introduction

Internal optical loss that is inherent in semiconductor lasers combines different processes of unwanted
photon loss as opposed to mirror loss — on purpose output of photons through the cavity mirrors.
While the mirror loss presents the useful optical output from semiconductor lasers, the internal loss is
undesired as it consumes the photons emitted during the laser action.

In this paper, the effect of uniformity of quantum dots (QDs) on the light-current characteristic
(LCC) in QD lasers is discussed in the presence of internal optical loss. While diode lasers have been
extensively studied both experimentally and theoretically before (see, e.g., a review article [1]), a new
interesting feature has been however predicted in [2]-[4]: in the presence of internal optical loss that
depends on the charge carrier density, roll-over of the LCC can occur. The more so, the second branch
can appear in the LCC in addition to the first ‘conventional” branch. Here we discuss the possibility of
tailoring the LCC shape in QD lasers in the presence of internal optical loss by varying uniformity of
QDs.

2. Theoretical model

Our theoretical analysis is based on rate equations that describe the dynamics of charge carries and

photons in the laser. In the simplest case, we use a set of three equations — two for carriers [free

carriers in the optical confinement layer (OCL) and confined carriers in QDs] and one for photons.
The equations for carriers are
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b%ZéJr Ns —" = Vegpro(1— f0) NocL —bBspnacy » (1
esc
afn fn fn2 max
ngzvcaptio(l— o) Noc — Ng———Ng —C4 g (2fn—1)nph. 2)



Table 1. Physical quantities entering in egs. (1)-(3).

Notation Meaning

HocL Free carrier density in the OCL
fa Occupancy of the energy level in a QD by a charge carrier
Tph Density of emitted photons (per unit area of the laser heterointerface)
Jj Injection current density
e Electron charge
Ns Surface density of QDs
Tose Thermal escape time of charge carriers from an individual QD to the OCL
Veapt,0 Velocity of carrier capture into an unoccupied (at £, = 0) QD ensemble (in cm/s)
b Thickness of the OCL
Bip Spontaneous radiative recombination constant for the bulk (OCL) region (in cm’/s)
QD Spontaneous radiative lifetime in a QD
Cq Group velocity of light
g™ Maximum modal gain (cm ")
B Mirror loss coefficient (in cm ™)
Clint Internal optical loss coefficient (in cm ™)

The equation for photons is

on

a_::ngmX (2 fn _1)nph_cg(ﬂ+aint)nph . (3)
The parameters entering in egs. (1)-(3) are described in table 1.
The internal optical loss coefficient in (3) is presented as

Olint = Oy + Ojnfocy 4)

where « is its constant component and oy is its the cross-section.
Solving the set of egs. (1)-(3) at the steady-state, we then find the emitted optical power as follows:

P=rhwc,p SNy, &)

where /o is the emitted photon energy and S is the cross-section area of the laser heterointerface.
Calculations show that in the presence of internal optical loss that depends on the charge carrier
density in the OCL [eq. (4)], roll-over of the LCC can occur at high pump currents and the second
branch can appear in the LCC in addition to the conventional branch.
The second branch appears in the LCC if the following condition satisfies:

Gintvcapt,o >1. (6)
2bB,,g ™

Varying each of the parameters entering in (6) can result in single-to-double branch transformation
of the LCC. In [4], the cross-section of internal optical loss o, was varied in QD lasers; in [5], the
thickness of the OCL b was varied in quantum well (QW) lasers; in [6], the capture velocity Vo was
varied in QW lasers; and in [7], the temperature was varied in QW lasers (the spontaneous radiative



recombination constant B;p entering in (6) is a function of temperature — see [8, 9]). In all these cases,
the transformation of the LCC shape from single-to-double branch was shown to occur.

Here, we discuss the transformation of the LCC shape in QD lasers as the QD uniformity is
changed.
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Figure 1. LCC of the QD laser for different values of the RMS of relative QD-size fluctuations &. The
corresponding values of the modal gain g™ are also presented. InGaAsP-based structure emitting near
1.55 um is considered [11, 13]. The internal loss cross-section o = 2 x 10 "* cm?, and the constant

component of the internal loss o, =2cm .

3. Effect of uniformity of QDs on the LCC shape
Self-assembled QDs are never identical in laser structures — they are primarily different in their sizes.
The QD-size dispersion causes fluctuations in the quantized energy levels and leads to broadening in
the optical transition energy (inhomogeneous line broadening [8]). Due to nonuniformity of QDs the
maximum gain of the laser decreases [8], threshold current increases [8] and becomes more sensitive
to temperature (the characteristic temperature decreases) [10], multimode generation threshold
decreases [11], internal differential efficiency and output power both decrease [12].

Denoting 6 the root mean square (RMS) of relative QD-size fluctuations, the maximum modal
gain of a QD laser can be presented as follows [8]:

g™ o = ©)

As seen from (7), g™ decreases with increasing 6. Hence it follows from (6) and (7) that the
condition for appearing the second branch in the LCC should become satisfied with increasing RMS
of QD-size fluctuations, i.e., making the QD ensemble less uniform.

As shown in figure 1(a), at small fluctuations in QD sizes [the case of high modal gain — see (7)],
the output power increases with the pump current over the entire range of interest.

At larger fluctuations in QD sizes, the slope efficiency changes from positive to negative with
increasing pump current [figure 1(b)]; the output power goes continuously to zero, which marks the
stop of lasing. In what follows, such a shape of the LCC is referred to as a ‘conventional’ roll-over to
distinguish from the case of strongly nonuniform QDs.

With further increasing RMS of relative QD-size fluctuations up to a certain value, the LCC retains
a conventional roll-over shape. Above that value of the RMS, the LCC transforms qualitatively
[figure 1(c)]. The stop of lasing with increasing injection current occurs now at a nonvanishing output
power: at the maximum operating current, the conventional branch of the LCC (solid portion of the
curve) is detached from the X-axis. This upper branch of the LCC is now continued by the second,
lower, branch (dashed portion of the curve); in general, with reducing the pump current the output
power can follow either the upper (conventional) or lower branch. Experimental observation of the



quenching of lasing at a nonvanishing output power in diode lasers can suggest the presence of carrier-
density-dependent internal loss and, in the case of QD lasers, large QD-size dispersion.

4. Conclusions

Possibility of tailoring the LCC shape in QD lasers by varying uniformity of QDs has been discussed.
Making the QD ensemble less uniform has been shown to result in roll-over in the LCC. The second
branch in the LCC has been shown to appear with making the QD ensemble even less uniform.
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Design of blocking layers for suppression of parasitic recombination

in high-power diode lasers with GaAs waveguide

M.E. Muretova', F.I. Zubov"-2, L.V. Asryan?, M.V. Maximov "2, A.E. Zhukov? '

! Alferov University, 194021 St. Petersburg, Russia
2 National Research University Higher School of Economics, 190008 St. Petersburg, Russia

3 Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061, USA

Using numerical simulations, a search is carried out for designs of asymmetric barrier
layers (ABLs) for a laser diode having GaAs waveguide and emitting at the wavelength
A =980 nm. A pair of ABLs, adjoining the active region on both sides, blocks undesired charge
carrier flows and suppresses parasitic spontaneous recombination in the waveguide layers.
Optimal designs of single ABLs based on AIGaAsSb and GalnP for blocking electrons and holes,
respectively, are proposed, which make it possible to reduce the parasitic recombination current
down to less than 1% of the initial value. To suppress electron transport, an alternative structure
based on three identical AllnAs barriers is also proposed. GaAsP spacers of different thicknesses
form unmatched spectra of size quantization levels between barriers thus blocking the hopping
conduction channel: the parasitic electron flow is reduced by several tens of times in comparison

with the case of spacers of equal thickness.

Keywords: semiconductor lasers, asymmetric barrier layers, parasitic waveguide recombination
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Abstract Operating characteristics of semiconductor quantum
well (QW) lasers are theoretically studied in terms of the thickness
of the waveguide region (optical confinement layer, OCL). We
calculate the maximum modal gain, optical confinement factor (in
QW, OCL, and cladding layers), threshold current density, electron
and hole densities (in QW and OCL), internal optical loss (in QW,
OCL, and cladding layers), internal differential quantum efficiency,
stimulated and spontaneous recombination currents, and output
optical power of the laser as functions of the OCL thickness. It is
shown that up to the pump current density 50 kA/cm? the output
power of the considered lasers depends only slightly on the OCL
thickness in the range of thicknesses 1.5—2.8 um. This result
is important for designing high brightness lasers as broadened
waveguides are used in such lasers to attain low beam divergence.
At high pump current densities, the output power is shown to have
a maximum as a function of the OCL thickness.
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Two-Valued Characteristics in Semiconductor
Quantum Well Lasers

Zinaida N. Sokolova

Abstract—Due to internal optical absorption loss, which varies
with carrier density in the optical confinement region, the oper-
ating characteristics can be two valued in semiconductor quan-
tum well lasers. Particularly, there can be two lasing thresholds
and two branches in the light—current characteristic. While the
internal differential quantum efficiency for the first (conventional)
branch of the light—current characteristic is less than 1 and de-
creases with increasing pump current, that for the second (uncon-
ventional) branch is greater than 1 and nonmonotonous.

Index Terms—Quantum well laser, semiconductor laser.

I. INTRODUCTION

NTERNAL optical loss is among the key factors affecting
Ithe operating characteristics of semiconductor lasers [1]—
[15]. An interesting peculiarity in such lasers was theoretically
studied in [16]-[20]—under certain conditions and due to in-
ternal loss, which varies with carrier density in the optical con-
finement layer (OCL), the second lasing threshold can exist in
addition to the first (conventional) threshold. Above the second
threshold, the laser characteristics become degenerated, namely,
two-valued. In particular, the second, ‘unconventional’, branch
appears in the dependence of the output optical power on the
pump current (light-current characteristic—LCC) in addition to
the conventional (first) branch. With increasing pump current
and approaching a certain value (which is the maximum operat-
ing current), the two branches of the LCC merge together. At the
merging point, the optical power is non-vanishing; immediately
beyond this point, the lasing quenches. Possibility of existing
of such two-valued, lobe-shape, LCC, presents considerable in-
terest from the viewpoints of both fundamental physics and
practical applications of semiconductor lasers with a quantum-
confined active region.

While a general approach was developed in [16]-[20], which
applies to the effects of carrier-density-dependent internal loss in
semiconductor lasers with a quantum-confined active region of
any dimensionality, detailed calculations were performed there
for quantum dot lasers only. In this work, we study two-valued
characteristics for the particular case of semiconductor quantum
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well (QW) lasers. In contrast to [16]-[20], wherein local charge
neutrality was assumed to hold separately in the quantum-
confined active region and in the OCL, we use here the con-
dition of charge neutrality, which includes the charge of car-
riers both in the OCL and quantum-confined active region
[21]-[23].

II. THEORETICAL MODEL

Our theoretical model for the operating characteristics of QW
lasers is based on a set of five rate equations in terms of the
following unknowns: the three-dimensional (3D) densities of
free electrons and holes in the OCL, n°C" and p°C", the two-
dimensional (2D) densities of electrons and holes confined in
each QW, n®W and p®W, and the number of photons N in the
lasing mode.

We use here the condition of charge neutrality in the form of
equality of the total electron charge in the OCL and QWs to that
of holes [21],

e (NQW TLQW + bTLOCL) —e (NQVV pQ\V + prCL) (1)

where Nqw is the number of QWs, b is the thickness of the
OCL, and e is the electron charge.

We use a set of rate equations presented in [21] and [24].
In [21] and [24], constant internal optical loss was assumed.
A critical element of the theoretical model in this paper is the
carrier-density-dependent internal loss in the OCL. We present
the internal optical absorption loss coefficient as

Qint (]) = + Jn,intnOCL (]) + Jp,illtpOCL (]) (2)

where «y is the constant component, o, in; and oy, i, are the
cross sections of internal loss due to optical absorption by free
electrons and holes in the OCL, and j is the injection current
density. The internal optical loss in the QWs, which depends on
the 2D carrier densities there, is included into the constant com-
ponent «y. This is because the 2D carrier densities in the QWs
are considerably lower than the 3D carrier densities in the OCL
(see below). Free carrier absorption loss in the cladding layers
and intervalence band absorption loss [25] are also included into
the constant component «.

Due to the fact that carrier capture from the OCL into the QWs
1s noninstantaneous, the free carrier densities in the OCL, nOCL
and p°®©L, are not pinned after the onset of lasing—they depend
on the injection current density j [26]. Hence, as seen from
(2), the internal loss coefficient v, is also injection-current-
dependent (see also [27]). The capture of electrons and holes
from the OCL into an empty (unoccupied) QW is described

0733-8724 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. 2D electron and hole densities in the QW against injection current

density. In Figs. 1-8, the first (conventional) branch is shown by the solid curve
and the second (unconventional) branch by the dashed curve. In Figs. 1-5, and
8, the OCL thickness b = 0.8 pm.
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Fig. 2. 3D electron and hole densities in the OCL against injection current
density.

by the capture velocities (measured in units of cm/s) vy, capt,0
and v}, cap,0- The capture velocities, being dependent on the size
and material composition of the QW and surrounding layers, can
considerably vary in different laser structures. In [28] and [29],
a combined experimental-theoretical method for determination
of the capture velocities was described and the capture velocities
were determined for a specific QW laser structure emitting at
1.063 pm.

III. DISCUSSION OF LASER CHARACTERISTICS

We consider here the laser structure emitting at 1.01 pm
and containing a single 50 A-wide strained InGaAs QW;
the materials of the OCL and cladding layers are GaAs and
AlGaAs, respectively. The following parameters are used in
the calculations: the Fabry-Perot cavity length is L = 0.15 cm;
the electron and hole capture velocities into an empty QW
are vy capt,0 = 2 X 10% cm/s and Vp,capt,0 = 108 cr/s, respec-
tively; the internal loss cross sections due to optical absorption
by electrons and holes in the OCL are oy, jnt = 3 X 10718 cm?
and o, i = 10717 cm?; the doping concentrations in the n-
and p-cladding layers are 5 x 10'7 cm~ and 3.5 x 108 cm~3;
the constant component of the internal loss coefficient is
ap =2cm~'. The OCL thickness b = 0.8 um is used in the
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calculations. The LCC and the internal differential quantum
efficiency are also calculated for b = 0.5 and 0.2 pm.

Solving the set of rate equations at the steady-state, we obtain
the electron and hole densities in the QW and OCL and the
number of photons N in the lasing mode as functions of the
injection current density j. We then calculate the output optical
power [30], [31],

P(j) = hw s N(j) A3)

where w is the angular frequency of the lasing emission, ¢, is
the group velocity of light, 5 = (1/L) In(1/R) is the mirror
loss coefficient, and R is the mirror reflectivity.

We find that under certain conditions and due to internal op-
tical loss, which varies with electron and hole densities in the
OCL, the second lasing threshold can exist in addition to the first
(conventional) threshold. Above the second threshold, the set of
rate equations has two solutions, i.e., all the laser characteris-
tics become degenerated, namely, two-valued. In particular, the
second, unconventional, branch appears in the dependence of
the output optical power on the pump current (LCC) in addition
to the conventional branch. With increasing pump current and
approaching a certain value (which is the maximum operating
current), the two branches of the LCC merge together. At the
merging point, the optical power is non-vanishing; immediately
beyond this point, the lasing quenches.

In [19], assuming that local charge neutrality holds separately
in the quantum-confined active region and in the OCL, closed-
form solutions were obtained from the steady-state rate equa-
tions and the following analytical criterion for the emergence of
the second branch of the LCC was derived:

Oint Vcapt,0

20 BOCLgmax (4)

where BOCL is the spontaneous radiative recombination con-
stant for the bulk (OCL) region measured in units of cm®/s (see
[32] for the expression for BOCL) and ¢™#* is the maximum
value of the modal gain in the active region (per single layer
with quantum dots, single layer with quantum wires, or sin-
gle QW). In the specific QW laser structure considered here,
g™ =89.7 cm~! [33].

In this work, we use a more general approach, which is based
on exploiting the charge neutrality condition in the form of
eq. (1). With this condition, no closed-form solutions of the set
of rate equations can be obtained and no analytical criterion for
the emergence of the second branch of the LCC can be derived.
However, the findings of [19] expressed by inequality (4) hold
true also here: the internal loss cross-section and the capture
velocity should be high enough and/or the OCL thickness and
the maximum modal gain should be low for the second branch
of the LCC to appear.

Fig. 1 shows the 2D electron and hole densities in the QW
against the injection current density j. As seen from the figure,
the character of the dependence of the carrier density on j in
the second (unconventional) branch is opposite to that in the
first (conventional) branch. While the electron and hole den-
sities increase with j in the first branch, they decrease in the
second branch. Also, as seen from the figure, the decrease of
the hole density with j in the second branch is substantial. In
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Fig. 3. Gain and internal optical absorption loss against injection current
density.

both branches (except for the initial portions in the first branch
near the first lasing threshold), the hole density in the QW is
considerably higher than the electron density. At the second
lasing threshold, the hole-to-electron density ratio is 3.1 in the
first branch and 5.3 in the second. At the maximum operating
current (beyond which the lasing quenches in both branches),
the hole-to-electron density ratio is 4.1. Hence, as seen from
Fig. 1 and the above numbers, there is no local charge neutrality
in the QW.

In contrast to the 2D electron and hole densities in the QW,
the free electron and hole densities in the OCL are close to each
other in both the first and second branches for the entire range of
injection current values (see Fig. 2). This is because the densities
of each type of carriers in the OCL are considerably higher than
the densities of each type of carriers in the QWs, i.e.,

O bpOCt >> Nown®V, Nowp?V. (5

Hence, to maintain the charge neutrality condition (1), n°0C"

and p°©" should be close to each other. Similarly to the QW,
while the carrier densities in the OCL increase with j in the
first branch, they decrease in the second branch. The relative
variation is, however, greater in the first branch — the carrier
densities increase by a factor of 120 on going from the first lasing
threshold to the lasing quenching point; the carrier densities in
the second branch decrease by a factor of 1.6 only on going
from the second lasing threshold to the lasing quenching point.
As seen from Fig. 2, above the second lasing threshold, the free
carrier densities in the OCL (especially in the second branch)
are significantly high.

With the calculated dependences of the carrier densities in the
OCL on j, we can easily obtain such dependences of the internal
loss [see eq. (2)] and modal gain (both shown in Fig. 3). For the
modal gain of a QW laser, we use [24]

9(7) = Now g"*[fa () + /() — 1] (6)

where f,, and f, are the occupancies of the electron and hole
subband edges in the QW, which are related to the 2D-carrier
densities in the QW as follows [16], [17], [34]:
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Fig.4. Spontaneous radiative recombination current density in the QW against

injection current density.

where N20 = m@WT/(m h?) are the 2D effective densities of
states in the conduction and valence bands in the QW, m&\
are the electron and hole effective masses in the QW, and the
temperature 7 is measured in units of energy.

The modal gain and the internal loss are related to each other
by the lasing condition,

g(J) = Qipt (.7) + ﬂ (8)

As seen from (8) and Fig. 3, since the mirror loss 3 does not
depend on the injection current, the dependences of g and vy
reproduce each other — the curve for g is obtained from that for
aint by simply shifting up the latter along the vertical axis by the
value equal to the mirror loss 3; in the laser structure considered
here, 3 = 7.6cm™!. Since the dependences of n°C" and p©©L
on j have two branches, g(j) and «;,¢(j) also consist of two
branches, which correspond to two solutions of the steady-state
set of rate equations.

As seen from Fig. 3, both the internal loss and gain change
substantially with j. In the first branch, a;,¢ and g increase from
3.5t0 51.9 cm™ and from 11.1 to 59.5 cm™, respectively, on
going from the first lasing threshold (63 A/cm?) to the lasing
quenching point (j,.x = 183.5 kA/cm?). In the second branch,
aine and g decrease from 81.6 to 51.9 cm™! and from 89.2
to 59.5 cm™', respectively, on going from the second lasing
threshold (116 kA/cm?) to the lasing quenching point (Jyax =
183.5 kA/cm?). At the lasing quenching point, both branches
of ay,¢ merge together (at this point, o;,, = 51.9 cm~!) and so
do the two branches of g (at this point, g = 59.5 cm™).

Fig. 4 shows the current density of spontaneous radiative
recombination in the QWs,

Jbon(d) = eNaw ™ (3) ©)
against the injection current density. In (9), BQV is the sponta-
neous radiative recombination constant for the 2D region (QW),
which is measured in units of cm?/s — see [32] for the expression
for BAW . As seen from Fig. 4, jQW, drops considerably in the
second branch (from 3.6 to 0.35 kA/cm?, i.e., by more than an
order of magnitude) on going from the second lasing threshold
to the lasing quenching point. However, even at the second las-
ing threshold, ]E%‘OVH is much lower than the current density of
spontaneous radiative recombination in the OCL [see eq. (10)
and Fig. 5]. This is due to the fact that the carrier densities in

the QW are considerably lower than those in the OCL—see (5).

BAW QW (
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Fig. 6. Light-current characteristics for the structures with the OCL thick-
nesses b = 0.2, 0.5, and 0.8 pm.

The current density of spontaneous radiative recombination
in the OCL,

dspon (7) = ebBOEnO L (7)pO L (j)

(10)

is shown in Fig. 5 against the injection current density. As seen
from the figure, ;95 is very high in the second branch — it
presents a considerable fraction of the total injection current
density.

Fig. 5 also shows the current density of stimulated radiative

recombination in the QWs,

i () = ge exgGING) = ge eglowne () + BING) (D

against the injection current density. In (11), S = WL is the
cross section of the junction and W is the laser stripe width. As
seen from the figure and as expected, in each of two branches,
Jstim 18 zero at the corresponding lasing threshold. In the first
branch, jsii, increases with j and approaches its maximum
value; as j further increases and approaches the maximum oper-
ating current density, jsi, decreases to a non-vanishing value
(140 kA/cm?) — on further increase of j, the lasing quenches.
In the second branch, ji,, increases monotonously with j. At
J = Jmax, the two branches of jgi,, merge together.

Fig. 6 shows the output optical power of the laser against the
injection current density (LCC) for the OCL thicknesses b =
0.2, 0.5, and 0.8 pum; the corresponding values of the maximum
modal gain g™** are 125, 115.2, and 89.7 cm'. As seen from
the figure, due to the fact that the set of rate equations has two
solutions in the presence of carrier-density-dependent internal
loss in the OCL, the LCC has two branches; these two branches
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Fig. 7. Internal differential quantum efficiency against injection current den-

sity for the structures with the OCL thicknesses b = 0.2, 0.5, and 0.8 pm.

actually form a lobe-shape LCC. The first (conventional) branch
of the LCC is nonmonotonous and the second (unconventional)
branch is monotonous.

As seen from Fig. 6, making the OCL thinner increases the
maximum optical power, the second lasing threshold, and the
maximum operating current at which the lasing quenches.

Fig. 7 shows the internal differential quantum efficiency for
the first and second branches of the LCC against the injection
current density for three values of the OCL thickness. The inter-
nal efficiency (efficiency of stimulated recombination) is defined
as [24], [26]

) _ jstim,L? (])

- - (12)
J — Jth,1,2

Mint,1,2(J
where “1” and “2” in the subscripts denote the first and second
branches of the LCC and ji), 12 are the first and second threshold
current densities.

While the two branches of jg;, and of the LCC merge to-
gether at the maximum operating current density (see Figs. 5
and 6), i-e~’ jstim#l(jmax) = jstinLQ(jmax)a the curves for the
internal efficiency for the two branches do not merge, i.e.,
Nint.1 (Jmax) 7 Mint.2(Jmax) (see Fig. 7). This is because the
denominators in (12) for the two branches are not the same;
namely, since ji2 > jin,1, the denominator for the second
branch is smaller than that for the first branch, j — ji, 2 < j —
jth$1~ HCIICC, atj = jmmu when jstiln,l (jmax) = jstim.Z(jnmx)s
the internal efficiency for the second branch is higher than that
for the first branch, Tlint,2 (jmax) > Tlint, 1 (jmax) (See Flg 7)

Moreover, as seen from Fig. 7, while the internal efficiency
for the first branch is less than 1 and decreases with increasing
injection current, the internal efficiency for the second branch
is greater than 1 and nonmonotonous. To explain these depen-
dences, let us present the injection and threshold current densi-
ties as follows:

J = Jspon + Jstim = Jepon + Jenon + Jstim  (13)
. . QW .0C
Jth = Jspon,th = js%on,th +Jb%€1]:,th (14)

With (12)—(14), we can rewrite the expressions for 7;,; for
the first and second branches as follows:

.jstim,l o 1
jstim,l +Jspon.1 _jspon,th‘l 1+ 7]”)0“']. “Jspon.th.1

Jstim 1

<1

Tint,1 =

5)
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Fig. 8. Total spontaneous radiative recombination current density, js%‘(}n +

jgpgk, against injection current density. In view of (5), jg)\(}n + jb%gf; is very

close to the spontaneous radiative recombination current density in the OCL,

J%COII; (shown in Fig. 5).
n _ Jstim,2
int,2 — . 3
Jstim,2 + Jspon,2 — Jspon,th,2

1 1 1

- 14+ Jspon.2 —Jspon.th.2 1 Jspon,th,2 = Jspon,2 > L
.js‘tim.’_) jbtim.2

(16)

As seen from Fig. 8, the total spontaneous radiative recom-
bination current density (the sum of spontaneous radiative re-
combination current densities in the QWs and OCL) in the first
branch (the solid curve) increases with increasing j, i.e., at any j,
it is higher than at the first lasing threshold, jspon,1 > Jspon,1,th
— hence, as seen from (15), the internal efficiency for the first
branch is less than 1 (see Fig. 7). The total spontaneous radiative
recombination current density in the second branch (the dashed
curve) decreases with increasing j, i.e., at any j, it is lower than
at the second lasing threshold, jspon,2 < Jspon,2,th — hence, as
seen from (16), the internal efficiency for the second branch is
greater than 1 (see Fig. 7).

Since the sum of the total spontaneous radiative recombina-
tion current density and the stimulated recombination current
density is equal to the total injection current density [see (13)],
the superlinearity of jspon 1 (j) (the solid curve in Fig. 8) leads to
sublinearity of jstim .1 () (the solid curve for jyy, in Fig. 5); the
sublinearity of jspon,2(j) (the dashed curve in Fig. 8) leads to
superlinearity of jsim 2 (j) (the dashed curve for jgiy, in Fig. 5).

It should be noted that, in this work, to purely focus on the
effects of carrier-density-dependent internal optical loss, we do
not calculate self-consistently the profiles of the electrostatic
field and carrier densities within the OCL. Instead, we assume
that the electron and hole densities are constant within the OCL.
Equation (1) does not also include the charge of ionized dopants
and hence is also not self-consistent electrostatically.

With increasing operating currents (especially in short-cavity
devices), the onset of lasing from higher energy states (levels in
quantum dots, subbands in QWs, or bands in the bulk OCL) can
occur in diode lasers simultaneously with or instead of ground-
state lasing (see, e.g., [35] and the references therein). The lasing
from these states will however be at a shorter wavelength than
that from the ground state in the active region. In contrast to the
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higher-state lasing, the lasing in the second (unconventional)
branch discussed in this work will occur at the same wavelength
as that in the first (conventional) branch.

To verify our simulation results, we performed experiments
on 100 pm-aperture diode lasers emitting at 1.06 pm. We were
able to observe saturation and rollover of the conventional (first)
branch of the LCC at ultra high pulse currents (> 100 kA/cm?).
As the pulse duration and repetition rate were low (50 ns /1 kHz)
and hence the rollover could not be caused by temperature ef-
fects, we suppose that it was due to carrier-density-dependent
internal optical loss. To observe the unconventional (second)
branch of the LCC and the optical power hopping between the
two branches, we plan to do more study and experiments on dy-
namic characteristics of diode lasers of different heterostructure
designs under ultra high pulse currents exceeding the second
lasing threshold (with the latter being estimated from our simu-
lations).

IV. CONCLUSION

We discussed the operating characteristics of semiconductor
QW lasers in the presence of internal optical absorption loss,
which varies with electron and hole densities in the OCL. Due to
such loss, the second lasing threshold can emerge in addition to
the conventional (first) threshold. Above the second threshold,
the laser characteristics are two-valued. In particular, the sec-
ond, unconventional, branch appears in the dependence of the
output optical power on the pump current (light-current char-
acteristic — LCC) in addition to the conventional branch. With
increasing pump current and approaching a certain value (which
is the maximum operating current), the two branches of the LCC
merge together. At the merging point, the optical power is non-
vanishing; immediately beyond this point, the lasing quenches.
The characteristics of the laser are different in two branches.
Thus, while the internal differential quantum efficiency for the
first branch of the LCC is less than 1 and decreases with increas-
ing pump current, that for the second branch is greater than 1
and nonmonotonous. The dependences of other characteristics
on the injection current are also different in two branches—e.g.,
while the electron and hole densities in the OCL increase with
increasing current in the first branch, those in the second branch
decrease.

The fact that the LCC can be two-valued (lobe-shaped), even
though there is no experimental proof for this so far, presents
considerable interest from the viewpoints of both fundamen-
tal physics and practical applications of semiconductor lasers
with a quantum-confined active region. For instance, switching
between the two branches of the LCC (assuming that this is
feasible) would provide an opportunity for controllable change
of the internal quantum efficiency of the laser.
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Two-Threshold Semiconductor Quantum Well Lasers
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Abstract—Threshold and power characteristics of quantum
well lasers are theoretically studied in the presence of internal
optical absorption loss. Due to variation of the internal loss
coefficient with electron and densities in the optical confinement
layer of the laser, the light-current characteristic may have two
branches, each with its own threshold. The branches merge
together at the maximum operating current.

Keywords—quantum well laser, internal optical loss

. INTRODUCTION

We study theoretically the effects of internal optical
absorption loss, which depends on the electron and hole
densities in the optical confinement layer (OCL), on the
operating characteristics of semiconductor quantum well
(QW) lasers. In contrast to [1]-[4], wherein the effects of
internal loss were studied assuming that local charge neutrality
holds separately in the quantum-confined active region and in
the OCL, we use here the condition of charge neutrality,
which includes the charge of carriers both in the OCL and
QWs [5]-[7].

It is shown here that, due to carrier-density-dependent
internal loss, the second lasing threshold may exist in addition
to the first (conventional) threshold in semiconductor QW
lasers. The second threshold is higher than the first one.
Above the second threshold, the laser characteristics become
two-valued. In particular, there are branches in the dependence
of the output optical power on the pump current (light-current
characteristic — LCC).

Il. APPROACH

Our theoretical model for the operating characteristics of
QW lasers is based on a set of five rate equations in terms of
the following unknowns: the three-dimensional densities of
free electrons and holes in the OCL, the two-dimensional
densities of electrons and holes confined in each QW, and the
number of photons in the lasing mode. A key component of
our theoretical model is the dependence of the internal loss
coefficient on the free electron and hole densities in the OCL.
We also take into account the fact that the carriers are not
directly injected into QWSs. They are first injected from the
cladding layers into the OCL and then they are captured from
the OCL into QWSs. We do not assume instantaneous capture
of carriers from the OCL into the QWs, i.e., we do not assume
that the capture velocities are infinitely high; instead, we use
finite values for the capture velocities. Due to the fact that

carrier capture from the OCL into the QWSs is
noninstantaneous, the free carrier densities in the OCL are not
pinned after the onset of lasing — they depend on the injection
current. As a result of this, the internal optical absorption loss
coefficient also depends on the current.

111. CONCLUSION

We showed that, under certain conditions, the set of rate
equations may have two solutions, i.e., the LCC of QW lasers
may have two branches, each starting at its own threshold. The
two branches actually form a lobe-shape LCC. The first
(conventional) branch of the LCC is nonmonotonous and the
second (unconventional) branch is monotonous. We also
showed that, while the internal differential quantum efficiency
for the first branch is less than one and decreases with
increasing pump current, that for the second branch is greater
than one and nonmonotonous.
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Modulation Bandwidth of Double Tunneling-

Injection Quantum

Abstract— The effect of out-tunneling leakage of carriers from
quantum dots (QDs) on modulation bandwidth of semiconductor
double tunneling-injection (DTI) QD lasers is studied. In this
type of laser, as an alternative to conventional pumping, electrons
and holes are injected into QDs by tunneling from two separate
quantum wells (QWs) located on the opposite sides of the QD
layer and separated from the latter by thin barrier layers. Fast
tunneling-injection into QDs should be maintained to ensure the
high modulation bandwidth. It may also seem that out-tunneling
leakage from QDs (tunneling of electrons to the hole-injecting
QW and holes to the electron-injecting QW), which is an unde-
sirable process, should be kept as slow as possible (or even totally
suppressed) to maximize the modulation bandwidth. However,
it is shown in this paper that, due to zero-dimensional nature
of QDs, the modulation bandwidth is practically unaffected by
out-tunneling leakage from them—it depends only slightly on
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the out-tunneling time. Hence, concerning out-tunneling leakage,
DTI QD lasers are robust—provided that tunneling-injection is
fast, no significant effort should be necessary to suppress out-
tunneling leakage in practical devices.

Index Terms—Quantum dot laser, semiconductor laser,

tunneling injection.
I. INTRODUCTION

OUBLE tunneling-injection (DTI) quantum dot (QD)

lasers, which possess several advantages over conven-
tional semiconductor lasers, are discussed. In conventional
lasers with a quantum-confined active region, there is always
bipolar (i.e., both electron and hole) population and hence
electron-hole recombination outside the active region [1]-[5].
This recombination negatively affects the laser operating char-
acteristics. In particular, the threshold current is increased [3]
and more temperature-sensitive (the characteristic temperature
is reduced) [4]. Besides, since the rate of this recombination
increases superlinearly with increasing injection current above
the lasing threshold, the efficiency of stimulated recombination
decreases and hence the light-current characteristic (LCC)
becomes sublinear [5].

In [6]-[8], to eliminate the parasitic electron-hole recombi-
nation outside QDs, double tunneling-injection, i.e., tunneling
injection of both electrons and holes, was proposed as a mech-
anism for pumping the QDs. In [9]-[12], the concept of DTI
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Fig. 1. Energy band diagram of a DTI QD laser and the main processes:
@ injection from the cladding layers to the OCL, @ majority carrier capture
from the OCL into the QW and thermal escape from the QW to the OCL,
® tunneling-injection from the QW into a QD, @ spontaneous and stimulated
recombination in a QD, ® out-tunneling from a QD into the ‘foreign’ QW,
® spontaneous recombination in the QWs, @ minority carrier thermal escape
from the QW to the OCL and capture from the OCL into the QW, and
spontaneous recombination in the OCL. Reproduced from [36, Fig. 1],
with the permission of AIP Publishing. The barriers between the QWs and
the QD layer do not have to be necessarily implemented in the same material
or, in particular, in the material of the cladding layers. The structure can be
further optimized by increasing the barrier height for out-tunneling carriers
while keeping it low for in-tunneling carriers (see [7, Fig. 5]).

was applied to AlGaAs-GaAs-InGaAs-InAs QD heterostruc-
ture lasers. Other tunneling and non-tunneling approaches
were also considered, such as tunneling-injection of only elec-
trons into quantum wells (QWs) or QDs [13]-[29], injection
of excitons into quantum dashes [30]—[32] or into QDs via
nanobridges [33], resonant tunneling through QDs in double-
barrier structures [34], and the use of extra QWs that are
shallower than the active ones [35].

The energy band diagram of a DTI QD laser is shown
in Fig. 1. As in conventional QD lasers, electrons and holes are
injected from n- and p-cladding layers, respectively, into the
optical confinement layer (OCL). In contrast to conventional
QD lasers, electrons and holes do not occupy the entire OCL
in DTI QD lasers; each type of carriers is contained in its
own part of the OCL — the one adjacent to the cladding layer
injecting them. This is accomplished by means of the use of
two QWs and barrier layers (one on each side of the QD layer).
Each type of carriers is captured from the corresponding part

0018-9197 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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of the OCL into the adjacent QW. The only way for the
further transport of electrons and holes is tunneling through
the corresponding thin barrier layers into the QDs. Ideally,
the wells and barriers should be designed so that electrons
will not out-tunnel into the hole-injecting QW and holes into
the electron-injecting QW [6]—[8]. In such an ideal situation,
bipolar population will be maintained in QDs only. Outside
the QDs, i.e., in the OCL and QWs, there will be monopolar
population—electron population on the electron-injecting side
of the structure and hole population on the hole-injecting side.
As a result of this, there will be no electron-hole recombination
outside QDs. The total suppression of parasitic recombination
will result in a very low and virtually temperature-insensitive
threshold current [6]—[8] and a linear LCC.

In actual structures, however, out-tunneling of carriers into
the foreign QWs will not be totally suppressed. In the presence
of out-tunneling, electrons injected into QDs will leak into the
hole-injecting QW and further escape to the hole-injecting side
of the OCL. Similarly, holes injected into QDs will leak into
the electron-injecting QW and then escape to the electron-
injecting side of the OCL. There will be, therefore, certain
fractions of minority carriers on each side of the structure—
electrons on the hole-injecting side and holes on the electron-
injecting side. As a result of this, parasitic recombination will
still occur outside QDs in DTI lasers. In [36]-[38], the effect
of out-tunneling leakage on static characteristics of DTT QD
lasers was studied.

In this work, to explore the potential of DTI QD lasers
for high-frequency direct modulation of the optical output by
injection current, we study the effect of out-tunneling leakage
on their dynamic characteristics. The modulation bandwidth
is calculated as a function of the characteristic time of out-
tunneling leakage from QDs. It is shown that, due to zero-
dimensional (0-D) nature of QDs, the net out-tunneling current
from them remains limited with decreasing out-tunneling time.
As a result of this, the modulation bandwidth is practically
unaffected by out-tunneling leakage.

II. THEORETICAL MODEL

We use the following set of rate equations derived in
Appendixes A and B:
fn

0 bin D
< Y
ar[(NE“) <17

— + BZD:| NCQD

+ ZNani|

Jn
1_fn

Fow

\\4
— Ng—= _[wout—tunnFlQ Ns fu
QD

— wout—tunnNS(l - fn)FQW] - ngmax(zfn - 1)”ph,

()
0 bing 1
o [\ + 1) Fow
= [woutftunnFlQWNan — Wout—tunnNs (1 — fn)FQW]

ban% o Jn
N AR S
[(N3D>2+ R

Fow, (2)
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TABLE I
UNKNOWNS IN RATE EQS. (1)-(3)

fa carrier level occupancy (occupation probability) in QDs

minority carrier density in the foreign QW (i.e., electron density in the
hole-injecting QW and hole density in the electron-injecting QW)
two-dimensional (2-D) density of photons in the lasing mode (number
of photons per unit area of the junction)

FQW

TABLE II
PARAMETERS IN RATE EQS. (1)-(3)

injection current density

e electron charge

b, thickness of one side of the OCL (separation between the
cladding layer and the barrier — Fig. 1)

B and Byp spontaneous radiative recombination constants for the bulk
(OCL) and 2-D regions (QWs) measured in units of cm’/s
and cm?/s, respectively (see [3] and [39] for the expressions
for B and B,p)

Ns surface density of QDs

70D spontaneous radiative lifetime in QDs

Cy group velocity of light

g™ maximum value of the modal gain [3]

£ =(/D)In(1/R) | mirror loss

L cavity length

R facet reflectivity

Onph

ot 3)

The unknowns and parameters in eqs. (1)-(3) are presented
in Tables I and II, respectively.

The quantities NED, ni, and FlQW in (1) and (2) are given
by eqs. (A13), (A14), and (B16) in Appendixes A and B.

The parameter woyi—wnn in (1) and (2) is the out-tunneling
coefficient, i.e., the coefficient of tunneling (measured in units
of cm?/s) between QDs and the foreign QW. The out-tunneling
time from a QD to the foreign QW is expressed in terms of
Wout—tunn as follows:

= ngmax(zfn - 1)”ph - Cgﬂ”ph~

QD QW _ 1
out—tunn T

“)

wout—tunnFlQW.

We apply the small-signal analysis to rate equations (1)-(3)

and hence consider the injection current density in (1) in the
form of

)

where o is the modulation frequency, jo is the dc component
and Jjy is the small amplitude of the time-harmonic ac
component.

We correspondingly look for f,, Fow, and npp in (1)-(3) in
the form of

J = Jjo+ (@jm) exp (iwt),

Fow = Fow, 0 + (0FQw-m) exp (iot), 6
So = foo + (Ofn—m)exp (iwt), (7
Nph = Nph, 0 + (Onph—m) exp (iwt), (8

where the dc components fu 0, Fow,0, and npho are the
solutions of rate equations (1)-(3) at the steady-state, which
are given by

1 p
fn,O = 5 (1 + gmax) >

©)



ASRYAN AND KAR: MODULATION BANDWIDTH OF DTI QD LASERS: EFFECT OF OUT-TUNNELING LEAKAGE

QW
Wout—tunn F1 Ns fn0

Fawo = by Bn} 2D _Jfno ’
woutftunnNS(l - fn,0)+ (1\/02—D)2+B2D Nc m
(10)
0 — Jih
Nph,0 = rph] ; Jh (11)

In (11), the threshold current density and the photon lifetime
in the cavity are given by

2

Jao by Bn? oo Jno
ih = eNs 220 4 2 + Bop [N powo,
Jjh=e STQD e (N2 | N o QW0
(12)
: (13)
Tph = ——.
p Cg,B

The first term in the right-hand side of (12) is the sponta-
neous radiative recombination current density in QDs. The sec-
ond term is the parasitic recombination current density outside
QDs (i.e., in the OCL and QWs); in the case of electron-hole
symmetry considered here, it is twice the spontaneous radiative
recombination current density in each side of the structure—
hence the factor of 2 in (12).

Using (5)-(8) in (1)-(3), we obtain the following set of linear
algebraic equations in the modulation frequency-dependent
small amplitudes dfn—m, 0FQw—m, and onph—m:

ioY) + Dy Ci2 Ci3 0fn-m djm/e
Ch iwYo +Dy 0 0FQw-m | = 0 R
C3y 0 iw Onph—m 0
(14)

where the coefficients (all independent of the modulation
frequency w) are given by

bini D 1
Vi= (ot +1)NP— 12N, 15
: (Nc2D " ) (1= fa0)? s (1)
b1n1
Y, = N +1, (16)
[ b1Bn2 1 5 1 a0
Dy = | —=> + B ———— Fow,0 +2Ns—
_(chD)2 ] © U= fan)? QD
+ Wout—wunnNs (FXY + Fow.0) + 2¢g¢™ npn.0, (17)
[ by B} 1 o oo
D) =|—==+8B N :
TR TP T
+ Wout—tunn Ns (1 — fn,O)» (18)
[ by B} 1 o oo
Cop=|—5+8B N, -
S O C R
— Wout—tunn Vs (1 — fn,O)» (19)
1
Ci3 = —, (20)
Tph
b1 Bn? o1
Co1 = | =55 + Boap | NS ——— Fowo
[(N&D)Z © (- fo? ¢
— Wout—tunnNs (F2" + Fow,0), 1)
C31 = —2ngmaxnphjo. (22)
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From the solution of (14), we find the ratio
Onph—m(w) / Onph—m(0),
5nph—m(w) .
————= = (C13C31D2 +iw Y2C13C31)
5nph7m(0)

x{[C13C31 D2 + &*(Y1 D2 + Y2Dy)]
+iow [(Y2C13C31 + C12C21 — D1 D»)

+ o’ Y1Y2] )7, (23)

and then the modulation response function H (w),

Onph—m(®) 2

Onph—m(0)

= (C13C35,D5 + o Y7C15C3))
x{[C13C31 D2 + (Y1 D2 + Y2 D1)] 2
+@” [(Y2C13C31 + C12Co1 — Dy Dy)
+ o’ V1Y%

H(w) = ‘

(24)
The modulation bandwidth w_3 4g is defined as the —3 dB

bandwidth [40]-[42],
10log o H (w-34B) = —3. (25)

Using (24) in (25), we obtain the following cubic equation for

the square a)2_3 qp of the bandwidth:
0)6_3 dB + E4C()i3 dB + EZCUE:; dB — E() = 0, (26)

where the coefficients E are expressed in terms of the coeffi-
cients C, D, and Y as follows:

1
Ey= —5—=@r-1 C123C321 D%’ @7
Y2Y2
1
Ey = ——[(C12Ca1 — D1 Dy)?
2 Y12Y22[( 12C21 1D2)
— (r — 1) Y2C},C3, +2C13C31 (Y2C12Cay + Y1 DY),
(28)
1
Es = 3o [Y2D3 4 Y} D? +2Y1Y2(Y2C13C31 + C12Car)],
i3
(29)

where r = 1093 ~ 1.995.

III. DISCUSSION

We apply the above analysis and calculate the modulation
bandwidth for a GalnAsP laser structure emitting near
1.55 um [43]-[46]. The materials of cladding layers, OCL,
and QDs are InP, Gag,1Ing79Asg.46P0 54, and Gag47Ing 53As,
respectively, the latter two being lattice-matched to InP. The
surface density of QDs Ns = 6.11 x 10'° cm™2. The Fabry-
Perot cavity length L = 1.139 mm; at this cavity length and
assuming as-cleaved facets (the mirror reflectivity R = 0.32),
the mirror loss # = 10 cm™!. Room-temperature operation is
considered (7 = 300 K). In Figs. 2-5, the dc component of
the injection current density jo = 50 kA/cm?; at this value of
Jo, the modulation bandwidth is at its maximum in an ideal
DTI QD laser [45]. At jo = 50 kA/cm?, L = 1.139 mm,
the laser stripe width W = 2 um, and the out-tunneling time
Tout—tunn = 1 ps, the dc component of the output optical
power is 1 W.
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Fig. 2. Modulation bandwidth w_3 gg /27 vs. out-tunneling time (the bottom
axis) and out-tunneling coefficient (the top axis). A GalnAsP heterostructure
emitting near 1.55 um is considered [43]-[46]. The materials of cladding
layers, OCL, and QDs are InP, Gag 211Ing.79As0.46P0. 54, and Gag 47Ing 53 As,
respectively, the latter two being lattice-matched to InP. In Figs. 2-5, the cavity
length L = 1.139 mm (the mirror loss f = 10 cm_l) and the surface density
of QDs Ng = 6.11 x 1010 cm=2. In Figs. 2-4, the offset energy between the
carrier subband edge in the foreign QW and the level in a QD is A = T.
Room-temperature operation is considered (7" = 300 K). In Figs. 2-5, the dc
component of the injection current density jo = 50 kA/cm?; at this value of
Jjo, the modulation bandwidth is at its maximum in an ideal DTI QD Ilaser
[45]. At jo =50 kA/em?, L = 1.139 mm, the laser stripe width W =2 um,
and the out-tunneling time Zout—tunn = 1 ps, the dc component of the output
optical power is 1 W.

Out-tunneling coefficient,

c 2
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Fig. 3. 2-D carrier density in the foreign QW vs. out-tunneling time (the
bottom axis) and out-tunneling coefficient (the top axis).

Figure 2 shows the modulation bandwidth w_3 gg against
the out-tunneling time from a QD to the foreign QW T(SJ?_EIS]W
(the bottom axis). In the figure, the out-tunneling time is
varied [see eq. (4)] via varying the out-tunneling coefficient
Wout—tunn (shown in the top axis). As seen from the figure,
the modulation bandwidth is practically unaffected by out-
tunneling from QDs — there is only a slight dip in the curve for
w_3 gp. In order to gain insight into this, we analyze the net
out-tunneling current density, which is the difference between
the current density of out-tunneling leakage from QDs to the
foreign QW and the current density of backward tunneling

from the foreign QW into QDs [see (2)],

W
ewoutftunnFlQ Ns fo — ewout—wunn Ns (1 — fa) Fow. (30
At the steady-state, we have from (2),
W
ewoutftunnFlQ N fn,0 — €Wout—tunnNs (1 — Jn0) Fowo
biBnj o Jno
=e|—5s>5 + B | NN” ———Fowo. (G
(N2P)? © 1= fao ©
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Fig. 4. Out-tunneling current density from QDs to the foreign QWs (the
dashed line), current density of backward tunneling from the foreign QWs
to QDs (the dotted curve), and net out-tunneling current density (the solid
curve) vs. out-tunneling time (the bottom axis) and out-tunneling coefficient
(the top axis).

Normalized offset energy, A/T

N 0 2 4
(:E T "
o —
(g\] 10 L
~—~

=

"u) 0 N N
S 10™ 10™

Out-tunneling time, T ut-tunn (s)

Fig. 5. Modulation bandwidth w_3 gg /27 vs. out-tunneling time (the bottom
axis) and normalized offset energy between the carrier subband edge in the
foreign QW and the level in a QD (the top axis). The out-tunneling coefficient
iS Wout—tunn = 60.14 cm?/s.

For the sum of the net out-tunneling current densities of
electrons and holes, we have

banz a0

-net 1 2D n,

Jout—tunn,0 = 2€ D) + Bop | N; mFQw,o- (32)
¢ n,

Naturally, jo¢t_ . is equal to the parasitic recombination

current density outside QDs [the second term in the right-hand
side of (12)] since the latter is totally due to out-tunneling
from QDs.

As seen from (32) and (10), jgl‘:tt_mmO depends on woyt—tunn
via such dependence of the 2-D carrier density Fow,o in the
foreign QW. However, as seen from (10) and Fig. 3, while
Fqw o starts to increase from zero with increasing wout—tunn,
it remains saturated as woyg—tyny —> OO, 1.€., as out-tunneling
becomes instantaneous (rﬁ?fﬁﬁw — 0). For such a case of
instantaneous exchange between QDs and the foreign QW,
we have from (10),

Qw_ /o
FQW>O |w0ut—tunn S0 T Fl 1 H
- fn,()

which is the same expression as eqs. (B1) and (B2) in Appen-
dix B relating the 2-D carrier density in the injecting QW
and the level occupancy in QDs for the case of instantaneous
tunneling-injection.

(33)
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A1
Qb 17 A

Fig. 6. Conduction band diagram in the right-hand side of the structure. A
is the offset energy between the electron subband edge in the foreign (hole-
injecting) QW and the electron level in a QD.

Due to 0-D nature of QDs, the QD population remains
limited — the level occupancy f, o0 < 1. Hence the highest
2-D carrier density in the foreign QW, which is given by (33),
is finite even in the worst case scenario of instantaneous out-
tunneling from QDs. So remains the net out-tunneling current
density, which is shown in Fig. 4 (the solid curve) against the
out-tunneling coefficient (the top axis) and the out-tunneling
time (the bottom axis). With (32) and (33), we have for the

saturation value of jh
BZD:|

0 oW [ Jno 2
XNC Fl 1—7‘]‘}10 . (34)

With eq. (B16) of Appendix B for FIQW, we can rewrite (34)
as follows:

2
et | _5 banl
Jout—tunn,0 | Wout—tunn — 0o — <€ (NQD)Q
c

-net _ 2 2Dy2
]out—tunn,O |woul—tunn~> o T 2e [ banl + BZD(NC ) ]

w0\ A
x (1 f,](;n,O) exp (—?). (35)

Hence, while the out-tunneling current density from QDs
to the foreign QW [the first term in (30) and the dashed line
in Fig. 4] increases with increasing woyi—wnn and becomes
high, this increase is compensated for by the increase of the
backward tunneling current density from the foreign QW into
QDs [the second term in (30) and the dotted curve in Fig. 4] so
that their difference, presenting the net out-tunneling current
density (the solid curve in Fig. 4), remains saturated and low
with increasing wout—tynn-

Figure 5 also shows the modulation bandwidth a\%ainst the
out-tunneling time. In contrast to Fig. 2, rﬁ?_gn?l is now
varied by varying the offset A between the energies of the
subband edge in the foreign QW and the level in a QD
[see eqs. (4) and (B16) and Fig. 6]. As seen from (4) and
(B16), T(g}lt);;ﬁW decreases (i.e., out-tunneling occurs faster)
exponentially with decreasing A. Hence, it would be intuitive
that the modulation bandwidth should decrease considerably
with decreasing A. However, as seen from Fig. 5, the decrease
in w_34p is actually small; w_34p decreases by 18% only
with reducing A from 47 (high offset between the foreign
QW subband edge and the QD level) to 0 (resonance between
the forei%n QW subband edge and the QD level), i.e., reducing

QD> QW 1y o factor of exp(4) ~ 55.

out—tunn
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Our model does not take into account possible band bending
due to spatial separation of carriers (confinement of electrons
and holes in the opposite sides of the structure). Such band
bending may affect both the rates of tunneling-injection of car-
riers into QDs and out-tunneling from QDs. In such a situation,
again, provided the tunneling-injection is fast enough, the out-
tunneling leakage will not significantly affect the modulation
bandwidth.

We do not consider non-radiative recombination of carriers.
The inclusion of non-radiative recombination will affect the
dc components of the carrier densities in the OCL and QWs.
However, the main derivation of this work (independence of
modulation bandwidth of out-tunneling leakage from QDs)
will remain unchanged — due to zero-dimensional nature of
QDs, the net out-tunneling current from them will still remain
limited.

IV. CONCLUSION

We studied the effect of out-tunneling leakage of carriers
from QDs on dynamic characteristics of DTI QD lasers.
We calculated the modulation bandwidth as a function of
the characteristic time of out-tunneling leakage from QDs.
The out-tunneling time is varied by varying the out-tunneling
coefficient and the offset energy between the subband edge
in the foreign QW and the level in a QD. We showed
that, due to 0-D nature of QDs, the 2-D carrier densities
in the foreign QWs and the net out-tunneling current from
QDs to the foreign QWs remain limited with decreasing out-
tunneling time, i.e., making out-tunneling faster. As a result of
this, the modulation bandwidth depends only slightly on the
out-tunneling time. This is in contrast to tunneling-injection
of carriers into QDs, which strongly limits the modulation
bandwidth and should be made fast [46] to increase the
bandwidth. Hence, concerning out-tunneling leakage, DTI QD
lasers are robust — provided that tunneling-injection is fast,
no significant effort should be necessary to suppress out-
tunneling leakage in practical devices.

APPENDIX A
GENERAL RATE EQUATIONS

In the general case, the operating characteristics of DTT QD
lasers (see Fig. 1 for the energy band diagram) are described
by the following set of rate equations:

for electrons and holes in the left-hand side of the OCL,

. L
onp j  Now L
bj— ==+ —v ny —biBn s Al
15 =5t L Ve L—biBnrpr, (Al
L
orL _ PQw
1= P~ ViepPL —biBnLpL, (A2)

for holes and electrons in the right-hand side of the
OCL,

) R
Opr J . Pow
bz; =3 + T,? — VficaptPR —byBngpr, (A3)
psesc
ong ”SW
21— = —F— — VReap"R — b2BRR R, (A4)
at TH,CSC ’
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TABLE III
QUANTITIES IN RATE EQS. (A1)-(A11)

by (b2) thickness of the left- (right-) hand side of
the OCL [separation between the n- (p-)
cladding layer and the left- (right-)
hand-side barrier — see Fig. 1]
free-electron and -hole densities in the
left- (right-) hand side of the OCL

2-D electron and hole densities in the

left- (right-) hand-side QW (Fig. 1)

ny (ng) and pr, (pr)

néw (ngw)and péw (pgw)

fn . electron- and hole-level occupancies in
’ QDs
L,R coefficients of electron and hole
1,p, tunn tunneling between the QD ensemble and

the QWs (measured in units of cm?/s)

for electrons and holes in the electron-injecting (left-hand-
side) QW,

Gnéw L néw L L
ot = Vncapt'L — —p — = Wy, tunnNS(l - fn)an
Thiesc
L,QW
+ kil Ns fo — Bapnby sy, (AS)
6pL pL
Qw L QW L L
ot = VpeaptPL — —7 T wp,tunnNS(l - fp)PQW
Tp.esc
L, QW
+ w[I;,tunnpl Q NSfp - BZD”(IjWP(IjW» (A6)

for holes and electrons in the hole-injecting (right-hand-
side) QW,

ang R ng R R
ot = VpeaptPR — g — wp,tunnNS(l - fp)PQW
Tp.esc
R, QW
+ wplf,tunnpl ¢ Nsto = B2DnsWP§Wa (A7)
onR nk
QW R QW R R
ot = Vncapt"R — " wn,turmNS(1 - fn)nQW
Th,esc
R, QW
+ wrlf,tunnnl @ Ns fn — BQDnSWPSW’ (A8)
for electrons and holes confined in QDs,
of L.QW
ZNSa_tn = wrﬁtunnNS(l - fn)n(L)W - wrﬁtunnnl < Ns fa
R, QW
+ wrlle,turm]vS(1 - fn)"gw - wrlle,tunnnl Q Ns fn
Infi
— Ns =P — g™ (fu + fo— g, (A9)
QD
IN afp_ R N1 R R R,QWN
SE = Wp,tunn s(1— fp)pQW — Wp tunn P sfp
L L L L, QW
+ wp,turmNS(l - fp)pQW - wp,tunnpl NSfP
Il
— Ns =P ngmax(fn + fp — Dnph, (A10)
QD
and for photons,
Onph
a—f = ce8" ™ (fo+ fp — Dnph — cgfnph. (A11)

The quantities entering into eqs. (A1)—(Al1l), which were
not introduced earlier, are presented in Table III.

The thermal esca%e times of electrons and holes from the
QWs to the OCL, rn,l’,f)sc, and the capture velocities from the
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OCL to the QWs, vi ifcapt, are related to each other [37]. For

undoped OCL and QW, the relation is

1 NZP 1 NP
Tn, esc — : > Tp,esc = * ,  (A12)
Vn, capt "1 Vp, capt P1
where
QW
2D _ Mcy T
) (A13)

are the 2-D effective densities of states in the conduction
and valence bands in the QWs, m8§’“ are the electron and
hole effective masses in the QWs, and the temperature 7T is
measured in units of energy.

The quantities n; and p; are

T
pi = N3P exp(—AEv;ggw), (A14)
where
32
N® = 2(%) (A15)

are the three-dimensional (3-D) effective densities of states in
the conduction and valence bands in the OCL, mggL are the
electron and hole effective masses in the OCL, AE. are the
conduction and valence band offsets between the OCL and
the QW, and e,%gv are the energies of the electron- and hole-
subband edges in the QW.

The quantities nlL’R’ QW and plL’R’ QW entering into the
electron and hole tunneling fluxes from the QD ensemble to
the QWs [see (A5)—(A10)] are measured in units of cm™2.
In the general case, they are given by [37, eq. (B3)]. In the
case of undoped QW and if enQW > gy and '91? > eSD,
where 88113 are energies of the electron and hole levels in a
QD, the expressions for leW

e — &P
n?w = NC2D exp (—%) )

gQW gQD
W -
plQ = NV2D exp (— . )

The flux of electron (and similarly hole) tunneling from a
QD ensemble to a QW can be written as

and plQW are

(A16)

w /i
wn,tunnn(l2 Ns fn = NSWHQW, (A17)

n,tunn

where
1
D W
o = ——— (A18)
Wn,tunn’?|

can be viewed as the tunneling time from a QD to a QW.
The flux of electron tunneling from a QW to a QD ensemble
can be written as

QW — QDs”’
n,tunn

wn,turm]\[S(1 — fo) nQw = (A19)
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where
- QW — QDs
I?t\]zl: QDs — n,tunn,0 (A20)
- fn

can be considered as the tunneling time from a QW to a QD
ensemble, and

1
QW — QDs

= (A21)
n,tunn,0 Wn.tunn NS

T

can be correspondingly considered as the tunneling time into
an unoccupied QD ensemble (when f; = 0).
Adding up egs. (Al), (AS), and (A9), we obtain

G
o b+ n&w + 2Ns fo)

J
=2 bi1Bnypr — BapnGw pw

Y
QD

ggmax(fn + fp - 1)’7ph

R R, QW
- [wn,tunnnl Ns fn—

wf o Ns (1= fndy ).
Adding up eqs. (A2) and (A6), we obtain

(A22)

0
_(blpL + Péw)
= [wk N5 fo — 0N (1 = f) pw]

p, tunnpl

—biBnppr — (A23)

Adding up eqs. (A3), (A7), and (A10), we obtain
0 R
E(bZPR + pow + 2Ns fp)

J
== byBngpr — Baondw PGw

N Jofp
QD

- ngmax(fn + fp - 1)”ph

L,QW
- [wé,tunnpl ? Nsfo — ptunnNS(1 fp)Péw]-
Adding up egs. (A4) and (AS8), we obtain

(A24)

0

_(ban + ngw)

WNS fn -
- sznRPR — Bopnfw Pow-

Adding up eqgs. (A1), (A4), (AS), (A8), and (A9), we obtain

[w Ns(1 — fn)ngw]

(A25)

n, tunn Il '[llIlIl

%(blnL + néw + 2Ns fo + bang + ny)
= g —b1BnrpL
— BopngwpGw — b2Bnrpr — Bapngw pw
NS0 cogm (gt gy =

(A26)

Adding up egs. (A2), (A3), (A6), (A7), and (A10),

we obtain
0 R L
E(bsz + pow +2Ns fp + bipr + pgw)

J
=2 biBnppr

2000109
— Banéwpéw —byBngpr — BZDnSngw
fof,
Ns=2 — cgg™ (fu+ fiy — Drph. (A27)
QD
As seen from (A26) and (A27),
0 L R
E(b‘“ +ngw + 2Ns fo + bang + ngw)
0
= = (b2pr+ pow +2Ns fp + bipL + pGw).  (A28)
which gives
bing + ngy + 2Ns fo + bang + néy
=bapr + p&w + 2Ns fo + bipL + pGw- (A29)

Eq. (A29) is the condition of global charge neutrality in the
structure.

APPENDIX B
DERIVATION OF RATE EQUATIONS (1)-(3)

In this work, to focus on the effect of out-tunneling leakage
from QDs, we make the following assumptions:

1) Carrier exchange between the OCL and QW on each side
of the structure (processes @ and @ in Fig. 1) is instantaneous
(Vnp capt —> OO and hence rrﬁ f,,lésc — 0). As shown in [46],
for the capture into the QW to be considered a fast process in
the specific structure considered here, the capture time should
be shorter than 1 ps.

2) Tunneling- injection into QDs (processes @ in Fig. 1) is

L,QW—QDs .
instantaneous (wn tunn —> ©© and hen;eQrWn ump 0 — 0
— S
similarly, wp’ wnn —> 00 and hence 7,}5, — 0). As

shown in [46], for the tunneling into the QD ensemble to
be considered a fast process in the structure considered here,
the tunneling time should be shorter than 0.1 ps.

Out-tunneling leakage from QDS (processes ® in Fig. 1) is
characterized by the coefficients wn tunn and wL tunn» OF> €quUiV-
alently, the out-tunneling times rr%]gnn 2R QW and rl%]arz L.ow
to the “foreign” QWs, i.e., the tunneling times of electrons
from a QD to the hole-injecting QW [see eq. (A18)] and holes
from a QD to the electron-injecting QW. We will calculate the
modulation bandwidth as a function of these parameters.

With the assumption of instantaneous tunneling-injection
into QDs, we have from (AS5) and (A7),

nlhy =nb Iy o (B1)
1= fo 1— f
R R QW _Jp S
- _Jp  _ N2_Tp B2
PQw = Py - -/ (B2)
L, QW

In (B1) and (B2), e%s (A16) were used assuming &y’ =
en  and g QW _ = &p

With the assumption of instantaneous carrier exchange
between the OCL and QW on each side of the structure and
using (A12), we have from (A1)-(A4),

ny n
= — =n;———-0, B3
nr NCZDnQW nll—fn (B3)
=P (B4)

pPL = WPQW,
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_ P fp

PR = NZDPQW Pll fpa (BS)
_ MR

nR = @nQW' (B6)

We used eq. (B1) in (B3) and eq. (B2) in (BS).
Using (B1)-(B6) in (A22), (A23), (A25), and (A29), we
obtain

0 bing D
— +1])N,
i ()it
b1Bnip; D
— (7N2DNZD + Bop ) N¢
C A%
- cggmax(fn + fp - 1)nph
[wn tunn’? WNan -

bip1
L,QW
= [w ptunnpl < Ns fp —

ptunn
b1Bnip; D
- (e + )

bon R
[(NgD * l) an}

= [wR R QWNan_

n,tunn’?
byBnjpy
N T
biny o Ja bony

b p1 n Jp
=|—= +1) N
(NZD +) A

Jn

+2stn} :i

Jn
1=/

Jalp
QD

pQW — Ng

Ns(1 = fandwl,  (B7)

Il '[llIlIl

SIS

Ns(1 —
Jn
I —fa

fp)Péw]

PQW, (B3)

SIS

ntunnNS(1 fn)nSW]
fo R
N2D R
v 1_fp”Qw

(B9)

+2Ns f, + (—

Using eq. (B10), we can express ”SW in terms of péw, Jps
and f, as follows:
+ 1)

1 [(blpl
% 1 N2D
bap1 2D
+ [(— 1) N
N2ZD Vol
— + 1) n2p_fn
C 1_ fn

Egs. (B7)-(B9) [wherein ”SW is given by (BI11)] and
eq. (All) present four equations for finding four unknowns
PGws fo» fos and npp.

We can still further simplify our consideration assuming
electron-hole symmetry. In such a case, in particular,

R

Jo
—fo

+ 2NSfp:|

+ 2Ngfn“ . (B11)

O o = O, tann> (B12)
np ™ = pi W, (B13)
fo = for (B14)
néw = Pow- (B15)

Let us denote the out-tunneling coefficients wX =~ =

wﬁ tunn DY Wout-tunn, the minority carrier densities ”SW =
péw in the foreign QWs by Fgw, and the parameters
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R, QW L,QW

n, = p by FlQW. The parameter FlQW can be
written as [see (A16)]
A
FRV = N2 exp (—?) : (B16)

where A = eSW eSD is the offset energy between the

subband edge in the foreign QW and the level in a QD (Fig. 6).

Equations (B8) and (B9) will now coincide and we will
have from (B7), (B8), and (A11) the set (1)-(3) of three rate
equations for finding fn, Fow, and npp.
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Theoretical Study of Semiconductor Quantum Dot Lasers with Asymmetric

Barrier Layers

Jack Monk

ABSTRACT

Small-signal dynamic response of semiconductor quantum dot (QD) lasers with
asymmetric barrier layers was studied. Semiconductor lasers are used in many communication
systems. Fiber optic communication systems use semiconductor lasers in order to transmit
information. DVD and Blu-ray disk players feature semiconductor lasers as their readout source.
Barcode readers and laser pointers also use semiconductor lasers. A medical application of
semiconductor lasers is for minor soft tissue procedures. Semiconductor lasers are also used to
pump solid-state and fiber lasers. Semiconductor lasers are able to transmit telephone, internet,
and television signals through fiber optic cables over long distances. The amount of information
able to be transferred is directly related to the bandwidth of the laser. By introducing asymmetric
barrier layers, the modulation bandwidth of the laser will improve, allowing for more information
to be transferred. Also, by introducing asymmetric barrier layers, the output power will be
unrestricted, meaning as more current is applied to the system, the laser will get more powerful.
An optimum pumping current was found which maximized modulation bandwidth at -3dB, and
is lower in QD lasers with asymmetric barrier layers (ABL) as opposed to conventional QD lasers.
Modulation bandwidth was found to increase with cross section of carrier capture before

reaching an asymptote. Both surface density of QDs and cavity length had optimum values which



maximized modulation bandwidth. Relative QD size fluctuation was considered in order to see
how variation in QD sizes effects the modulation bandwidth of the semiconductor QD laser with
ABLs. These calculations give a good starting point for fabricating semiconductor QD lasers with
ABLs featuring the largest modulation bandwidth possible for fiber optic communication

systems.

In semiconductor QD lasers, the electrons and holes may be captured into excited states
within the QDs, rather than the ground state. The particles may also jump from the ground state
up to an excited state, or drop from the excited state to the ground state. Recombination of
electron-hole pairs can occur from the ground state to the ground state or from an excited state
to an excited state. In the situation if the capture of charge carriers into the ground state in QDs
takes place via the excited-state, then this two-step capture process makes the output power
from ground-state lasing to saturate in conventional QD lasers. By using ABLs in the QD laser, it
is predicted that the output power of ground-state lasing will continue to rise with applied
current, as the ABLs will stop the electrons and holes from recombining in the optical
confinement layer. Thus, ABL QD lasers will be able to be used in applications that require large

energy outputs.
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Jack Monk

GENERAL AUDIENCE ABSTRACT

Semiconductor lasers (also known as diode lasers) have been used in numerous
applications ranging from communication to medical applications. Among all applications of
diode lasers, of particular importance is their use for high speed transmission of information and
datain fiber optic communication systems. This is accomplished by direct conversion of the diode
laser input (electrical current) to its output (optical power). Direct modulation of the laser optical
output through varying electrical current helps cut costs by not requiring other expensive

equipment in order to perform modulation.

The performance of conventional semiconductor lasers suffers from parasitic
recombination outside of the active region — an unwanted process that consumes a considerable
fraction of the laser input (injection current) while not contributing to the useful output and thus

damaging its performance.

Asymmetric barrier layers were proposed as a way to suppress parasitic recombination in
semiconductor lasers. In this study, the optimal conditions for semiconductor quantum dot lasers
with asymmetric barrier layers were calculated in order to maximize their modulation bandwidth

— the parameter that determines the highest speed of efficient information transmission. This



includes finding the optimal values of the dc component of the pump current, quantum
dot surface density and size fluctuations, and cavity length. As compared to conventional
guantum dot lasers, the optimal dc current maximizing the modulation bandwidth is shown to
be considerably lower in quantum dot lasers with asymmetric barrier layers thus proving their

outperforming efficiency.

In the presence of extra states in quantum dots in conventional lasers, the optical output
of needed ground-state lasing may be heavily impacted — it may remain almost unchanged with
increasing the laser input current. As opposed to conventional lasers, the output power of
ground-state lasing in devices with asymmetric barrier layers will continue growing as more input

current is applied to the system.
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Chapter 1. Introduction

Semiconductor lasers, also known as laser diodes or diode lasers, are used for a variety of
applications, such as laser printers, bar-code readers, and laser pointers. Semiconductor lasers
use p-n junctions, commonly used in semiconductor devices, to achieve lasing. Semiconductor
lasers feature direct modulation through a varying electrical current, helping cut costs by not
requiring other expensive equipment in order to perform modulation. Because of this, these
lasers are also used in high-speed fiber optic communication systems as transmitters that are
able to convert input electrical signal to output optical signal.

The ability to control the semiconductor material conductivity through doping with
various impurities and the carrier injection opened the doors to semiconductor electronics
development.

Heterostructure development allowed the control of fundamental parameters within
semiconductor devices and crystals, including band gaps and refractive indices. Semiconductor
heterostructure based devices include laser-based communication systems and light-emitting
diodes (LED’s).

Semiconductor lasers operate using stimulated emission, where one incoming photon
stimulates the emission of a second photon through recombination of an electron-hole pair.
Figure 1 shows a schematic of the interaction between light and matter. When an incident
photon enters a semiconductor, it may be absorbed by an electron in the valence band, and
excite the electron. This excited electron will then jump up into the conduction band, leaving

behind a positively charged hole in its stead. Thus, the electron-hole pair is generated [Fig. 1 (a)].



Electron-hole pairs may recombine with no external influence, in a process called spontaneous
emission, as shown in Fig. 1 (b). The emitted photons from spontaneous emission are at different
phases with random direction. When recombination is stimulated by an incident photon [Fig 1
(c)], the emitted photon from the electron-hole recombination has the same wavelength, phase,
and direction of propagation as the incident photon. This process is called stimulated emission,

and emits coherent photons.
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Fig. 1. Schematic illustration of (a) excitation of an electron from the valence band
to the conduction band through absorption of a photon, (b) spontaneous emission

of a photon, and (c) stimulated emission by an incident photon.

In semiconductors under thermal equilibrium, the electron distribution follows the Fermi-
Dirac statistics and the lower energy levels are more populated than the higher energy levels of
the semiconductor. Thusly, the photon absorption process is dominant and no coherent light is
emitted. In order for lasing to occur, the stimulated emission of photons must overtake the

photon absorption process of the semiconductor. Therefore, pumping is required to make the



upper energy level of the semiconductor more populated than the lower one, creating a
population inversion. This allows the optical gain and amplification of electro-magnetic radiation
to be established. Thus, a laser is created (Light Amplification by Stimulated Emission of
Radiation).

The first studies on semiconductor lasers were performed in the early 1960s [1-3]. In
1964, the first electrically operated semiconductor laser was created by Hall [4]. Hall's design
operated at 77K, and was based upon a GaAs p-n junction. Also in 1964, other groups managed
to obtain lasing in semiconductor in both visible and infrared light ranges [5,6]. These
homojunction structures were created using p-n junctions composing of the same semiconductor
material, and featured poor lasing efficiencies and suffered additionally from high threshold
current density. They also suffered from high optical and electrical loss. These early
homojunction lasers were unable to achieve lasing outside of cryogenic temperatures.

In 1963, the first double-heterostructure (DHS) laser was conceptualized [7, 8]. By 1970,
the first double heterostructure laser was demonstrated [9-11]. These double heterostructure
lasers were shown to operate continuously at room temperature and had a lower threshold
current density than previously designed homojunction lasers. Due to the separate confinement
of carriers and photons in DHS lasers, the lasing threshold was lowered significantly and
continuous wave operation at room temperature became possible [12]. The double
heterostructures lasers also allowed the emitted surface to be enlarged and new materials to be
used.

In conventional diode lasers, lasing is achieved through recombination of electrons and

holes in the active region located in the center of the optical confinement layer (OCL). The OCL



confines photons emitted in the active region: due to the fact that the OCL refractive index is
higher than that of the cladding layers, a waveguide is created, and confines the emitted photons
within the OCL effectively.

The electrons and holes are injected into the OCL from cladding layers on opposite sides
of the OCL. They are then transported into the active region, and recombine there. The electron-
hole pairs that recombine in the active region output photons of a desired energy. The active
region bandgap dictates the energy of the output photon.

In quantum well (QW), quantum wire (QWR), and QD lasers, the quantum-confined
region is embedded into the OCL. The electrons first enter the OCL, then get captured into the
active region. By using low dimensional active region, the laser performance is improved,
compared with bulk laser performance. Emitted photon wavelength is tunable by changing the
thickness of the low-dimensional active layer, in addition to changing the composition and
material used in the active layer.

Bulk material was used in the active region of early heterostructure lasers, which allowed
the carriers freedom to wander in three dimensions. This limited the operation of the laser. By
shrinking the active region to a size comparable to the de Broglie wavelength of the carrier, the
carrier becomes quantum confined in the active region and has a discrete energy spectrum. The
classification of the laser is based on the number of degrees of freedom of the carrier in the active
region: 2 (quantum well), 1 (quantum wire), or 0 (quantum dot).

Thermal spreading of carriers over multiple energy states causes the threshold current
temperature dependence in bulk lasers. In QW lasers, the density of states is a step-function,

shown in Fig. 3. (b) [13]. This limits thermal spreading, as opposed to bulk lasers (Fig. 3. (a)). QWR



lasers further suppress the temperature effect of thermal spreading due to the density of states
taking the form of a decreasing function of energy (Fig. 3. (c)). QDs ideally cause thermal
spreading of carriers to disappear, since the density of states in QDs is a delta-function, and there

are no additional available states for carriers to move to through thermal spreading, as shown in

Fig. 3. (d).
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Fig. 2. A conventional quantum dot laser. Solid arrow shows recombination in the
active region. Dashed arrows show recombination in the OCL (parasitic

recombination).
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Fig. 3. Modification of the density of states and the shape of the gain spectrum with decreasing
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Springer Semiconductors L.V. Asryan and R.A. Suris, "Theory of threshold characteristics of
semiconductor quantum dot lasers," Semicond., vol. 38, no. 1, pp. 1-22,
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Because of the compact size and direct modulation of the emitted power through
alternating electric current capabilities, semiconductor lasers are commonly used in high-speed
communication systems. The semiconductor laser acts as a transmitter, converting electrical
signal to optical, as shown in Figure 4. The directly-modulating bias current input signal causes
the following changes in laser optical output power, and transmits information through this
process. In light wave communication systems, the modulation bandwidth is the highest
frequency at which the modulation continues to be efficient, which directly determines the
amount of information that can be transmitted per unit time. Thus, the response of
semiconductor lasers to alternating pumping current is critical for successful application in high-

speed communication systems.
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Fig. 4. Schematic diagram of a basic optical fiber communication system.

Several factors may limit the modulation bandwidth of the semiconductor QD laser. In an
ideal QD laser, all the QDs would be identical in shape and size, and the density of states would
appear as a delta-function. However, when fabricating QDs, there are inherent size and shape
fluctuations, which can alter the QDs behaviors [14]. The size fluctuations lead to varying energies

of electrons and holes, which leads to inhomogeneous broadening of the gain spectrum and to



the maximum modal gain decrease [15]. At a certain maximum inhomogeneous broadening, the
lasing is no longer achievable in QD lasers [15]; the modulation bandwidth is zero at this point.

While carrier capture into the quantum-confined active region should be ideally
instantaneous, in reality it is not instantaneous [15-17]. Because stimulated emission is produced
by the carriers confined in QDs, the carrier capture cross-section applies a massive effect on the
QD laser dynamics. In conventional semiconductor QD lasers, the carrier capture delay from the
OCL into the QDs largely reduces the laser modulation bandwidth.

In conventional lasers, electrons can easily go beyond the active region and end up in the
OCL on the side where the holes entered the system. Holes mirror the electrons, and will also
escape the active region into the OCL on the opposite side of the active region. Electron-hole
pairs that recombine in the OCL outside the active region also output a photon, but of an
undesired wavelength. This is called parasitic electron-hole recombination, and is detrimental to
the laser characteristics of the system, sapping power and introducing noise in the optical output
signal. This is shown as the dashed arrows in Fig 2.

Asymmetric barrier layers (ABLs) were proposed [18,19] as a way to suppress parasitic
recombination in semiconductor lasers, and are shown in figure 5. Asymmetric barrier layers
feature a shorter wall before electrons (holes) enter the active region, and a much taller wall
after the active region. This assures that the electrons, and thusly the holes, will be unable to
escape the active region and cause parasitic recombination in the OCL to occur. In [20], a

theoretical model for the threshold and power characteristics of ABL QD lasers was developed.
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Fig. 5. Quantum dot laser with asymmetric barrier layers.

In this work, a semiconductor QD laser with ABLs was modeled, and the effects of applied
current, carrier capture cross section, and the parameters of the laser structure were
investigated with regards to modulation bandwidth. The effects of relative QD size fluctuation on
modulation bandwidth was also investigated.

Ideally, only one electron (and hole) energy level should exist in a QD. In actual QDs
containing excited states in addition to the ground state, it is possible for a carrier to be captured
into an excited state, rather than the ground state. Should the carrier capture into the QD ground-
state be excited-state-mediated, the ground-state lasing power will eventually reach an
asymptotic value rather than continues to increase with increasing pump current in a
conventional QD lasers. In this study, QD lasers with ABLs were modeled to investigate how ABLs
effect the output power of ground-state lasing in the case of the carrier capture into the QD

ground-state again being excited-state-mediated.



While there has been no experimental work on QD lasers with ABLs so far, there is an
ongoing experimental and theoretical activity on QW lasers with ABLs.

In [21, 22], a QW laser with ABLs was fabricated for the first time. The QW material was
GaAs and the OCL material was Alp2GaosAs. The lasing wavelength was 835.6 nm. The material
of the ABL on the n-side of the structure was GapsslnossP and that on the p-side —
Alo.22Gaosslno22As. Already in this first experimental ABL QW laser, a reduced and less
temperature-sensitive threshold current was achieved as compared to a reference QW laser (a
laser without ABLs that was otherwise similar to the laser with the ABLs).

In [23, 24], for the ABL QW laser of the same material composition as in [21, 22, 25],
improved power characteristics were observed as compared to a reference structure: the light-
current characteristic was more linear, the slope and wall-plug efficiencies were higher, and the
maximum output optical power was obtained at a lower pump current.

In [26], using the method of scanning near-field optical microscopy, it was directly
observed that the luminescence associated with the parasitic recombination in the OCL was less
intense in the ABL QW laser as compared to the reference laser.

It is assumed in this study that the ABLs function ideally, i.e., the ABL on the n-side of the
OCL completely blocks the hole transport (both by tunneling and over the barrier) to that side of
the structure while not affecting the electron injection into the QDs. Similarly, the ABL on the p-
side of the OCL is assumed to completely block the electron transport (both by tunneling and
over the barrier) to that side of the structure while not affecting the hole injection into the QDs.
It should be noted here that a rigorous study of the candidate materials for the ABLs will be

needed for a proper design of experimental QD lasers with ABLs blocking the transport of foreign
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carriers to an extent that will be sufficient for a considerable suppression of the parasitic
recombination in the OCL. That study should particularly focus on the search for the materials
compositions providing a low conduction band offset and a high valence band offset on the n-
side of the structure and a low valence band offset and a high conduction band offset on the p-
side. That study is beyond the scope of this work. For QW lasers with the ABLs, such a study has

been performed in [27]-[30].

The present-day commercial diode lasers use QWs as their active region. Despite the fact
that there has been a remarkable progress in fabricating QD lasers (the progress was largely made
possible with the use of the self-assembly technique (the Stranski-Krastanov growth mode) for
forming QDs [14, 31, 32]), the conventional QD lasers have not yet superseded the QW lasers in
large-scale commercial applications. The QD lasers with properly designed ABLs (so that the
parasitic recombination in their OCL is significantly suppressed) possess major advantages both

over the conventional QD and QW lasers and hence are a viable candidate for their replacement.
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Chapter 2. Modulation Bandwidth of Semiconductor Quantum Dot Lasers with

Asymmetric Barrier Lasers.

By modifying the conduction and valence bandedges of the semiconductor QD laser,

asymmetric barrier layers can be created on each side of the active region (Fig.5). These will

prevent electrons and holes from escaping the active region and entering the wrong side of the

OCL. We assume that the asymmetric barrier layers are ideal, such that the left-hand ABL denies

holes from entering the left-hand side of the OCL and the right-hand side ABL denies electrons

from entering the right-hand side of the OCL. This is all done while not hindering the injection of

electrons and holes into the QDs.

2.1. Theoretical Model: Rate Equations

The theoretical model is based on the following rate equations:

for electrons in the left hand side of the OCL,

on J
blﬁzg—i_anvnnlNan

for holes in the right hand side of the OCL,

Pr _J

bz—:gﬂrpvpplefp —apvppRNS(l— fp),

ot

for electrons and holes confined in the QDs,

on, T
ot

of f.f max
2ngp=apvppRNS(1— f)—o,v,pNsf, - NST—p—cgg (f,+f,—Dn

_GnvnnLNS(l_ fn) ,

f f
=o,v,n N,1-f )-o,v,nNf — NSM_ngmaX(fn +f,—1)n

Top

QD

ph?

ph?

(1)

(2)

(3)

(4)
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and for output photons,

on,, e
p =c, g™ (f,+f,-Dn, —c,Bn,, . (5)

For equations (1)-(5), b1 (b2) is the thickness of the left (right) hand side of the OCL [the
separation between the n- (p-) cladding layer and the left (right) hand side barrier]. n. and pgr are
the free-electron and -hole densities. j is the injection current density, e is the electron charge,
and o are the cross-sections of electron and hole capture into a QD. vn are the electron and
hole thermal velocities, Ns is the surface density of QDs, f., are the electron- and hole-level
occupancies in QDs, Tqp is the spontaneous radiative lifetime in QDs, while cg is the group velocity
of light in the cavity. g™ is the maximum value of the modal gain [15].

B = (1/L)In(1/R) (6)
B is the mirror loss coefficient, L is the cavity length, R is the facet reflectivity, and npn is the
photon density (humber of photons per unit area of the junction).

The maximum value of the modal gain in a QD laser is [15]

w ()1 n Ty 7
] 4(@} Top (A€)inom 2 > 7

where &£=1/7 and le/\/Zﬁ for the Lorentzian and Gaussian QD-size distributions,

respectively, Ao is the lasing wavelength, ,/eg is the group index of the dispersive OCL material,

a is the mean size of QDs, and I' is the optical confinement factor in a QD layer.

Inhomogeneous line broadening caused by fluctuations in QD size is as follows:

(Ag)inhom = (qngn +ngp) 6 ’ (8)
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where &, are the energy levels of an electron and a hole in a mean-sized QD,

Onp = —(@In gnvp/aln a), and ¢ is the root mean square of relative QD-size fluctuations.

niand p1 in (1)—(4) characterize the intensities of electron and hole thermal escape from

a QD to the OCL, and are given by
E E
n,=N¥exp| —= |, =N3¥Pexp|-—2], 9
1 c p( T j pl v p T ( )

where

mOCLT 32
NS =2 = (10)
' 27 h

OoCL
c,v

are the densities of states in the valence and conduction bands in the OCL, m are the electron

and hole effective masses in the OCL, En are electron and hole excitation energies from a QD to
the OCL, and T is the temperature (in energy units).

The first term in the right-hand side of egn. (1) is the electron injection flux from the n-
cladding layer in the OCL in units of cm~2?s~ 1. The following term is the flux of thermal escape of
electrons from the QDs to the OCL. The third and final term on the right-hand side of eqn (1) is
the flux of electron capture from the OCL into the QDs.

The first term in the right-hand side of eqgn. (2) is the hole injection flux from the p-
cladding layer into the OCL. The following term is the flux of thermal escape of holes from QDs
to the OCL. The third and final term on the right-hand of eqn. (2) is the flux of electron capture

from the OCL into the QDs.

In (3) and (4), Ng f, fp/rQD is the spontaneous radiative recombination flux in QDs and

¢, 9™ (f,+ f, —1n, is the stimulated radiative recombination flux in QDs.
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The first term in the right-hand side of eqn. (5) is the rate of stimulated emission of

photons in units of s~1. The second term is the rate of escape of photons from the cavity through

the mirrors.

2.2. Electron-Hole Symmetry

In this research, electron-hole symmetry was assumed. Thus, the following three rate

equations are followed, instead of egs. (1)-(5):

for free carriers in one side of the OCL (for definiteness, for electrons in the left-hand side of the

ocCL),

on ]
b1ﬁ=g+0nVnn1stn —o,v,n N;1-f)),

for carriers confined in QDs,

2

of f max
ZNSEn: O'nVnnLNs(l_ fn)_o'nvnnle fo— NS—"—ng (2f,-Dn

Top

and for photons,

on,, e
at :ng (2 fn _1)nph _Cgﬁnph'

2.2.1. Steady-State Solutions of (11)-(13)

Adding up egs. (11) and (12), we will obtain

a j fn2 max
a(blnL +2N3fn)=€— N s —C,9 2f,-n

From (14), we have

ph

ph 7

(11)

(12)

(13)

(14)

20



n_=n, fy + ! (l—bla&. (15)
1-f, o, v,Ng1-f)\e ot

By putting % to 0 in equations (11)-(13), the dc (steady state) quantities of n, o f5, o and

nyn,0 Were found from the following steady-state equations:

Jo 16
0= ? + anvnnlefn,O - GnvnnL,ONs(l - fn,O) (16)
fito (17)
0= UnvnnL,ONs(l - fn,o) — 0 VN1 Nsfno — Ns% - ngmax(zfn,o - 1)nph,0
0= ngmax(zfn,o - 1)nph,0 - Cgﬁnph,o. (18)

Because n,y o cannot be zero, (or there would be no lasing) we obtained from (18) the
following steady-state lasing condition:

9" (2fno—1) =P (19)

From (19), we found:

fro= %(1 ' fax> (20)

From (16), we were able to express 1,  in terms of f,, o as follows:

n fno + Jo (21)
! 1- fn,O eUnvnNs(l - fn,o)

Npo =

By combining equations (16) and (17), we got

Jo fo (22)
0==-N; s — ngmax(zfn,o - 1)nph,0
e TQD
By using (19) and (22), we found
. fivo (23)
Jo = eNg L ecgﬁnph,o
TQD

Introducing the photon lifetime in the cavity
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1 24
T"”zcg_ﬁ (24)

Rewriting (23), we have

2
n (25)

Jo = eNS@+ s
TQD Tph

Rearranging (25), we found for nyp, o

n =T j—O —N. fLZ’O (26)
ph,0 ph e s TQD

Equations (20), (21), and (26) give the steady-state (dc) values of the electron density in
the left-handed side of the OCL, the electron level occupancy in QDs, and photon density

respectively.

2.3. Small Signal Analysis of Rate Equations

In order to study the modulation response of ABL QD lasers, the small-signal analysis was
applied to eqgs. (11)-(13). The injection current density was

J=Jo+(dn)exp (iat), (27)

where jo is the dc component and the amplitude Jjm of the time-harmonic ac component is small.

n, fn, and nph in the rate equations (11) — (13) were in the form of

n.=n_q+(n_,)exp (iot), (28)
fo="fo+(, _n)exp (iat), (29)
Non = Nono t+ (&]ph—m)exp (iot), (30)
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where the dc components ni, fn,0, and nph,o are the solutions of the rate equations (11)—(13) at
the steady-state (0/0t = 0 in the left-hand side of these equations), which correspond to the dc
component jo of the injection current density.

Using (28)-(30) in (11)-(13) a set of algebraic equations in the frequency-dependent small
amplitudes oni-m, dfn-m, and onph-m Was obtained. The solution yielded the modulation response

function

2

éhph—m ((0) . (31)

i (a)) ) ‘ a-]ph—m (O)

For the case of electron hole symmetry, using the expression for H(®), the modulation
bandwidth was calculated, defined as the -3dB bandwidth, where the response function has
fallen to half of its dc (@ = 0) value,

10log,, H(@ 545) =—3. (32)

Using eqgns. (28), (29), and (30) in (11)-(13), we obtained the following set of three

algebraic equations in three small amplitudes oni-m, dfn-m, and Mph-m:

A /e
Cy C, Cull o . |=| 0 | (33)

In order to solve for Cjeqns (11) and (12) were rewritten as

a j Ng Ns

% = eLbl + oy b_lfn — OpUpny b_1 1-1), (34)
of, 1 1 12 1 gme (35)
a_tn = EO_nvnnL(1 —fa) — Eo-nvnnlfn - E‘L'QLD - Ecg N, (2fn — 1)nph

respectively. By linearizing eqn. (14), using eqgns. (27), (28), (29) and (11), we have
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Bjm Ny Ny Ny (36)

iwgnL—m = b +Gnvnn1 b fn -m — OnUpNq 75— b (1 fn0)6nL -m +0nvnnL0b fn -m
1 1 1 1

Eqgn. (24) can be rewritten as

N dj (37)

[0n v — b, (1 fn 0) T iw]én,_, O-nvn(nl +ny 0) afn m = ﬁ

1

Linearizing eqgn. (35), with equations (30) and (12), we find
: 1 fno (38)
lwbfp-m = Eo-nvn(]- — fno)On—m — Eo-nvn(nl + nL,O)6fn—m Z 8 fn-m
max max
— Cg——MNpn o0 foem — =C g—(Zf 0o—1)0n,,_
g Ns pn, n-m 2 g NS n, 14 m

Equation (38) can be then rewritten as

1 1 fno g (39)
—Eanvn(l — fno)onp_m + (2 anvn(nl +n, o) + Z + ¢y N Npno + 10 |8 f_m
S
1 gmax
+=c,—(2fno—1)0npp—m =0
2 g Ns ( n,0 ) ph—m
Linearizing (26) with (29) and (30), we have
iw&nph—m = chgmaxnph,06fn—m + ngmax(zfn,o - 1)6nph—m - Cglg6nph—m (40)
—2¢39™ Npn 00 fnem + [cg{B — 9™ (2fn0 — 1)} + iw]6npp_m = 0 (41)

Returning to the linearization of the rate equations, we used (19) and (24) in the last term

in the left-handed side of equation (39) to rewrite (39) as

fro , 9™

1 1 . (42)
— =0,V (1 = fro)0np_m + > Unvn(m +n, 0) + Ton + ¢4 N Npno + 1w 6fnm
S

2

111

—5 =0
T 2T, N, O

Using equation (19) in (41), we found
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—2¢49™ " Npp 00 fr—m + lwSNpp_m = 0 (43)

Equations (37), (42), and (43) fill out the set in (33). Thus, we found the coefficients C; ;
(hj=1,2,3)

N . (44)
C11 = opy b_s (1 - fn,O) +ilw
1
N (45)
Ciz = —0pvp(ng + Ny p) b_s
1
Cl3 = O (46)
1 (47)
Cyp = _Eo-nvn(l - fn,O)
1 max 48
Cyp = Eanvn(nl + TlL,o) + @ + ¢4 ngph,O +iw (48]
Top s
11t (49
22 27y, N
C31 = 0 (50)
C3p = —2¢59™ Ny (51)
633 = l(l) (52)
Using these coefficients, we can solve for §nyp_m(w)
C11(iw) Ci2 6]% (53)
C21 C22(iw) 0
oo C3z 0
Spn-m (@) = @ e, o
C21  Cpz(iw) Ca23
0 C3, iw

Dividing 6n,p,_m (w) by 61,51, (0), we found
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C11(iw) C12
C21 C22(iw)

€11(0)  C12 0 (54)

C21  C22(0) (33

Snpp-m(w)

3 oom‘g

0 C32 0 C32 O
6nph_m(0) C11(0) ClZ 516 Cll(i(l)) C]_'z 0
C21 C22(iw) Cz3
C21  C22(0) 0O ;
0 C32 w
0 Csy O

Breaking this into 2 parts, we began with the first part of the right hand side of equation
(54),

Cu(io) ¢, N (55)
C21 C22(l(l)) 0 C32 Cll(lw) Jm‘
0 C32 0 Cyq 0
€11(0)  Ci2 Sij —Cas €11(0) ajem
C21 622(0) 0 C21 0
0 C32 0
Which simplifies into
oj 56
Cyy 2 (56)
5 =1
Cor L

e

Because the first part of equation (54) simplifies into 1, we are able to only focus on the

second half of the right hand side of the equation. Thus, (54) simplifies into

C11(0)  C12 0 (57)
C21 C22(0) Cz3
npp—m(w) — 0 C32 0
8nph—m(0) Ci1(iw)  Cq2 0
C21  Cp2(iw) Cp3
0 C32 iw
Splitting (57) into real and imaginary parts, we found
€11(0) 0
G2 1Cl21 Cas3 (58)
_ [€11Gw) 0, . C11(iw)  Ciz
Caz C21 C23 -Hw‘ C21  Cpz(iw)
Which further simplifies to
C32€23C11(0) (59)

C32C23C11(iw)—iw[C11(iw)Ca2(iw)—C12C24]
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Remembering equation (31)

2

a-]ph—m (a))
a]ph—m (0)

H(w)=‘

w_34p Was found from the equation:

10log1oH (w_345) = —3
H(w_345) = 107%3

Denoting
r =103 ~ 1.995
We have
H(w-34p) = %
Equation (63) was then rewritten as
TH(w_3qp) =1
C11(iw) and C,, (iw) were also rewritten as
C11(iw) = €11(0) + iw
Coz(iw) = C32(0) + iw

We then have

Snpp-m(w) _ C32C23C11(0)
npr-m(0)  C32C23[C11(0)+Hiw]-iw([[C11(0)+iw][C22(0)+iw]—C12Caq]

The denominator of (67) was rewritten as
C32C23C11(0) + iwC3,Co3- iw{C11(0)C52(0) + iw[C;1(0) + C52(0)] + (iw)? —

612621}

(31)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)
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Which simplifies to
C32C23C11(0) + iw[C32Ca3 + C12Ca1 — €11(0)C52(0)] — (iw)?[C11(0) + C52(0)] —
(iw)?
Breaking this into real and imaginary parts, we found

{C32C53C11(0) + [C11(0) + C2(0)]w?} + iw{[C3,Ca3 + C12C21 — C11(0)C2,(0)]

—+

w?}

Sy
Hence, we had for nph—m(w),
6Nph-m(0)

Snph—m (w) _
5nph—m (O)

C32C23C11(0)
{C32C23C11(0)+[C11(0)+C22(0)]w?}+ iw{[C32C23+C12C21—C11(0)C22(0)]+w?}

Using (71), we found the modulation response function

2
dnpp-m(w)
H(w) = |-2——"—| =
( ) Npn-m(0)
C$,C33C11(0)

(C32C23C11(0)+[C11(0)+C22(0)]w2}2+w2{[C33Ca3+C12C21~C11(0)Cz2(0)]+w?2)2
With (72), we had from (64) for the modulation bandwidth w_s345

{C32C23C11(0) + [C11(0) + Cp2(0)]w? 345} + wZ345{[C32Co3 + C12Co1 —
C11(0)C32(0)] + w?345}* = rC5,C35CF1(0)

By rearranging (73), we derived the following cubic equation in terms of w33d3
w2345 +{[C11(0) + C22(0)]% + 2[C3,Cp3 + C12C21 — C11(0)C22(0)]w? 345 +
{[C32Ca3 + C12Coq — €11(0)C22(0)]% + 2C35C23C11(0)[C11(0) + Co2(0) Jw? 345 —

(r— 1)63?26'2236121(0) =0

Equation (74) was rewritten in the form

(69)

(70)

(71)

(72)

(73)

(74)
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W8sqp + Eqw?sqp + Exw?s3q5 —Ep =0
where
E, = C121(0) + szz(o) + 2[C35C53 + C12Co4]
E; = [C32C23 + C12C51 — C11(0)C52(0)]? + 2C5,C53C11(0)[C11(0) + C52(0)]
Ey = (r — 1)C3,C35Cf,(0)
We then introduced all positive coefficients A, A;, and A, as follows

Ay = _C32623C11(0)
Ay = C11(0)C2(0) — (35023 — €120

A, = C11(0) + C5,(0)
Hence, we had from (79) - (81) and (44) — (52) the coefficients A, A;, and A,

Ayg = C, gmax : :hoo-n vp(1— fn,o)
ph

Ay = OnUn - (1 fn, 0) [m + — ng nph,o] + lecggmax Nph,o

Tph

f gmax
A, = OnVn 3 (1 Ia, 0) + - anvn(nl +ny 0) + "—0 + cg—— 0 Mpho

Using (82)-(84), equation (31) was rewritten as

A3
(Asz—A0)2+(w3—A1w)2

H(w) =

With (85), we have from (64),

rA3
(A2w%5 45— A0)%+(w3 3 jp—A1w_34B)?

=1

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)
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From (86), we have

w®s34p + (A5 — 24 w545 + (A7 — 2404,) w2545 — (r — DA =0 (87)

Hence, for the coefficients E,, E, and E,, we have

E, = A% — 24, (88)
EZ = A% - 2AOA2 (89)
Eo = (r — DA] (90)

Using Ay, A1, and A, we wrote the expression (67) as follows:

6nph—m(w) _ AO (91)
SMpn-m(0) (Ao — A20%) + iw(4; — w?)

or

Snph—m(w) _ AO (92)
Onyp—m(0)  (Ag — A,w2) + i(Ajw — w3)

Chapter 2.4. Discussion of Results

Equation (75) (or, equivalently, eqg. (87)) is a cubic equation in terms of w33d3. Solving
this equation, we modeled the behavior of ABL QD lasers at varying currents, and with different
laser parameters, such as QD surface density, QD size fluctuation, and cavity length. The optimum
conditions were classified as those which gave the maximum modulation bandwidth of the laser

system.
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2.4.1. Modulation Bandwidth vs DC Pump Current

The first parameter varied was the dc component of the pump current. Using eq. (75)

[(87)], wherein j was varied, Figure 6 was found.
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Fig. 6. w-3qs /21 (GHz) vs dc current density (A/cm?).

Figure 6 clearly shows that modulation bandwidth reaches an optimum value, before falling and
approaching an asymptote. The maximum value of the modulation bandwidth is 20 GHz. The
optimum pump current is approximately 30 kA/cm?. This data allows us to know the optimal
pump current to operate the ABL QDL at for the largest modulation bandwidth possible. If the
DC applied current is below the threshold current, lasing will not be achieved. However, if the

applied current is too high, the modulation bandwidth of the ABL QDL will suffer.
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Compared to optimum dc injection current of conventional QD lasers [33,34], the

optimum dc injection current for ABL QD lasers is lower. Thus, the maximum bandwidth is easier

to obtain in ABL QD lasers.

2.4.2. Modulation Bandwidth vs Carrier Capture Cross Section

The next parameter tested was the cross section of carrier capture. Figure 7 below shows

modulation bandwidth versus current density, with varying cross sections of carrier capture.

W 3 45 /21 (GH2)
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Fig. 7. Modulation bandwidth (GHz) vs dc current density (A/cm?) with varying cross section of

carrier capture (cm?).

32



As shown in figure 7, at a specific current density, the bandwidth increases and finally
asymptotically approaches its value corresponding to the case of instantaneous capture into QDs
[33].

In order to explore how maximum modulation bandwidth increases with increasing cross

section of carrier capture, the following graph was created, as shown in Figure 8.
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Fig. 8. Maximum modulation bandwidth (GHz) vs cross section of carrier capture (cm?).

As shown in figure 8, as the cross section of carrier capture gets larger, the maximum
modulation bandwidth increases to an asymptotic value of 20 GHz. Thus, when fabricating ABL
QDLs, one should strive to have the largest cross section of carrier capture possible. However,
once your cross section of carrier capture gets too large, there is no longer any benefit to the

larger carrier capture. The modulation bandwidth begins at zero because if no electrons are
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captured, lasing does not occur. Once carrier capture hits a certain point, the modulation
bandwidth does not change considerably because all the electrons are properly being captured

by the QDs, and the laser is operating optimally.

In figure 9, modulation bandwidth was plotted with varying cross section of carrier

capture, and with different injection currents.
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Fig. 9. Modulation bandwidth vs cross section of carrier capture, with varying

injection current.

As shown in figure 9, the optimal injection current to maximize modulation bandwidth is
30.61 kA/cm?. At injection currents lower than the optimal value, the modulation bandwidth

achievable is much lower than the value at the optimum value. The modulation bandwidth
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increases as the optimum injection current is approached, and drops lower again once the

optimum injection current is passed.

2.4.3. Modulation Bandwidth vs Surface Density of QDs

Another parameter tested for was surface density of QDs. This was defined as the amount

of QDs per centimeter squared. Figure 10 shows our findings.

20

16 |

w3 4 /21 (GHz)

0 L L L J
0 5E+10 1E+11 1.5E+11 2E+11

Surface Density of QDs, N, (cm2)

Fig. 10. Modulation bandwidth (GHz) vs surface density of QDs (cm™).
As shown in Fig 10, modulation bandwidth increases with surface density of QDs, until

reaching a maximum value and lowering towards an asymptotic value. Thus, the optimal density

of QDs exists.
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2.4.4. Modulation Bandwidth vs Cavity Length

The dependence of the modulation bandwidth on the cavity length of the laser was

investigated and plotted in Figure 11.
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Fig. 11. Modulation bandwidth (GHz) vs cavity length (cm).

As shown in figure 11, modulation bandwidth does not exist until the cavity length is at
least 386 um. Once the cavity is long enough to achieve lasing, the modulation bandwidth
increases to a maximum, before dropping to a lower value as the cavity length continues to
increase. This mirrors [35], where a minimum cavity length also existed. An optimum cavity
length also existed in [35], where the effect of the internal optical loss on the modulation

bandwidth was studied.
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2.4.5. Modulation Bandwidth vs Root Means Square (RMS) of QD-Size

Fluctuations.

While QDs are only a few nanometers in diameter, size variation is inevitable when
fabricated. Thus, QD size fluctuation was accounted for in this research. Figure 12 below shows

us the modulation bandwidth of the ABL QDL versus RMS of relative QD size fluctuations.

20
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Fig. 12. Modulation bandwidth (GHz) vs RMS of relative QD size fluctuations.

As shown in Fig 12, a slight increase in the size fluctuations of QDs is actually beneficial to
the maximum modulation bandwidth of the ABL QDLs, as with a RMS of 0.05, the maximum
modulation bandwidth of the system increases by roughly 2.5 GHz. However, if the QD size
fluctuations get too large, the modulation bandwidth drops to zero. This is due to the fact that if

the size fluctuations of the QD increases and approaches a critical value, the maximum value of
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the modal gain of a QD laser [see equations (7) and (8)] will become lower than the mirror loss 8

[see equation 6] and the lasing condition (19) will not be satisfied.

2.5. Summary

In chapter 2, a theoretical model for QD lasers with ABLs was created. These ABLs were
positioned to deny carrier escape from the active region into the OCL. By blocking carrier escape
from the active region to the OCL, parasitic recombination of carriers outside the active region is
eliminated. This design does not hinder the injection of electrons and holes into the QDs, where
recombination occurs. In our model, electron-hole symmetry was assumed. The rate equations
for the system were then solved for the steady state case. Small signal analysis of the rate
equations was then undertaken, in order to study the modulation response of the ABL QD lasers.
The resulting cubic equation in terms of w? 5,5 was then solved to model the behavior of ABL QD
lasers at varying currents and different laser parameters, including QD surface density, QD size
fluctuation, and cavity length. The cross section of carrier capture was also modeled. An optimum
value of dc current density, surface density of QDs, cavity length, and QD size fluctuations were

all found, which maximized the modulation bandwidth of the QD lasers with ABLs.

38



Chapter 2 Bibliography

[33] L. V. Asryan and R. A. Suris, “Upper limit for the modulation bandwidth of a quantum dot

laser”, Appl. Phys. Lett. 96, 221112 (2010); https://doi.org/10.1063/1.3446968

[34] L.V. Asryan, Yu. Wu and R. A. Suris, “Carrier capture delay and modulation bandwidth in an
edge-emitting quantum dot laser”, Appl. Phys. Lett. 98, 131108 (2011);

https://doi.org/10.1063/1.3571295

[35] Yu. Wu, R. A. Suris, and L.V. Asryan, “Effect of internal optical loss on the modulation
bandwidth of a quantum dot Ilaser”, Appl. Phys. Lett. 100, 131106 (2012);

http://dx.doi.org/10.1063/1.3697683

39


https://doi.org/10.1063/1.3446968
http://dx.doi.org/10.1063/1.3697683

Chapter 3. Excited States in Quantum Dots

When a carrier is injected into the QD, there is a possibility for the carrier to be captured
into an excited state, rather than the ground state. It would be desirable if QDs would contain
only one electron and only one hole energy state. However, large and/or deep enough QDs
contain excited states as well. Multiple excited states can exist in each of the conduction and
valence bands, and can each hold a charge carrier [36-39]. Carriers can recombine through

excited states in addition to recombination through the ground state, as shown in figure 13.
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Fig. 13. Energy band diagram of a conventional QD laser.

These excited states can affect the carrier capture from the OCL into the lasing ground

state in a QD. If the carrier capture into the QD ground-state takes places via the excited-states,
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the emitted power of ground-state lasing eventually reaches an asymptotic value rather than

continues to increase with increasing pump current in a conventional QD lasers [36].

By introducing ABLs as before, the electrons and holes will not be able to escape from the
active region into the OCL. In figure 14, the energy band diagram and the main processes in an

ABL QD laser are shown.
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Fig. 14. Energy band diagram of ABL QD lasers.

3.1. Excited-State-Mediated Capture into Ground State in ABL QD Lasers

By assuming electron-hole symmetry, we can use the following set of four rate equations:

for free carriers (electrons) in the left-hand side of the OCL,
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bl%:%+anzvnnlNS fo—0nVn Ns(@-T,), (93)

for carriers confined in the excited states of the QDs:

_ _ 2
ZNS%ZGnZVnnLNS(l— fo)—o,V,Ngf,+ Ns—fnl(l f"Z)— Ng fip (1 fnl)— Ng o (94)
ot T12 Tn Top2

for carriers confined in the ground state in QDs:

_ _ 2
2NS%= N, fo(l—"f) N, fu@—f,) Nsh—cgg{“""x(anl—l)npmr (95)

T Ty Top1

and for stimulated photons emitted via the ground-state transitions in QDs,

ON iy max
ot =C,0, (2f, =Ny —C, BNy, - (96)

At steady-state, eqgs. (93)-(96) become

O:%+O-n2vnnlNan2_O-nZVnnLNS(l_ f2) (97)
_ _ 2
0= O-nZVnnLNS(l_ fnz)_anannle fnz + Ns M_ Ns fn2(1 fnl) - Ns fn2 ’ (98)

Ty Tn Top2

_ _ 2
O= NS fnz(l fnl)_NS fnl(l fnz)_NS fnl _nglmaX(z fnl_l)nphlr (99)

Tn T Taop1
0=c,0,"(2f,, =N,y —Co BNy - (100)
In order to have nph1 # 0, the following lasing condition was found from (100):

9,7 2f, -1 =4 (101)
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From (101), the ground-state level occupancy is found:

et ) 102
20 9,

The output optical power produced by stimulated emission via the ground-state

transitions in QDs is

r]phl
P, =hoC, S = ho, S, (103)

Tphl

where the photon lifetime in cavity is introduced as

.. = ) 104
phl Cgﬂl ( )
Adding up (97) and (98), we found
. 105)
1-— 1- Z (
0= ]__l_ stnl( fnz) _ stnz( fnl) _ Ns fn2
e T12 21 Tobp2
Rewriting, we get
. 106
fnzz +fn2(1_fn1)_fn1(1_fn2)_ ] -0 ( )
Top2 T21 T12 eN;
which can once again be rewritten to
107
fnzz + ( fnl) fnl f fnl ) =0 ( )
Top2 Ty nz ‘512 eNS
Substituting in the following variables, we see
af + bfp, +c=0 (108)
(109)
—b +Vb? — 4ac
leZ = za
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1 (110)

a =
Tobp2
1— (111)
b= ( fnl) +&
T21 T12
far | J (112)
=—(=+
¢ (le eNS)
Solving the quadratic equation (108) using equations (109)-(112), we begin with
(113)

2 .
b2—4ac=<—(1_fn1)+&> 2 (&+1—>

T21 T12 Top2 \T12 €N

Because b > 0 (eq. 111), the negative solution of the quadratic equation (eq. 109) is a

negative value, and thus is dropped (as negative f,,, is impossible). Hence, we have

(114)

2 .
fnz(]-):TQDZ \/((1_fn1)+&> +i<&+ ] )_((1_fn1)+&>

2 T21 T12 Top2 \T12 €Ny T21 T12

As shown in (114), f,, increases with increasing j. However, f,, cannot exceed one.
Hence, (114) applies for the currents

. . . 115
Jth1 =] =< J2 ( )

where j,, is the threshold current density for lasing through the ground state, and j, follows the

condition

fuaGz) =1 (116)

Using (114) or (107) (where f,,, is set equal to 1), we obtain
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1 A= fu)  fur_fur, Js

Top2 21

From this, we have

T2  Ti2

eN,

j2=9N5< 1 +(1_fn1)>

T21

Hence, for jin1 < j < ja, fnz is given by (114); for j = j,,

fn2=1

From eq. (100) we have

J
O-nZUnnLNs(1 - fnz) = E + O-nzvnnlefnZ

Thus, for n;, we have

fr2()

j

n,(j) =n

T ()

eanzvnNs(l - fnZ (]))

Adding up equations (97), (98), and (99), we have

e TQDZ

In the last term in the right-hand side of (122), we used equation (101).

. 2 (1 2
J — stnz(]) +Ns fnl

Top1

Using equation (104) for 7,p,, we have

+ ¢cgB1npn1-

: 2 (1 2
n
J) :stnz(])+N fnl + phl

e Tobp2 STQD1 Tph1
Rearranging (123), we have
. J Nefa() fir
nphl(]) =Tpn1 |7 — — N
e Tobp2 Top1

(117)

(118)

(119)

(120)

(121)

(122)

(123)

(124)
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for j < j,. However, when j > j,, f,» = 1 and we have

o (o oo ey (125)
P it e TQDZ TQD1

For the output power of lasing in the ground-state transitions when j < j,, we have

n i NfA( 2 126
Pl = hwlcgﬁlnphls = h(l)l pht S = ha)l li - anZ(]) - NS fnl lS ( )
Tphi e Top2 Top1
When j > jy,
n j N 2 127
P1 = hw1Cgﬁlnph15 = h(l)l phlS = ha)1 li - 5 - NS nl IS ( )
phl € Top2 Top1

We then found the threshold current density for ground-state lasing by setting n,,; =0
in equation (123) and wusing the f,, value given by equation (114) [where

J = jen1]- We arrived at the following equation:

fraGen1) +eN, fa (128)

Jen1 = eN.
y Top2 Top1

Equation (128) could then be solved for j;;1. However, it is much simpler to find j;;, a different

way. Setting n,,,; = 0 in equation (99), we found

fnZ (jthl)(l - fnl) - N fnl(l - fnz(jthl)) fnl (129)

0=Ng
T21 T12 TQD1

From this equation, we found

far fa (130)

T12 TQD1

[( Tzfm) fnl]fnz(]thl)—

Hence, we have
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o1 | fr (131)

. _ T12 Tgp1
fnZ(]thl) - (1 _fnl) N h
T21 T12
Using (131) in (128), we had
2
m_{_ fnz1 (132)
j _ eNS T12 TQDl n eNS f2
o Top2 \(1 — fn1) _I_@/ Top1 m
T21 T12

As seen from (121), for j = j,, when f,,, = 1,

n, = o (133

The model used here does not consider the fact that at some current density jipo,
stimulated recombination via the excited-states will turn on and for j > j:», there will be both
ground-state and excited-state lasing. When this is taken into account, f,,, will not increase to 1

with increasing j. Instead, it will increase up to

fn2Uthz) = frzme < 1 (134)

and then will remain pinned with increasing j. Hence, n; will not be infinitely high. We however

did not include this into our model.

3.2. Ground-state-lasing power against pump current

The output power versus excess injection current density in conventional QD lasers is

shown below in figure 15.
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Fig. 15. Output power P; (left axis) and number of photons N; (right axis) of ground-state lasing versus
excess injection current density in conventional QD lasers. The horizontal dashed line shows P;™* and
N:™, Each solid line has a different transition time between excited and ground states. From top to

bottom, 1, 2, 10, and 100 ps respectively. [36] © [2006] IEEE

At the lasing threshold (j = jii), the output power is zero (Fig. 15). The output power
asymptotically approaches a maximum as current density increases. This is due to the fact that

the parasitic recombination in the OCL continuously increases with increasing pump current.

Figure 16 below shows the ground-state-lasing power against excess pump current in QD

lasers with ABLs.
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Fig. 16. Output power of ground-state lasing vs excess injection current in

ABL QD lasers.

As shown in figure 16, when ABL QD lasers are used, the ground-state lasing power
continues to grow as more injection current is applied to the system. This is due to the fact that
the ABLs suppress parasitic recombination in the OCL. Thusly, output power will not reach a
maximum value as current is applied, and semiconductor QD lasers with ABLs will be able to be

applied in systems that required greater output powers.

3.4. Summary

In chapter 3, the output power of ground-state lasing of ABL QD lasers was examined in

the presence of excited states in QDs. In ABL QD lasers, by preventing carriers from escaping into

49



the OCL, parasitic recombination was eliminated from the system. In conventional QD lasers, the

output power of ground-state lasing reaches an asymptotic value as pump current increases.

A theoretical model for QD lasers with ABLs was created, which considered excited state

mediated capture of carriers into the QD ground state.

It was found that in ABL QD lasers, the output power of ground-state lasing will not reach
an asymptotic value with increasing pump current. Rather, the output-power of ground state
lasing will continue to increase linearly. This allows QD lasers with ABLs to be used in applications

which require high output power.
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Chapter 4: Conclusion

In this research on semiconductor QD lasers, ABLs were designed in order to stop parasitic
recombination of carriers outside of the active region. The optimum pump current was found
which maximized modulation bandwidth at -3dB, which was lower than that in conventional QD
lasers. Optimal values for surface density of QDs and cavity length were found as well. Relative
QD size fluctuation was also investigated, and an optimal value was found. This data gives strong
parameters for fabricating semiconductor QD lasers with ABLs with the largest possible

modulation bandwidth.

Output power of semiconductor QD lasers with ABLs was also investigated. By including
ABLs and suppressing parasitic recombination, the output power of ground state lasing will
continue to rise with increasing injection current, as opposed to reaching an asymptotic value as
occurs in conventional QD lasers. This allows QD lasers with ABLs to be used in systems that

require higher power applications.
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