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This work summarizes the epitaxial growth by metal-organic vapor phase epitaxy (MOVPE) and
the subsequent device characterizations for 111-V semiconductor laser diodes, emitting in the near infrared
wavelength range, which employ novel active regions consisting of either dilute GaAs:xBix based quantum
well (QW) or InxGaixAs-based quantum dots (QDs) formed by nanopatterning. The incorporation of the
Bi atoms into the host GaAs matrix can lead to the rapid reduction in the band gap energy (Eg) and an
increase in the spin-orbit splitting (Aso), which are believed to potentially suppress hot-hole driven Auger
recombination and intervalence band absorption (IVBA) in the telecom wavelength regions (A~0.98-
1.55um). The substantial reduction in the band gap energy is primarily explained by the perturbation
between the valence band edge of the host GaAs matrix and the Bi impurity level . This origin of the band
gap reduction therefore leads to a relatively large valence band offset at the GaAs and GaAsi-.Bi;,
heterointerface, while resulting in a relatively small conduction band offset, especially within the dilute
concentration regime (%Bi < ~5%). In addition, Bi atoms exhibit a low solubility within a host GaAs matrix,
requiring the epitaxial growth to be performed in a non-typical condition such as a low growth temperature
(~400°C) and a near stoichiometric V/Il1 gas phase molar flow ratio (~1). These growth conditions can lead
to a high degree of unintentional carbon incorporation as well as a high density of point defects and defect
complexes within the GaAs;-.Bi, epitaxial layer, thereby degrading the luminescent properties. Therefore,
a careful optimization of both the growth parameters and the heterostructure design is necessary for the
application of the GaAsi-,Bi, film to the optoelectronic devices such as laser diodes and solar cells, which

is a subject investigated in this work. Moreover, the impacts of the post growth thermal annealing on the



luminescent properties of GaAs1-,Bi, based QWs, evaluated by either photoluminescence or the laser device
performances, are present in this thesis.

In addition, the MOVPE process allows for the epitaxial deposition of a thin layer by the chemical
interaction between the heated substrate and the chemical species decomposed from the reactant gases
within a cold-wall reactor. Thus, the MOVPE process is well suited to perform selective area epitaxy (SAE)
where the local growth of an epitaxial layer is carried out through patterned amorphous dielectric masks
such as SiO, or SisN4. In a conventional QD active region, the QDs are formed on an inherent two-
dimensional wetting layer, which prevents the full 3-dimentional carrier confinement to the QD, and thus
presents challenges for realizing the predicted ideal characteristics of the QD laser such as large differential
gain for high speed modulation, low temperature sensitivities in the lasing wavelength and ultra-low
threshold current densities. By contrast, nanopatterning and selective SAE offer a more controllable
pathway for QD formation, allowing the QD size to be decoupled from the strain state of the material. This
process results in the formation of dense arrays of wetting-layer-free QDs, although the challenges
stemming from surface state formation and efficient carrier injection into the QDs have remained
problematic issues. In this work, the InsGaixAs-based QD active region lasers grown on either GaAs or InP
substrate were demonstrated, where the QDs are formed by block copolymer (BCP) lithography and the
subsequent SAE, that results in the QD density of ~8 x 101°%cm?. Improved luminescent properties such
as an increase in the PL intensity (at room temperature) and a substantial reduction in the threshold current
density (at 80K) were obtained by in situ etching prior to the SAE of Ing3GaozAs QDs on GaAs substrate.
In addition, an enhanced carrier injection into the InAs QDs in the presence of an adjacent QW is
experimentally demonstrated. Furthermore, the growth and the characteristics of InosGao2As QD active
region lasers grown on InP substrate are present in this work, which resulted in a relatively low threshold

current density of 1.6 kA/cm? with the emission wavelength of 1.67 pum near room temperature.
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Fig. 1-1 The historical development of heterostructure lasers showing the record threshold current
densities at the time of publication. CW indicates that the threshold current values were

obtained under continuous operation (after reference [2])

Fig. 1-2 Aspects of the p-i-n double-heterostructure laser diode: (a) a schematic of the material
structure; (b) a band gap diagram showing the conduction and valence band offsets vs.
transverse distance; and (c) the refractive index profile (n) and the corresponding transverse

optical energy density profile (€) for a mode traveling along the laser cavity direction

Fig. 1-3 (a) Schematic diagram showing the effects of biaxial strain on the crystal symmetry, (b) E-k
diagram of a bulk epitaxial layer depending on the biaxial strain status where the degeneracy
(heavy hole and light hole) at the valence band maximum at I' valley is split under the biaxial
strain, and (c) hole distribution in three p-orbitals (Px, Py, and Pz) depending on the biaxial

strain status. (after reference [17])

Fig. 1-4 Energy gap vs. lattice constant of I11-V compound semiconductors where the ternary

compounds are defined by curves that connect the illustrated binary alloys
Fig. 1-5 Density of state of a semiconductor within (a) bulk, (b) QW, and (c) QD structure

Fig. 1-6 (a) Volmer-Weber (island growth) mode: adatom cohesive force is stronger than surface
adhensive force, (b) Frank-van der Merwe (layer-by-layer) mode: surface adhensive force is
stronger than adatom cohesive force, and (c) Stranski-Krastanov (layer plus island growth)
mode: Until the critical thickness, FM mode. At the critical thickness, transition to VW mode

occurs.
Fig. 2-1 Schematic representation of the chemical processes taking place near the substrate surface.

Fig. 2-2 Growth rate as a function of temperature showing the three distinct growth-rate regime (after

reference [3])
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Fig. 2-3 Percent pyrolysis versus temperature for several As-precursors, where the measurements were

made in the same quartz reactor under nominally the same condition (After reference [6])
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Fig. 3-1 Schematic diagram of a three-layer heterostructure waveguide where the x-direction is defined

as the transverse direction and the y-direction corresponds to the direction of propagation
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Fig. 4-8 (a) HR-XRD ®-20 measured around GaAs (004) reflection. Dynamic XRD simulations are
indicated by the dotted lines for each sample. (b) Photoluminescence measured at room

temperature

Fig. 4-9 (a) HR-XRD ®-26 measured around GaAs (004) reflection. Dynamic XRD simulations are
indicated by the dotted lines for each sample. (b) Photoluminescence measured at room

temperature
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Fig. 4-12 Growth rate and GaBi mole Fraction as a function of TMBI/V gas phase ratio (After reference
[32])

Fig. 4-13 (a) RT-PLs from the 5-period MQW samples with GaAs and GaAso.sPo.2 barriers, (b) HR-
XRD measurement and the dynamic simulation for the 5x GaAso.975Bi0.025/ GaAso.sPo.2 MQW

sample

Fig. 4-14 High angle annular dark field STEM image of the GaAs1-zBiz/GaAs superlattice (a) as-grown

and (b) following a 45 min in situ anneal under H2/AsHz ambient (After reference [41])

Fig. 4-15 (a) RT-PLs from the 5-period GaAso.975Bi0.02s MQW samples with GaAs and GaAso.sPo.2

barriers before and after in situ anneal for 40 min at 630 °C under H2/AsH3z ambient, (b) the
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corresponding HR-XRD measurement and the dynamic simulation for the 5x GaAso0.975Bi0.025
/ GaAso.8Po.2 MQW sample before and after in situ anneal for 40 min at 630 °C under H2/AsH3

ambient

Fig. 4-16 (a) Complete laser diode structure where the growth temperature is denoted as G.T. and GaBi
mole fraction within SQW is 2.5% (x=0.025) and (b) Calculation of the transverse optical

confinement factor for the corresponding structure

Fig. 4-17 (a) Pl and the spectrum (inset) of as-grown laser diode device employing
GaAso.975Bi0.025/GaAso0.sPo.2, (b) Pl and the spectrum (inset) of annealed laser diode device

employing GaAs0.975Bi0.025/GaAs0.8Po.2

Fig. 4-18 (a) The PI curves obtained from the annealed GaAso.975Bi0.025/GaAso.8Po.2 device, and (b) the
spectral shifts measured at 1=1.1xIth as a function of heat sink temperature from 20 to 60°C

Fig. 4-19 Spectra of the annealed GaAso.975Bi0.025/GaAs devices measured at (a) room temperature, (b)

80K as a function of driving current

Fig. 4-20 (a) in situ reflectance measured during the growth of GaAs1-zBi- MQW structure with varying
TMBI/V ratio, and (b) in situ reflectance measured during the growth of GaAsi-zBiz QW at
TMBI/V ratio of 0.033

Fig. 4-21 in situ reflectance during the growth. The shaded areas in different colors indicate the growth
of each layer. The upper black curve is the in situ reflectance of the growth with TMBIi/\VV=0.033
while the lower black curve corresponds to TMBI/\VV=0.036

Fig. 4-22 (a) HR-XRD measurement and the dynamic simulation for the 5x GaAsi-.Bi,/GaAs MQW
structure grown with TMBIi/VV=0.033 where the thickness of a Bi-containing well and GaBi
mole fraction were extracted to be 7nm and x=0.035, respectively, assuming acasi=0.633nm
(b) RT-PLs from the identical structures grown at 440°C (5x GaAso.975Bi0.025/GaAs (7/22nm)
grown by the same growth condition in section 4.5 and 430°C (5x GaAso0.965Bi0.035/GaAs
(7/20nm) growth condition in table 4-7).
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Fig. 4-23 Secondary ion mass spectroscopy measurement from a strain compensated 50 period
GaAso.965B10.035/GaAs0.75P0.25 (7/3nm) structure

Fig. 4-24 Complete laser diode structure with structural details employing 5nm thick SQW. The growth
temperature is denoted as GT. 1nm thick GaAs interlayers were inserted between GaAso.75Po.25

and GaAs0.975Bi0.035

Fig. 4-25 (a) Z-contrast STEM image of the laser device annealed for 120min at 630°C, showing the
Bi containing SQW with GaAso.75Po.25 barrier, GaAs interlayer and GaAsP monolayer. (b)
Corresponding Bi concentration profile deduced from the intensity measurement where the
background signal was subtracted by applying a linear fit to the GaAs within the GaAs1xBix
SQW. (c) Corresponding schematic band diagram derived from the measured Bi concentration
profile assuming VBO of 15meV/%Bi and CBO of 55meV/%Bi at GaAsl-xBix/GaAs
heterojunctions from ref 12.

Fig. 4-26 (a) Pl and the spectrum (inset) of as-grown laser diode device employing
GaAso0.965B10.035/GaAso.75Po.25, (b) Pl and the spectrum (inset) of annealed laser diode device

employing GaAso.965Bi0.035/GaAs0.75P0.25

Fig. 4-27 (a) The change in threshold current density and PL intensity as a function of annealing time
where the PL intensities were normalized by that of as-grown (Annealing time=0sec). (b) The
change in threshold current density and slope efficiency as a function of annealing time where
the slope efficiencies were normalized by that (66mW/A) of as-grown (Annealing time=0sec).

The dashed lines are for guiding eyes.

Fig. 4-28 Light output from the laser facet and integrated spontaneous emission intensity (open circles)
versus current density for GaAso.978Bio.o22 SQW device, showing the carrier non-clamping

above Jih (after reference 18)

Fig. 4-29 output power-current (PI) characteristics from a facet of as-grown GaAso.9esBio.035 /
GaAso.75Po.25s SQW laser and the slope efficiency (nslope=dP/dl), (b) Measured optical spectra

at various driving currents
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Fig. 4-30 (a) Extracted internal differential efficiency (nod), and internal loss (i), shown in black and
blue dots, by CLA from devices annealed for various length, (b) The change in the modal
material gain (I'gos) extracted by CLA and measured PL intensity from the laser material

obtained before fabrication of ridge waveguide laser devices.

Fig. 4-31 Summary of the change in the characteristic temperatures, To (black square) and T1 (red circle)
and the temperature coefficient (blue triangle) of the lasing wavelength as a function of
annealing time, measured from 283K to 323K. The fitting equations are shown at the upper

right corner. The solid lines are for guiding eyes.

Fig. 4-32 Complete laser diode structure with structural details employing GaAso.975Bi0.035s DQW. The
growth temperature is denoted as GT. 1nm thick GaAs interlayers were inserted between
GaAs0.75P0.25 and GaAs0.975Bi0.035, and the transverse optical confinement factor (I") was
designed to be ~3%.

Fig. 4-33 (a) Output power-current (PI) characteristics from a facet of as-grown GaAsSo.965Bio.035 /
GaAso.7sPo.2s SQW (black) and DQW (gray) laser. Inset shows spectra. (b) Fitted gain curve

T exp (120,

using the relation J;, = ———
Ni_at threshold I'go

Fig. 5-1 A schematic representation of a phase separated diblock copolymer film on a semiconductor

substrate, forming cylindrical shaped PMMA within the PS matrix (after reference [35])

Fig. 5-2 Top-view SEM images of PS-b-PMMA cylinder-forming diblock copolymer prepared on
Si02/GaAs (a) post-thermal anneal and (b) after UV-irradiation (after reference [35])

Fig. 5-3 in situ optical reflectance showing Alo.4Gao.sAs and GaAs growths and in situ etching with

CBra. The etching rate was determined to be 0.33A/sec.

Fig. 5-4 Schematic representation of the diblock copolymer lithography and transfer to a dielectric
mask for the subsequent growth of the QDs; (a) Sample cleaning and PECVD SiNx deposition;
(b) BCP lithography; (c) RIE to transfer the nanopattern from BCP to SiNx using CF4 plasma

and subsequent BCP removal by O2 plasma; (d) wet treatment and in-situ CBra etching; (e)
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SAE in the MOVPE reactor; (f) SiNxremoval by the 6:1 BOE; (g) Capping layer regrowth by
MOVPE

Fig. 5-5 Top view SEM images of the QDs after SiNx hardmask removal; (a) without CBr4 in situ
etching; (b) with 90sec of CBr4 in situ etching (~3nm of etching); (c) with 120sec of CBra4
in situ etching (~4nm of etching), (d) QD size distribution for the sample grown after 90sec
of CBr4 in situ etching

Fig. 5-6 (a) RT-PL Spectrum; (b) Variation in the RT-PL intensities normalized by the intensity from
the QD without in situ etching as a function of in situ etching time

Fig. 5-7 (a) 500 x 500nm?2Atomic force microscopic image; (b) Estimated Ino.3Gao7As QD height
distribution from AFM measurement; and (c) simulated emission wavelengths from the

QD height distribution from AFM measurements
Fig. 5-8 Structure details of the complete LD device employing QD active region. The lower
device layers, indicated as “QD Base”, were grown at 700°C while the upper device layers

over the QDs were grown at 625°C.

Fig. 5-9 (a) Spectrum of Dev A at the onset of the lasing; (b) PL and EL measured at RT showing
a good correlation

Fig. 5-10 STEM image showing no extended structural defects within the QD active region of the

Dev A over a limited field of view

Fig. 5-11 (a) Current-output power characteristics for various cavity length devices from Dev B;

(b) Electroluminescence spectra from various cavity length devices.

Fig. 5-12 Electroluminescence spectra at room temperature from Dev B (Lcav=3mm)
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Fig. 5-13 Schematic representation of the simplified procedure for the QD formation by BCP
lithography and subsequent SA-MOVPE of the QD growth for laser active region; (a) Base
growth to form lower parts of LD; (b) SiNx deposition by plasma enhanced chemical vapor
deposition; (c) Diblock copolymer (BCP) lithography ; (d) pattern transfer onto SiNy ‘hard’
mask by reactive ion etching using Oz and CF4 plasma; (e) BCP removal by Oz plasma and
subsequent wet treatment using 1:20 (NHsOH:H20) solution; (f) CBr4 in situ etching in
MOVPE reactor; (g) SA-MOVPE for the growth of InAs QDs; (h) SiNx removal by the 6:1
BOE; (i) Regrowth to complete the LD structure

Fig. 5-14 Electroluminescence spectra at 80K measured from (a) device without Ino1Gao.gAs
carrier collecting layer adjacent to 2 nm-thick InAs QDs, and (b) device with Ino.1Gao.sAs

carrier collecting layer adjacent to 2 nm-thick InAs QDs

Fig. 5-15 Electroluminescence spectra at 297K measured from (a) device without Ino1GaogAs
carrier collecting layer adjacent to 2nm-thick InAs QDs, and (b) device with Ing.1Gao.sAs

carrier collecting layer adjacent to 2nm-thick InAs QDs

Fig. 5-16 (a) Output Power vs. injected current density as a function of temperature from the
device with Ino.1Gao.oAs carrier collecting layer adjacent to 2 nm-thick InAs QDs, and (b)

The temperature sensitivity in the lasing transition energy

Fig. 5-17 (a) EL spectrum measured at 297K from different cavity length devices (L=3 and 5mm),
(b) EL spectrum measured at 80K as a function of electrical injection.

Fig. 5-18 (a) EL spectrum measured at 80K from devices employing varying InAs QD thickness
grown with Ing.1GagoAs carrier collecting layer, (b) EL spectrum measured at 297K from
devices employing varying InAs QD thickness grown with Ino.1Gao.9As carrier collecting

layer
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Fig. 5-19 Real-time reflectance measured from InGaAs, AlInAs, and InP under the PH3+H>
ambience at 585 °C. A fixed CBrs/PHs molar flow ratio of 2.2 x 1073 with a PH3 partial

pressure of 0.45 Torr was used.

Fig. 5-20 Real-time reflectance measured from InGaAs and InP under the AsHs+H, ambience at
585°C. A fixed CBr. partial pressure of 9.9 x 10~* Torr was used while varying AsHs

overpressure.

Fig. 5-21 (a) Schematic of the base material, which forms the lower part of the complete laser

structure, (b) Photoluminescence (PL) spectrum measured from the base material

Fig. 5-22 (a) Top-view scanning electron microscopic image taken after the selective area epitaxy
for QD growth and the subsequent removal of SiNx hardmask, (b) Schematic of the

complete laser structure, which forms the lower part of the complete laser structure.

Fig. 5-23 (a) Output power vs. current (PI) for LImm-long QD device where no lasing was observed
at 50°C, (b) Output power vs. current (PI) for 2mm-long QD device, (c) Output power vs.
current (PI) for 4mm-long QD device, (d) summary of threshold current density at heat

sink temperature of 10°C and the characteristic temperature as a function of cavity length

Fig. 5-24 (a) Lasing spectra at the injection current of ~1.31¢ as a function of heat sink temperature
from 4mm long InosGao2As QD laser and (b) calculated band diagram and transition
energy at 283K where the conduction band edge of the conduction band, heavy hole band

are denoted as CB and HH respectively

Fig. 5-25 Summary of peak lasing wavelength as a function of heat sink temperature

Fig. 6-1 Schematic illustration of (311) planes of GaAs (After reference [1])
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Fig. 6-2 (a) HR-XRD spectra of the 5-period GaAs:-.Bi./GaAs MQW grown on either (100) or
(311)B substrate, and (b) PL spectra taken at room temperature from the 5-period GaAs;.
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Fig. 6-3 Photoluminescence spectra from 5-period GaAso.936Bio.0s4/GaAs MQW grown on (311)B

before and after in situ annealing under AsHs/H, ambient at 630°C for 30 min

Fig. 6-4 Schematic band diagram for (a) Type-I band-to-band transition, and (b) Type-Il band-to-

band transition

Fig. 6-5 The critical thickness of the compressively strained GaAsi1xBix (Blue) and InyGaiyAs
QWs (Black) grown on GaAs and the corresponding transition energy of single quantum
well (QW) at their critical thickness by force balance model [8]. The transition energies of

the InyGaiyAs QWs were calculated by 8 band kep model.

Fig. 6-6 Schematic band diagram for GaAs/GaAso.esBiooes/INo3Gao7As/GaAs type-1I QW
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Fig. 6-7 Normalized photoluminescence spectra from 5-period GaAso.0eBio.os/GaAs MQW, 3-
period Ing3Gao.7As MQW, and 2-period GaAsSo.0sBio.os/ IN0.3Gao.7AS/GaAs MQW structure

Fig. 6-8 The schematic illustration of the experimental procedures for (a) the formation of the
nano-oxide dots on GaAs (001) surface by AFM tip-induced oxidation, (b) subsequent
removal of a nano-oxide dots and native oxide layer by atomic hydrogen irradiation, (c)
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Fig. 6-9 Schematic representation of the simplified procedure for the formation of InP nanoholes
defined by BCP lithography
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. 6-10 (a) Atomic Force Microscopic image of the formed nanoholes defined by BCP

lithography, and (b) the line scan showing an average etching depth of ~3 nm.

. 6-11 Schematics for the formation of QD active region on the nanoholes by (a) non-selective
QW overgrowth, and, (b) site-controlled InAs QDs by either SK-growth mode or droplet-
epitaxy.

. 6-12 STEM images of (a) 30-stack QD layers grown by SK growth mode on GaAs substrate
and (b) an extended image of their top portion showing the vertical alignment of the QDs
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. 6-13 Alternative BCP mask for the formation of nanoholes by wet etching

. 6-14 (a) Top-view optical image of the fabricated wafer for the multi-segment contact
method, (b) packaged device on TO-can, (c) schematic diagram of the measurement set-up
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applying beer’s law (b) Net gain spectra at different pumping level, (c) Peak modal gain
vs. total injection current where the logarithmic fitting enables to obtain the transparency
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. 7-2 Schematic view of cross section and top-view SEM of fabricated and packaged device
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Chapter 1. Introduction

1. 1. Overview

Semiconductor diode lasers have been widely used in daily life as a compact coherent light
source, enabling the fast and efficient data transfer via optical fiber communication systems, and
leading to the development of various consumer products (such as CD/DVD/Blu-ray Disc

technology, barcode scanner, high resolution printouts, and laser pointers).
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Fig. 1-1 The historical development of heterostructure lasers showing the record threshold current
densities at the time of publication. CW indicates that the threshold current values were obtained

under continuous operation (after reference [2]).

The first reported electrically injected semiconductor laser operated at liquid nitrogen temperature
(77K) and was composed of a PN junction of the single crystalline GaAs where the depletion

region forms an active region for the population inversion, one of the requirements for the lasing



action together with the cavity, under a forward bias [1]. Since then, ongoing improvement in the
device performance has been reported as significant advances in both the crystal growth techniques
and heterostructure designs have been introduced, as schematically shown in Fig. 1-1. The advent
of the p-i-n double heterostructure has made the semiconductor laser diodes truly practical, leading
to two Nobel prize awards in physics in the year of 2000 [3-4]. Unlike the homojunction-based
devices, where carriers are swept within the depletion region under a forward bias, the higher band
gap energy of the cladding layers allows for the carrier confinement within the intrinsic (i) active
region, which then greatly increases the probability of the injected electrons and hole to recombine
[3]. In addition, the cladding layers, which has a higher band gap energy, generally have a lower
index of refraction than that of the intrinsic active region, which makes it possible to confine

optical energy density in the transverse direction [3].
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Fig. 1-2 Aspects of the p-i-n double-heterostructure laser diode: (a) a schematic of the material

structure; (b) a band gap diagram showing the conduction and valence band offsets vs. transverse
distance; and (c) the refractive index profile (n) and the corresponding transverse optical energy

density profile (£) for a mode traveling along the laser cavity direction



Since its invention by Nelson in 1963 [5], liquid phase epitaxy (LPE) had been a major crystal
growth technique, which had led to many important first demonstrations of optoelectronic devices
such as the first continuous wave lasing at room temperature from GaAs/AlGaAs p-i-n DH
structure laser diodes [6-7] or p-i-n photodiodes [8]. LPE is a solution-based crystal growth
technique where a bulk substrate (e.g., single crystal GaAs) is brought into contact with a
supercooled melt (e.g., liquid phase GaAs), from which an epitaxial film precipitates on the bulk
substrate. While this growth technique has been successfully employed for the epitaxial growth of
various high crystalline quality I11-V semiconductor layers such as GaP, AlGaAs, InGaAs,
InGaAsP, and InGaAsSb [6-11], it is not well suited for growing thin structures, because of lack
of precise control and uniformity in the thickness, especially over a large substrate. The
controllable growth of thin layers with high uniformity and fidelity was realized after the invention
of molecular beam epitaxy (MBE) [12] and metal organic vapor phase epitaxy (MOVPE) [13] in
late 1960s, leading to the demonstration of quantum well-based laser diodes [14], which take
advantage of quantum size effect (QSE). QSE and the subsequent quantized energy level arising
from the reduced dimensionality of the semiconductor leads to the significant reduction of the
required amount of current density to reach the population inversion. The MBE process is a form
of evaporation where the thermal reaction of beams of atoms and molecules with the substrate
takes place at an appropriate temperature in an ultrahigh vacuum [12]. On the other hand, MOVPE
is a process where an epitaxial layer is deposited by the chemical interaction between the heated
substrate and the chemical species decomposed from the reactant gases within a cold-wall reactor
[15]. Both crystal growth techniques have successfully led to the development of the QW-based

laser diodes with the dramatically improved device performance, together with the introduction of



the separated confinement heterostructure (SCH) [16], which enhances carrier funneling into the
QW and effectively increases the optical overlap over the QW area, leading to an improved device

performance as will be discussed later.
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Fig. 1-3 (a) Schematic diagram showing the effects of biaxial strain on the crystal symmetry, (b)
E-k diagram of a bulk epitaxial layer depending on the biaxial strain status where the degeneracy
(heavy hole and light hole) at the valence band maximum at I" valley is split under the biaxial
strain, and (c) hole distribution in three p-orbitals (Px, Py, and P;) depending on the biaxial strain

status. (after reference [17])

Further improvement in the performance of the QW laser diodes was realized by employing

pseudomorphically grown “strained” quantum wells within the active region. As schematically



shown in Fig 1-3 (b), the tetragonal distortion of the lattice by the presence of the biaxial strain
split the degeneracy at the valence band maximum at I' valley, allowing for the population
inversion to be achieved at a lower injected carrier density [17-19]. In addition, the broken cubic
symmetry also induces non-symmetric hole distribution among the three p-orbitals, as
schematically shown in Fig 1-3 (c), which can closely match to the symmetry of the laser beam

polarization within the laser cavity, eventually leading to an enhanced optical gain [20].
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Fig. 1-4 Energy gap vs. lattice constant of I11-V compound semiconductors where the ternary

compounds are defined by curves that connect the illustrated binary alloys

Fig. 1-4 presents the band gap energies and the lattice parameters of important 111-V compound

semiconductors with important wavelengths, which includes fiber-optic communication bands at



0.85 (850nm-band), 1.3 (O-band), and 1.55 um (C-band), as well as 0.98 um (pumping band) for
pumping Er-doped fiber amplifiers (EDFA) [21]. High performance strained QW lasers on GaAs
substrate have effectively been used for the wavelength ranging from visible (e.g., 634 nm emitting
tensile strained InGaP QW laser on GaAs substrate) to the near infrared regime (e.g., 980 nm
emitting compressively strained InGaAs QW on GaAs substrate) [22-23]. On the other hand, for
the emission wavelength near telecom O-band or C-band, InP has been primarily used as a
substrate as it allows for the multinary alloys, such as AlinGaAs or InGaAsP QW to be grown
with the desired degree of biaxial strain [24-25]. The higher price of InP substrate, as well as its
fragility which limits the maximum wafer size, have led to a higher manufacturing cost of the
semiconductor lasers, emitting near the telecom C and O-band wavelength regime. In addition, the
unaviliablity of a material combination, which leads to a high index contrast as in GaAs/AlAs pairs
on GaAs substrate, has limited the production of vertical cavity surface emitting laser (VCSEL)
on InP substrate, which can also result in a significantly lower manufacturing cost, in comparison
to that of edge emitting device geometry. Therefore, there have been significant research interests
in developing a novel material system on GaAs substrate whose emission wavelength can be
reached at near telecom O and C-band, which cannot be readily realized by using conventional
strained InGaAs QW active region on GaAs substrate owing to the catastrophic strain relaxation
beyond the critical thickness, i.e., the thickness after which the misfit dislocations are generated
[26]. As a means to enable the wavelength extension, the growth of metastable I11-alloy, such as
dilute nitride alloy, by either MBE or MOVPE has drawn much attention, as the incorporation of
N can rapidly reduce the band gap energy of the host GaAs matrix by the nitrogen impurity level
perturbed with the conduction band minima of the host GaAs, which is explained by the framework

of conduction band anti-crossing model (CBAC) [27-28]. The laser diodes employing the dilute-



nitride active region, such as the heavily compressive strained InGaAs(N) QWSs, have successfully
demonstrated the laser emission near the telecom O-band along with low threshold current
densities [29]. However, these dilute-nitride-based devices tend to suffer from large N- and C-
related non-radiative defects [30-31], especially within the as-grown material, as well as Auger
recombination, which plays a major role in the fundamental carrier loss mechanism in telecom C
and O-band emitting semiconductor laser diodes [32-33]. For this reason, the dilute-Bi alloy, such
as GaAsBi, has recently drawn much attention as an alternative to the dilute nitride alloy, due to a
rapid reduction in the band gap energy (Eg), as well as an increase in spin-orbit splitting energy
(Aso) With increasing Bi within the dilute-Bi alloy, thus having potential for the reduced Auger loss
[34-35] at the point where Aso is greater than Eq. However, these potential benefits can only be
realized when a substantially high Bi incorporation is achieved. Also, the non-typical growth
parameters involved in incorporating Bi into the host GaAs matrix can often result in unintentional
impurity incorporation as well as the formation of point defect and its defect complexes. Therefore,
in this work, the growth of GaAsBi-based QW on GaAs substrate by MOVPE, as well as impact
of the post-growth thermal annealing, have been investigated. Also, the impact of the QW

heterostructure design for the laser diode active region was investigated.
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Fig. 1-5 Density of state of a semiconductor within (a) bulk, (b) QW, and (c) QD structure



Fig. 1-5 schematically represents the density of state of a semiconductor within bulk, QW, and
QW structure. Similar to the advantage achievable from QW-based active region in comparison to
the bulk counterpart, the further reduced dimensionality in the volume of the quantum dot (QD)
active region within the laser diodes have been predicted to lead to the formation of delta function
like density of state (DOS) and potential for ultra-low transparency current density (i.e., the
injected carrier density at which the amount of absorption and emission within the medium are
same), low linewidth enhancement factors, and temperature insensitive device performance.
However, the realization of all the predicted advantages has remained challenging, as
schematically presented in Fig. 1-1 where the early demonstrated QD lasers did not show superior

performance to that of the state-of-art QW laser [36-37].
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Fig. 1-6 (a) Volmer-Weber (island growth) mode: adatom cohesive force is stronger than surface
adhensive force, (b) Frank-van der Merwe (layer-by-layer) mode: surface adhensive force is
stronger than adatom cohesive force, and (c) Stranski-Krastanov (layer plus island growth) mode:

Until the critical thickness, FM mode. At the critical thickness, transition to VW mode occurs.



The crystal growth mode can be classified into three categories: Volmer-Weber (VW), Frank van
der Merwe (FM), and Stranski- Krastanov (SK) mode, as schematically shown in Fig. 1-5. In VW
mode, the adatom cohesive is stronger than the surface adhensive force, leading to formation of
island. On the other hand, in FM growth mode, the surface adhensive force is stronger than the
adatom cohesive force leading to layer by layer growth, which is suitable for the growth of the
QW and bulk layer. By contrast, when an epitaxial layer with a sufficient strain energy is grown
on a lattice-mismatched substrate, the growth is initially dominated by FM growth mode until
reaching the critical thickness, after which the eventual transition from FM mode to VW mode
takes place. This growth mode is called SK growth mode shown in Fig. 1-6 (c) . As a result, SK
growth mode leads to the formation of coherent islands on a thin wetting layer whose thickness
corresponds to the critical thickness [38]. The conventional QD active regions are composted of
InAs QDs on GaAs substrate grown by SK growth mode where the QD formation is driven by the
strain energy from a large lattice mismatch between GaAs and InAs [39]. While the narrow band
gap energy of the InAs QDs made it possible to achieve the telecom O-band emission on GaAs
substrate, the presence of this inherent wetting layer has been identified to prevent a full 3-
dimensional carrier confinement within the QDs, making it difficult to realize the predicted ideal
performances of the QD active region-based laser diodes [40]. In addition, the randomness in the
QD nucleation site and the subsequent variation in the volume distribution have led to
“inhomogeneous broadening” in the density of state of the QD ensembles, which has been
attributed to another limiting factor for realizing ideal characteristics [41]. On the other hand,
nanopatterning and subsequent selective area epitaxy (SAE) growth offer a more controllable
pathway for QD formation, allowing the QD size to be decoupled from the strain state of the

material and reducing the degree of randomness in the QD nucleation site, although the non-
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radiative defects introduced during the formation of nanopatterns have remained as problematic

issues [42] .

1. 2. Organization of this thesis

Together with the background issues identified aforehand, the work presented in this thesis
is directed towards the development of novel active regions for the semiconductor laser diodes.

In chapter 2, the brief theoretical background of the MOVPE process, which was
exclusively used for the crystal growth in this work, will be given together with introducing
relevant in situ and ex situ analysis techniques, such as real-time reflectance measurement, high-
resolution x-ray diffraction (HR-XRD), Van der Pauw Hall measurement, and photoluminescence.

In chapter 3, the hetero-epitaxial design criteria for the high performance QW and QD
active region laser diodes will be considered, in which internal and external device parameters that
determine the device performance will be discussed in detail.

In the following chapter, the growth of novel metastable GaAsBi alloy by MOVPE, impact
of the post-growth thermal annealing, QW heterostructure design, and the application to the laser
diodes will be given, together with an analysis of the observed device characteristics.

Then, in chapter 5, the development of quantum dot active region laser diodes on either
GaAs or InP substrate using the nanopatterns defined by block copolymer lithography will be
discussed. In particular, the efforts on reducing the processing-related damages by in situ etching
prior to the QD growth as well as enhancement of the carrier injection into the QD active region

by the adjacent heterostructure will be addressed.
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Finally, the possible future works on GaAsBi-based QW active region lasers will be
discussed in chapter 6, in order to realize its predicted potential advantages and to achieve a further
extension in the lasing wavelength. Also, alternative approaches to form QD active region lasers,
while utilizing the nanopatterns by diblock copolymer lithography, will be suggested with the
preliminary theoretical/experimental results. In addition, the experimental test set-up for extracting

internal device parameters of the QD lasers will be presented.
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Chapter 2. MOVPE and Related Characterization

2. 1. Crystal Growth by Metal Organic Vapor Phase Epitaxy (MOVPE)

The MOVPE is a form of a cold wall chemical vapor deposition, which utilizes
metalorganic compounds and hydrides for the precursors [1]. Metalorganic (MO) compounds
consist of metal atoms with a number of alkyl radicals attached. Table 2-1 shows some of the

widely used MOs with their key properties, which were used in this present study.

Table 2-1 Physical properties of commercially available metalorganic (MO) sources for MOVPE

Melting Temp  Vapor pressure (P in

Chemical  Abbreviation  Formula (°C) Torr, T in K) Note
Trimethyl- TMA (CHa):Al 15.4 log(P)=8.224-2134.83/T  Common
aluminum
Trimethyl- TMGa (CHs):Ga -15.8 log(P)=8.07-1703/T Common
gallium
i - Common,
Triethyl TEGa (C2Hs)Ga -82.3 log(P)=8.083-2162/T
gallium Low C
Trimethyl- _
A TMIn (CH3)sln 88 log(P)=10.52-3014/T Common
indium
P-doping
. . _ source for P-
Diethyl-zinc DEZn (C2Hs)2Zn -28 log(P)=7.802-1560/T terminating
material
P-doping
Carbon- i log(P)=7.7774- source for As-
tetrabromide CBry CBry 88-90 2346.14/T terminating
material
Trimethvi- Bi precursor
i y TMBi (CH3)3Bi -107.7 log(P)=8.05-1807.5/T used in this
ismuth
study
Primary
Tertiarybutyl- substitute for
ars?’ne y TBAs (C4Hg)AsH; log(P)=7.5-1562.3/T AsHs, low
temperature

growth
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The MOVPE process involves a pyrolysis reaction of the vapors of a volatile organometallic
compound and a gaseous hydride, as shown in the following simplest case

R,A + DH, —> AD + nRH (2.1)
where R is an organic radical of some unspecified form but generally of lower order, such as

methyl- or ethyl-radical and A and D are the constituent species for the deposited solid.

As such, the common example of this reaction includes the growth of GaAs and AlxGai-xAs:

(CH3)3Ga + AsH; — GaAs + 3CH, (2.2)
x(CH3)3Al + (1 — x)(CH3)3Ga + AsH; — Al,.Ga,_,As + 3CH, (2.3)
R,A DH, nRH
T t
Diffusion
Boundary
Layer @ R,A+ DH, - AD Q%

1. Mass-transport
2. Surface Reaction
Substrate 3. Incorporation

4. Desorption

Fig. 2-1 Schematic representation of the chemical processes taking place near the substrate

surface.

Fig. 2-1 shows the growth process taking place near the surface of the substrate as described by
the reaction equation (2.1). The entire growth process is composed of mass-transport of reactants

to surface, surface reaction, incorporation and the desorption of reaction products [2]. The growth
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ambient generally has a nonstoichiometric, excess, and uninterrupted group V species gas flows
over the metal alkyl, which can compensate for the much greater volatility of the column V atoms
in the desired solid films. In addition, the substrate temperature is typically held at a temperature
higher than the pyrolysis temperature of the metal alkyl ensuring its rapid decomposition at the
growth surface [2]. When these conditions are satisfied, the growth rate is limited by the mass
transport of the group Il reactant to the growth surface, and generally has a weak temperature
dependence of the growth rate, as defined by the mass transport limited regime shown in Fig. 2-2.
Therefore, the growth of most 111-V semiconductor alloys takes place within this mass transport
limited regime as it allows for the better control of the thickness and compositional uniformity
across the entire wafer. By contrast, novel metastable alloys such as GaAsN and GaAsBi requires
the growth to be performed within the reaction rate limited regime with a near stoichiometric V/1II
V/I1I ratio due to the low solubility of N or Bi within the host GaAs [4-5], which is investigated

for GaAsi-;Bi; alloy in Chapter 4.

/ AN

mass transport
limited

o]

©

o \\ /

=

% reaction rate on set. c.mf

G limited parasitic
effects

1 1 i 1 1 1 1 1 L |

400 500 600 700 800 900 1000
Temperature (°C)

Fig. 2-2 Growth rate as a function of temperature showing the three distinct growth-rate regime

(after reference [3])
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I11-V compound semiconductors and alloys grown by MOVPE process widely involve the use of
hydrides, such as arsine (AsHz) or phosphine (PH3) for the column V species. In practice, the
toxicity of these gases requires that special attention to be given to the safe transport, handling,
and storage of these gases. For these safety reasons, there also has been considerable attention
given to the use of MO sources for both the column 11l and V species, in which case the reaction

equation becomes either

R,A+R',B —> AB +nRH + nR'H (2.4)
or

R,A+R',B —> AB + nRR’' (2.5)

One of the interesting features of this MO-based column V species is that some of them exhibit
significantly higher pyrolysis efficiency at a lower growth temperature than that of conventional

hydride, as shown in Fig. 2-2.

100
§ 80 A
g 60 EAs
= | TBAs
8
a 40 4
E
o
g
a 204

0 e A T T T

250 350 450 550 650

Temperature (°C)

Fig. 2-3 Percent pyrolysis versus temperature for several As-precursors, where the measurements

were made in the same quartz reactor under nominally the same condition (After reference [6])
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This higher pyrolysis efficiency of the MO-based As-precursors, especially for TBAs, has allowed
for the homogeneous growth of As-based metastable alloys such as GaAsN and GaAsBi at a
reduced growth temperature (400~520 °C) [4-5]. On the other hand, this low growth temperature,
in return, can often result in the incorporation of significant amount of unintentional carbon
impurities, as the volatile hydrocarbon radicals are not completely desorbed at the growth front.
This unintentional background carbon has been shown to reduce the minority carrier lifetime [7],
which can limit the device performance. The choice of column 11 MO source was shown to affect
the unintentional carbon incorporation at a relatively low growth temperature. The methyl radicals
have a relatively high desorption energy of ~38.6 — 43kcal/mol, leading to a low desorption rate at
low temperatures [8-9]. Therefore, in an effort to reduce the unintentional carbon incorporation,
the use of TEGa has been a preferred choice, rather than TMGa, when growing Ga-containing Il1-

V alloy by MOVPE at a relatively low growth temperature.

Alkyl

_ﬁ
T /\,\. Of ¥ e

Epilayer

Substrate

Fig. 2-4 Chemical reaction model for the selective area epitaxy
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Another interesting aspect of the MOVPE process is that the dependency on the chemical reaction
and surface diffusion of chemical species makes it possible to perform selective area epitaxy (SAE)
where the local growth of epitaxial layer is carried out through patterned amorphous dielectric
masks such as SiO or SizN4. In SAE, the epitaxial growth is inhibited in regions of the sample
that are covered by the dielectric film, thus growth occurs only in unmasked area. The generally
accepted proposition for the mechanism of the SAE is by the desorption of molecules or atoms
impinging on the mask [10-11]. Then, the desorbed molecules collide with molecules in the gas
phase, and are redirected towards the sample surface, where they desorb again if they strike the
mask, but stick if they strike the openings in the mask, thus giving rise to a thickness enhancement
of the selective deposits. In this process, growth precursors from the masked areas also diffuse to
the exposed semiconductor surface. This diffusion increases the concentration of precursors near
the masked area resulting in a growth rate enhancement in that area [12]. The SAE process is
enhanced if the incoming reagents are not fully decomposed to the elemental species, since the
sticking coefficients of Al, Ga, and In on SiO2 or SisN4 are not small at the typical growth
temperatures, making the main reason for the lack of selectivity in the other types of crystal growth
techniques such as solid source MBE or gas source MBE where elemental group Il sources are
used. Depending on the geometry of the dielectric mask, ternary and quaternary alloys typically
can also shift in composition owing to the different gas phase diffusion and sticking coefficients

of the precursor materials [13].
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Fig. 2-5 Schematic diagram of an MOVPE reactor delivery system gas panel, illustrating gas

delivery modules, alkyl delivery modules, and the vent/run configuration (after reference [3])

As schematically illustrated, the gas manifold contains the computer-controlled valves, mass flow
and pressure controllers, and tubing that regulate and direct the flows and pressures of all reactants.
Gas manifolds are designed in a vent/run configuration, where reactant flows are established in a
line that goes directly to vent prior to their introduction into the reaction chamber. This
establishment of flows helps reduce transient flow effects and allows the pressure of the MO
cylinder to reach a constant steady state value. The reactant flows are then simply switched from
the vent line to the line that goes to the reaction chamber (“run” line) in order to initiate the epitaxial
growth. The pressure balancing between the vent and run legs is of importance to prevent either
forward or backward flow surges during switching due to the pressure differences between the

vent and run lines. These can result in the compositional variation at interfaces. This pressure
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balancing is accomplished through the use of electronically controlled needle valves using

differential pressure measurements of the vent and run lines as feedback.

carricr § rcactor input

3-way switching valve - metering valve

vent 4 v’ P exhaust system
H2 manifold
N2 manifold
(GaN only)

back pressure

- controller
MFC input

bath I

Fig. 2-6 Schematic diagram of a typical bubbler arrangement

The typical container for the MO source is in the form of a bubbler, as schematically represented

in Fig. 2-6. Carrier gas (typically Hy) is passed through the bottom of the material via a dip tube

[14]. Then the carrier gas transports the source material into the vent/reaction chamber. Assuming

thermodynamic equilibrium between the condensed source and the vapor, the molar flow, v, can

be written:

v = (Pyfu/kTsta) Psta/Peyr
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where v is the molar flow in moles/min, B, is the vapor pressure of the MO species at the bath
temperature, f;, is the volume flow rate of the carrier gas through the bubbler in I/min, k is the gas

constant, T, =273°C, Ps;q=1 atm, and P, is the total pressure in the MO cylinder.

Optical Ports
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\

S8 Belljar

(b)

Fig. 2-7 (a) Schematic diagram of Thomas Swan 3 x 2" reactor with close-coupled showerhead
(CCS) configuration, and (b) Cross-sectional view of the CCS-based reactor (after reference 16).

The reaction chamber is where the thermal decomposition, reaction, and deposition occur. Various
types of reaction chamber designs have been introduced, such as vertical, horizontal, and barrel
reactors [2], to ensure good uniformities in both substrate temperature and gas flow near the
substrate. In this study, Thomas Swan 3 x 2” reactor with the close-coupled showerhead
configuration was used for the crystal growth. In this configuration, the gases are introduced into
the reactor through separate openings in the water-cooled showerhead to achieve an even

distribution of the process gases. The substrates lie on a rotating susceptor (~100 rpm), which is
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heated by a resistive heater, to further enhance the uniformity in the gas mixture in a close
proximity to the substrate surface [15-16], resulting in an improved deposition uniformity, as

schematically shown in Fig. 2-7 (b).

2. 2. In situ characterization during MOVPE process

The real-time diagnostic tool (reflection high energy electron diffraction — RHEED),
commonly employed in the MBE process, cannot be readily used in MOVPE because of the
required high vacuum (< 107> Torr) in the electron diffraction process. For this reason,
considerable attention has been given toward developing metrology which utilizes the optical

reflectometry based on the Fabry-Perot interference.

l T Reflection Coefficient: R

{d Epi-ayer (n+ik,)

Substrate (n;+ik;)

Fig. 2-8 Fabry-Perot interference by two layers having distinct complex refractive indices

A light beam at normal incidence to the layer surface gets partially reflected at the surface because
of the difference in the refractive indices between epitaxial layer (N; = ny + ik,) and the substrate
(N, = n, + ik,), as schematically represented in Fig. 2-8. Then the normal incidence reflection

coefficient R for this bi-layer system can be given by
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R = R,R; (2.7
where

__ To1triz2 exp(—2idp)exp (ad)
- 1+7191712 exp(—2idpB)exp (ad)

a (2.8)

and r;; = (N; — N;)/(N; + N;) are the individual interface amplitude reflection coefficients, a is

the absorption coefficient (a = 4mk,;/A), B is the phase angle (8 = 2nn,/A), and A is the

wavelength of the light source.

The reflectivity R in this bi-layer system oscillates with a thickness period of 1/2n; and a damping
factor due to absorption in the overlayer, which is governed by k; [17]. Then, the simultaneous
determination of the growth rate and the composition in high accuracy is possible in real time, by
fitting the experimental reflectivity data to equation (2.7) with the pre-determined complex
refractive indices. Fig. 2-9 shows the in situ reflectance measured during the growth of GaAs/
AlxGaixAs on a 2” (001) GaAs substrate within the 3x2”” Thomas Swan CCS reactor equipped
with LayTec’s EpiTT™, which shows the Al composition of 53.943.1%, which is in good

agreement with the target 55%.
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2-9 Measured in situ reflectance during the growth of GaAs/Alos4Gao.46As on GaAs substrate,

where fitted curve is indicated in red, showing the extracted Al composition of 53.9+3.1%, which

is in close agreement with target 55%.

This in situ reflectance can be also used to diagnose and investigate the surface roughening or

coarsening in real time, which are frequently employed for the growth of GaN-based MOVPE on

mismatched substrate such as sapphire or Si [18]. In addition, the etch rate during in situ etching

process can be accurately measured by the real time reflectometry, as in situ etching is the reverse

process of the deposition of an epitaxial layer [19].



29

2. 3. ex situ characterization for the epitaxial layer grown by MOVPE

2. 3. 1. High-resolution X-ray diffraction

The in situ characterization by measuring the reflectivity cannot be readily applied for the
identifying the composition and thickness of the nanostructures such as a strained QW, because
obtaining at least a half period, corresponding to A/4n,, in the oscillation is necessary to obtain
the growth rate, which can often exceed the critical thickness of the strained epitaxial layer. In
addition, predetermination for the complex refractive index is not trivial. Therefore, ex situ
measurement such as high-resolution x-ray diffraction is often used to accurately extract the
growth rate and the composition of the strained epitaxial layer, which has a finite critical thickness

for the relaxation.

Bragg's Law:

2dysinBg = ni

Fig. 2-10 Diffraction of x-rays by a section of a crystal with lattice planes spaced a distance dn

apart.

Based on the Bragg’s law, shown in Fig. 2-10, the lattice constant of a cubic structure is directly
proportional to the spacing d of any particular set of lattice planes. Therefore, by measuring the
Bragg angle 6g for this set of planes, dy can be determined, and thus the lattice constant (a) can be

calculated. In addition, the angular separation of the peaks (46) can be related to the lattice
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mismatch through the differential form of the Bragg equation with respect to 0. For symmetric
geometry, where the diffraction planes are parallel to the sample surface, the following relation is

obtained.

(4a / a), = —cotBz460 (2.9)
where (4a / a), represents the lattice strain perpendicular to the crystal surface (out-of-plane),

which is related to the relaxed lattice mismatch (4a / @) geraxea BY

(4a / Q)retaxea = (Aa / a) [(1 = v)/(1 + V)] (2.10)

assuming the in-plane strain to be zero, and v is Poisson’s ratio for the layer material.

The relaxed lattice mismatch can be found by using Vegard’s law, a4, p = (1 —x)a,,  +
xag . Therefore, by measuring the peak separation, the composition of a strained alloy can be
accurately measured, and vice versa. In addition, the interaction between incident and reflected x-
ray waves through the whole epitaxial layer can be attributed to the diffraction patterns, resulting
in Pendellosung fringes, 46,. The known relation between the angular spacing of the 46, and the

thickness L of the whole epilayer is [20]

L = Alyn|/46p sin (265) (2.11)

where y;, = sin(0p + a) and «a is the angle between the sample surface and diffraction plane,

leading to the following simplified relation for symmetrical geometry
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L = 1/246p cos (0g) (2.12)

The equation (2.11) and (2.12) are applicable to a strained superlattice having a period of T, in
which case the whole epitaxial layer thickness L is replaced by the superlattice period T, and the
oscillation spacing is replaced by the angular distance between the satellite peaks. Therefore, the
strained superlattice periodicity as well as the layer thickness can be accurately measured. In
addition, the interfacial abruptness can be qualitatively assessed by the contrast in the

Pendellosung fringe.

2. 3. 2. Photoluminescence

Luminescence is the term used to describe the non-equilibrium emission of radiation.
Photoluminescence (PL) measurement is a non-destructive spectroscopic technique which utilizes
the spontaneous emission of light from a material under optical excitation. The typical setup for
the PL measurements includes a laser source for the photoexcitation, collimating lens,
spectrometer, photodetector, and often lock-in amplifier to collect a small signal, as schematically
shown in Fig. 2-11. The sample is occasionally kept in a temperature-variant cryostat in order to
perform the temperature dependent PL measurements, which can provide insight into the carrier

dynamics associated with thermally activated recombination process.
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Fig. 2-11 Typical experimental setup for PL measurements
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When light of sufficient energy, i.e., photon energy higher than the bandgap of the sample, from
the excitation source is incident on a sample, photons are absorbed, and electronic excitations are
created by electron-hole pair generation process. Eventually, these excess electron-hole pairs relax,
and the electrons returns back to the ground state. If radiative relaxation occurs, the emitted light

is called PL, as schematically represented in Fig. 2-12 (a).
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Fig. 2-12 (a) Band-to-band Radiative recombination, (b) Nonradiative recombination via an

intermediate state (Ewap), and (c) Nonradiative recombination via Auger process

The resulting PL spectrum provides the transition energy such as band gap energy of a

semiconductor material. On the other hand, a rapid non-radiative recombination via either midgap
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states, in the presence of a high concentration of surface states, impurities and defect states, or

Auger process can also take place.
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Fig. 2-13 PL spectra of either Si-doped InP or Fe-doped InP substrates measured at the same

condition (Aexcitation = 532nm) at room temperature.

Therefore, the PL measurement can be used to qualitatively estimate the radiative efficiency

number of photons emitted
number of photons absorbed

Mraa = ) of the material, which is an important parameter for realizing

high-performance optoelectronic devices. Fig. 2-13 presents PL spectra of two types of InP
substrates (either Si-doped or Fe-doped), which shows the PL peak position corresponding to the
band gap energy of InP (0.923nm). Si is a shallow donor while Fe acts as a deep acceptor in InP,

which forms a midgap state, resulting in the observed difference in the PL intensity.
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2. 3. 3. Hall Measurement by Van der Pauw Resistivity Measurement

Hall measurement employing Van der Pauw method provides information about electrically active
impurities (carriers) and mobility in a practical manner. The van der Pauw method involves applying a
current and measuring voltage using four small contacts on the circumference of a flat homogeneous
isotropic square sample. This method is useful for measuring small samples because geometric spacing of
the contacts is of less importance. Using this method, the resistivity can be derived from a total of eight
measurements that are made around the periphery of the sample with the configurations shown in Fig. 2-

14.

oL 19
oL 1o

Fig. 2-14 Van der Pauw Resistivity Conventions

el ool 1o
oL Jool Jo

Once all the voltage measurements are made, the sheet resistivity (R,) can be numerically found

by the following relation

exp(—mR,4/R;) + exp(—mRg/R;) =1 (2.13)

where R, and Ry are as follows,

Ry = (224782 4 12 4 By /g and  Rp = (242 4722 4 72y /g

I1 Iz g3 I34 I3z Iz3 iy Igp
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By applying positive (P) and negative (N) magnetic fields with the direction normal to the surface
of the sample and subsequently measuring the difference of the voltages (V;;), the overall Hall

voltage can be obtained by the following relation:

(2.14)

Vi = ( 8
where AVU = Vij,P - Vij,N
Equation (14) can be further simplified by the measurement consistency following current reversal,

leading to the following relation,

= () - (2) - (29 - (42) =

Therefore, the sheet carrier density (ns=n X d) can be calculated by balancing the electric field

with the Lorentz force, i.e.,

ns = 1B/q|Vy| (2.16)

AV
When VH = ( 213

) is measured with I=1,,. Similarly, the Hall mobility (ugq;) is given by

[Vl
Mpau = Rs% = 1/(qnsRS) (2-17)
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2. 4. Summary

In this chapter, the crystal growth mechanism by MOVPE and the related crystal growth
techniques required to realize the growth of laser heterostructure have been reviewed. The choice
of precursors depending on the growth condition was considered in detail, as novel I1I-V
metastable alloys often exhibit a very little solubility in typical growth temperature range (600-
800°C), which requires the crystal growth to be performed at lower growth temperature (400-
500 °C). The use of TBAs as an As-precursor together with TEGa as a Ga-precursor is preferred
for the crystal growth near this low growth temperature owing to it superior decomposition
efficiency as well as potentially lower carbon incorporation. In addition, the in situ and ex situ
metrology including real-time reflectance, HR-XRD, PL and Hall measurement were reviewed,
which were used in this study to characterize MOVPE-grown materials and to realize the laser

heterostructure.
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Chapter 3. Design Considerations for QW and QD-based Laser Diodes

3. 1. Optical Waveguide Theory

In Chapter 1, the optical confinement within the DH structure-based laser diode has been briefly
discussed, which was attributed to the one of the reasons for its success in the realization of
practical devices operating at room temperature. In an edge emitting laser diode geometry, this
optical confinement in the transverse direction can be mathematically described by Maxwell’s

equations.

Regionl ' N

Regionll My

Region Il | Ay

Fig. 3-1 Schematic diagram of a three-layer heterostructure waveguide where the x-direction is

defined as the transverse direction and the y-direction corresponds to the direction of propagation

Shown in Fig. 3-1 is the schematic diagram of a three-layer structure, forming a positive index
profile in the transverse direction (i.e., n;=n,;;;<n;;), which is commonly employed in the DH
structure. The electric fields of the supported modes within this structure will be confined to the
waveguide core region (Region Il) with evanescent tails within the cladding layers (Region I and
I11) as a result of the positive index profile. This supported electric fields can be described by time-

independent Helmholtz wave equation:
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VZU(x) + [n?k3 — B?lU(x) = 0 (3.1)
where U(x,y) is the transverse amplitude, n = /(&/¢g,) is the complex refractive index, k, =

21 /A is the free space wave number and £ is the complex propagation constant.

The real part of S is inversely related to the phase velocity and from this relation, an effective
propagation constant is defined as S, s, for each of the supported mode within the waveguide

structure. This effective propagation constant is related to the free space wave number scaled by

an effective refractive index, f=kon.ssm [1]. The continuity of U(x) at the boundary leads to the

and iU =

boundary condition at the heterojunction as such U,atx:cl/2 = U,,atx:d/2 o levcan =

:—xU,, 2’ and similarly between Region Il and Ill. Therefore, in the case of symmetric
at x=d/2

refractive index profile (n;=ny;), the general solutions of equation (3.1) in each region are

obtained as such:

Region I: U;(x) = Be™"* (3.2
. ) _ ( Acos(kyx) Symmetric case

Region 11: Uy, (x) = {Asin(kxx) Asymmetric case (3.3)

Region IlI: U;;;(x) = Be?™ (3.4)

where y = k,tan ("2—2) for symmetric case and y = —k,.cot (%) for asymmetric case.

Plugging these general solutions into equation (3.1) yields k., and y as such:
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ke = ko’ny? — B2 (3.5)
y? =% — ko’n? (3.6)

where the effective refractive index can be found numerically using the following relation:

kod 7 5 _ -1 Tleffz—n12 . T
T\/n,, Nesr® = tan ( /W + (m 1); (3.7)

Then, the transverse confinement factor (I") can be calculated using the relation above, which is

defined as the fraction of the optical energy that is confined in the active region of the laser diodes.

d
U@ dx

I'= 7= vora (38)

I' is an important parameter in designing laser heterostructure as it is directly proportional to the
modal gain that is related to the threshold current density, as will be shown later in this chapter.
Therefore, typical high-performance laser heterostructures are designed in a way that the

transverse optical confinement factor is maximized.
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Fig. 3-2 Simulated transverse fundamental modes (m=0) for examples of heterostructure active
region: (a) p-i-n DH structure (100nm-thick GaAs sandwiched by AlosGao4As cladding layers),
(b) p-i-n DH structure employing a single QW (SQW) region (7nm-thick GaAs sandwiched by
AlgsGaop.4As cladding layers), and (c) Separate-confinement-heterostructure (SCH) employing a
SQW region (7nm-thick GaAs sandwiched by Alo.1GaoeAs SCH and Alo.sGao.4As cladding layers)

Shown in Fig. 3-2 are the simulated transverse fundamental modes (m=0) for various types
of heterostructure active region. As the thickness of the i-region is reduced, a rapid reduction in
the optical confinement factor takes place, as shown in the Fig. 3-2 (a) and (b). This was the main
reason for the early demonstrations of the QW active region lasers exhibited similar or even higher
threshold current densities than those of p-i-n DH structure active region lasers, as discussed in
Chapter 1. However, by introducing the separate confinement heterostructure as schematically
shown in Fig. 3-2 (c), the optical confinement factor of the QW active region lasers has
significantly improved, leading to a superior device performance than those of the p-i-n DH

structure-based lasers [2-3]. It must be noted that the optical confinement factor of the QW active
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region lasers, which employs SCH structure, is still significantly lower than that of p-i-n DH
structure-based lasers. However, this lower optical confinement factor of the QW active region
laser is compensated by the advantages including higher material gain coefficients and lower
transparency current density, which arise from the reduced dimensionality, as will be discussed

later in this chapter.

3. 2. Current injection in Laser Diodes

“LASER” stands for “Light Amplification by Stimulated Emission of Radiation”.
Therefore, in lasers, light amplification is achieved via stimulated emission process as

schematically shown in Fig 3-3 (b).

Conduction Band Conduction Band

Ny _y ““\Jy stimulated
Spontaneous Incident ““\ Emission
Emission Photon

[ )
Valence Band

[}
Valence Band

(a) (b)

Fig. 3-3 Light emission process: (a) by spontaneous emission and (b) by stimulated emission

Spontaneous emission process occurs when an electron radiatively recombines with a hole
in the absence of interaction with an external photon. On the other hand, stimulated emission

process takes places when an incident photon perturbs an electron-hole pair, which induces photon
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emission that has a same phase and amplitude as the incident photon. In a laser, light from this
stimulated emission process is efficiently extracted in a resonant cavity. Typical geometry of the
resonant cavity employed in in-plane semiconductor laser diodes is schematically represented in

Fig. 3-4 where the cavity is formed by the cleaved facets.

Cavity: V, Light

Active Region (n, S, V)

Mirror 1 (Reflectivity: R,)

Fig. 3-4 Schematics of in-plane, edge-emitting laser illustrating the active (V) and cavity (Vp)
volumes where n is the carrier density, and S is photon density.

The carrier concentration in the active region is determined by the rate equation

dn(t J(t
:z(t—) =1 % —R(n) —y9(M)S(t) &9

where the first term on the right-hand side accounts for carrier injection into the active region with

a thickness d. The unit charge g is 1.6 x 1071°C.

The injection efficiency of carriers into the active region is n;, which is the percentage of electrons
and holes transporting into the active region after surviving the carrier losses due to recombination
outside the active regions and/or leakage of carriers out of the active region. R(n) represents both
radiative and nonradiative carrier recombination processes. The last term is related to the carrier

loss owing to stimulated emission process when the laser cavity has a photon density S(t), which
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is the number of photons per unit volume. These photons encounter a gain of g(n) [1/cm] while
propagating with the group velocity vg of light, vg=c/ng, where ng is the group index and c is the

seed of light in free space. The recombination rate, R(n) is given by

R(n) = An+ Bn? + Cn3 = % (3.9)

where t is carrier lifetime, A is known as the monomolecular recombination coefficient
accounting for the defects or monocarrier type recombination, B is the radiative recombination

coefficient, and C accounts for nonradiative Auger recombination processes.

Under the steady-state condition before the stimulated emission start to occur, equation (3.9) can

be expressed as

W — An +Bn? +cnd =2 (3.10)
qd T

which can be then used at the threshold

—";];h = N, + Bng? + Cny,® = nTLh (3.11)

Since ng, typically clamps above threshold due to the rapid stimulate emission process, the
equation (3.10) can be substitute into equation (3.9), yielding the following relation for the above-

threshold case,

dan(t J-]
2 =m s, U > J) (312)

where the steady state photon density (S) can be given as follows,
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— MiJ—Jen)

p—y (Steady — state) (3.13)
gdt

Then, the output power above the threshold can be expressed by multiplying the stored optical

energy density (S X hv X V,(cavity volume)) by the energy loss rate through the mirrors

(Vg = 1/7p), and using I'=V,/V,

)—(] Jen) s UJ > Jen) (3.14)

where «; internal loss associated with the free-carrier absorption while a,,, is the mirror loss term

defined as a,,, = —ln (R —).
182

By defining n; = n;( ) which is the external differential quantum efficiency, the equation

<a;i>ta

(3.14) can be further simplified.

a2 U =) U > J) (3.15)

In contrast, the output power below the threshold current density can be similarly derived [1],

Py = (o) = ﬁsp(/) U <Jen) (3.16)

<ai>+tam
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. . . . . Bn? . -
where 7, is the radiative efficiency defined as —————, and By, is the spontaneous emission
An+Bn2+Cn3 p

factor, defined as the percentage of the total spontaneous emission coupled into the lasing mode.

This typical Po as a function of injected J relationship is schematically shown in Fig. 3-5 (a).

The inverse of the external differential quantum efficiency, n,~1 can be expressed as

ng~t=mn"1+ ln(%)] (3.17)

Therefore, a plot of ;=1 versus the cavity length L shows a linear relation with the intercept n; 1

at L=0, as shown in Fig. 3-5 (b), which makes it possible to experimentally extract n; and «;.

'

Output Power

J
th
Current Density Cavity Length
(a) (b)

Fig. 3-5 (a) The typical Pg versus input current density (J) relation of the laser diodes, (b) A plot
of the inverse external differential quantum efficiency (n,~?1) versus the laser cavity length, L. The
intercept with the vertical axis gives the injection efficiency n;~* while the slope gives the internal

loss, a;.
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The extracted n; by this cavity length dependent measurement yields the value obtained above
threshold, which is expressed as 1; qpove threshota thereafter. This 0; gpove thresnota €8N be very
distinct from the n; values at threshold (1; 4¢ thresnoia) @nd below-threshold (1; peiow threshoa) @S
pointed out by prior studies [4-5].

Once a; is found, the threshold modal gain (I"g.,) can be calculated from the devices with the

varying cavity length (L) using the following relation,

thhzai+am=ai+iln( : ) (3.18)

2L RiR,

The obtained threshold modal gain (I"g.,) can be, then, used to extract the modal gain coefficient

(I'go) by fitting the data points to the following exponential curve.

Jon = —2 —exp (FLhy (3.19)

Ni_at threshold rgo

A caution needs to be taken here because 1; gpove thresnoia Value obtained from the cavity length
dependent measurement by the relation (3.17) should not be applied for the 7; 4¢ thresnoia tErmin
equation (3.19) when trying to obtain the transparency carrier density (J;,-).

The transparency carrier density (J;,-) can be expressed as follows.

Jop = T2 (3.20)

T

where N, is transparency carrier density and L, is the active region thickness.
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As expressed in equation (3.20), the direct proportionality of L, with respect to J,, has led to a
significant reduction in the transparent current density (J;,-) as the active region was reduced from

the bulk scale (~100nm) to usual quantum well thickness (5 ~ 10nm).

The transparency carrier density, i.e., the number of injected carriers at which the rate of absorption
of light exactly balances the rate of emission, can be achieved when the quasi-Fermi level energy
separation (Er-Esn) is equal to the transition energy of the active region. The total number of
electrons (or holes) can be calculated by integrating the product of the density of state functions
and the Fermi distribution function. Neglecting the contributions from higher subbands which are
effectively cut off by the Fermi functions [6] and using the density of state presented in Fig 1-5,
the electron density at the transparency condition of the bulk p-i-n DH laser can be numerically

and/or analytically calculated as follows,

NtT — (zme*)3/2 J.OO 1IEC—S]_dEC — Z(Rme*kT)3/2iA3/2 (3 21a)
DH 4m2p3  Jeq e(BEc—1)/kT 41 2m2h2 3V .

where m,* and m;,* are the effective mass for electron and hole, respectively, k is the Boltzmann
constant (1.38064852 x 10-23 m?kgs2?K™), h is Planck constant (6.62607004 x 10**m?kg/s). A

is numerically solved using the following relation,

4 * _
» A3/2— (’;_;)3/29 A (3.21b)
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For GaAs, the effective masses of electron and holes are m,* = 0.067m, and m;,* = 0.5m,,
which leads to A and Nf}; qas = 9 X 107cm™3. Similarly, the transparency carrier densities of

the semiconductor active region with the reduced dimensionality can be analytically found as

follows,
tr . Mgt oo dE. _ mg'kT . .
NQW - LG-EZ fgl e(Ec—Sl)/kT+1 - LZTL'EZ X 1'43 (6m€ ~ mh ) (3.228.)
tr _ me" oo dE. _ me*kT . .
Now = L,h? fsl e(Ec—e/KT 11 I rh? X In(2) (me" =~ my") (3.22b)
tr _ 2 o §(Ec—&1)dE; 1
Nep = LyLyLy fsl eBc=eD/KT 41~ L L1, (3.23)

N§w aas from the relation (3.22b) can be calculated to be 4.6 x 10'7cm ™ assuming the
L,=10nm, while the relation (3.22a) yields Njy gqas = 9-2 X 10*7cm™3, which is similar to the
calculated Njj; gaus = 9 X 10*7cm™3. This result suggests the simply reducing the dimension of
the active region does not yield a significant reduction in the transparency carrier density, while
the reduction in the effective mass (m;*) of the hole can result in the reduction in the Ng,l, by a
factor of two. This reduction in the effective hole mass can be achieved by introducing the biaxial
strain, as schematically presented in Fig. 1-3 in Chapter 1. The transparency carrier densities of
either DH structure or QW has the temperature dependency, which, in turn, is partially responsible
for the temperature sensitivity in the threshold current density (Ji). The temperature dependency

of the threshold current density can be characterized by using the relation,

Jen(T) = JoeTo (3.24)

where J;, (T) is the threshold current density measured at the heat sink temperature of T.
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The obtained T, by fitting the curve (3.24) is called a characteristic temperature coefficient for the
threshold current density, which is a figure of merit to determine the temperature sensitivity of the
laser’s threshold current density.

Similarly, the temperature dependency of the external differential efficiency (n,) can be described

using the relation below,

T

nqa(T) = 77d,oe_T_1 (3.25)

The measurement of these characteristic temperatures, T, and T;, allow for the qualitative
assessment of the carrier confinement within the active region of the semiconductor lasers during

the laser operation.
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Chapter 4. GaAs1--Bi; QW Active Region Laser Diodes

4. 1. Introduction

Recently, GaAsi1-;Bi; alloys have drawn much attention as it was shown both experimentally and
theoretically that a small amount of Bi incorporation into GaAs induces a rapid reduction in the
band gap (Eg) (62-84meV per Bi mole fraction) and an increase in spin-orbit splitting (Ago) with
increasing Bi concentration [1-4]. GaAs:1-;Bi, quantum well (QW) active regions are an alternate
approach to dilute-nitride QWs for achieving lasers in the telecom wavelength regions (A~1.3-1.55
pm) on GaAs substrates. Such QW active regions are easily incorporated into existing GaAs-based
vertical cavity surface emitting laser (VCSEL) architectures employing high-index contrast
distributed Bragg reflector (DBR) mirrors. Furthermore, it was predicted that Agq can be larger
than E; when the Bi mole fraction exceeds 10% [1]-[7], revealing a potential of this material to
suppress a dominate Auger recombination mechanism, which has been considered as one of the
significant carrier loss pathways in InP-based telecom wavelength devices.

A great deal of efforts has been directed towards the pseudomorphic growth of dilute-bismide
alloys on GaAs substrates by metalorganic vapor phase epitaxy (MOVPE) or molecular beam
epitaxy (MBE) in order to realize near-IR emitting devices. The origin of the rapid band gap
reduction has been attributed to the localized interaction between the Bi resonant level and the
valence band of GaAs within a valence band anti-crossing model [8]. However, this interaction
results in a relatively small conduction band offset at the GaAs/GaAsi-.Bi, hetero-junction,
particularly at low Bi mole fraction. Therefore, it is necessary to choose the proper barrier material
in order to enhance the electron confinement in the conduction band of the GaAs1-;Bi; active region.
In this chapter, the origin of the bandgap reduction by the incorporation of the Bi atoms into the

GaAs host matrix is reviewed in great detail. In addition, the issues with the carrier confinement
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within the Bi-containing active region will be discussed together with the theoretical calculation
based on the density functional theory (DFT). Also, the growth of GaAs:-;Bi, and the impact of
the post-growth thermal annealing on the will be given in details. Finally, the characteristics of the

laser diodes employing GaAs:-.Bi; QW active region will be present in this chapter.

4. 2. Origin of Band Gap Reduction in GaAs:-:Bi;

The origin of the band gap reduction within GaAs:-;Bi; has been explained within the framework
of the valence band anticrossing (VBAC) model, which predicts the localized Bi-related states
hybridized with the valence band of the host GaAs matrix [8-10]. This hybridization results in the
creation of valence subbands Enn+, ELH+, Eso+, EnH-, ELH-, Eso-, as schematically shown in Fig. 4-
-1.which lead to the reduced band gap energy Eg. (HH, LH and SO refer to heavy hole, light hole,

and spin orbit splitting band, respectively)

LH host

HH host

E_SO host

Valence bands

Fig. 4-1 Schematic diagram showing valence band anticrossing effect at I-valley (after reference

[101)
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By the approximation of the VBAC model, the variation of the band gap energy of the unstrained

GaAs:-;Bi; can be expressed as

. i 2
Eémstramed (GaAsl_ZBiZ) — E;;nstramed (GaAS) _ AEmN [\/1 +4 ( Cun ) 7 — 1] (41)
2 AEmN

where Eg‘"s”ained(GaAs) is the band gap energy of unstrained GaAs, AE,y is the energy
separation between the resonant bismuth level and valence band maximum of GaAs, and Cyy is

the coupling parameter in GaAs:;Bi,, AEyy~-0.183 eV and Cyy ~ 1.13 based on a prior

theoretical study employing tight binding model [6].

Together with the band gap reduction, the interaction of host Es, with Bi-related states also is
shown to lead to a non-linear increase in the Aso (Spin-orbit splitting energy: energy separation
between valence band edge and Eso) with increasing Bi composition, as shown in Fig 4-2, which

presents both the experimental and theoretical data.

1.6
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Bi concentration (%)

Fig. 4-2 Comparison of the experimental and theoretical values of the energy gap Eq and spin-

orbit-splitting energy Aso (after reference [12])



57

This band gap reduction (~80meV/%Bi) is significantly higher than the band gap reduction that
can be obtained by using conventional InGaAs alloy (~15mV/%]In) [10].

Therefore, the increase in Aso together with the decrease in Eg has shown a promise for the
suppression of hot-hole driven Auger recombination (CHSH auger recombination process) and
intervalence band absorption (IVBA) at the Bi composition higher than 9~10% (z=0.1 in GaAs;-
:Biz). This IVBA and CHSH Auger process, schematically represented in Fig. 4-3., has been
identified as a major carrier loss mechanism limiting efficiency of the conventional InGaAs or

InGaAsN based QW laser emitting near telecom O- and C-band [13-14].

Suppressed
CHSH

E.
1 1

1 E, !

[ e,
/f/"\\ o %/és]ﬂm
E.o

E, > Ago E, < Aso

Fig. 4-3 Schematic diagram showing the suppressed CHSH Auger process
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4. 3. Carrier confinement within GaAs:-.Bi; QW Active Region with Strain-Balancing
The origin of this rapid band gap bowing effect owing to the interaction between the localized Bi
resonant level and the valence band of GaAs has been shown to lead to a large valence band offset
(~55meV/%Bi) and a relatively small conduction band offset (~15meV/%Bi) at the GaAs:-
xBix/GaAs heterojunction, particularly at low Bi mole fraction [12], as schematically shown in Fig.

4-4, especially when the compressive strain of GaAsi-;Bi; is taken into account.

GaAs GaAs,_Bi, GaAs
JAE.~ 15meV /%Bi

AE, & 55meV /%Bi

Fig. 4-4 Schematic energy band diagram of a GaAs;-.Bi./GaAs QW active region

Especially at a low Bi mole fraction (z < 0.03), the AEc is insufficient to effectively confine the
electrons within the GaAs:1-.Bi; QW, which can lead to strong sensitivity of the device performance
to heat-sink temperature. Therefore, for the application where the both electron and hole
confinement is required, such as an active region within a laser diode structure, it is necessary to
choose a higher bandgap material as an electron barrier especially at a low Bi mole fraction (z <
0.03). The first successful operation of an electrically injected GaAsi-.Bi, single quantum well
(SQW) laser with the lasing wavelength of 947 nm was reported by Ludewig et al [15].
Subsequently, there have been several other reports of diode lasers employing GaAs:-;Bi; in the

active region, confirming the potential of this material as a light-emitting source in near-IR region
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[16-18]. In these prior studies, AlxGaixAs was used as a barrier material for low Bi-content QWs
to improve the electron confinement in the conduction band and reduce thermally activated carrier
leakage from the QW. Employing Alo.12GaogsAs as a barrier material for a GaAso.978Bi0.022QW
leads to a higher conduction band offset, AEc= 133meV [18]. On the other hand, the use of tensile
strained GaAsi1.yPy QW barrier provides a pathway for achieving both tight carrier confinement
and the strain compensation.

To determine band offsets associated with GaAs1-yPy and GaAs:-;Biz, the density functional theory
(DFT) simulations were employed as discussed in detail elsewhere [19].

To obtain AEv of a heterojunction A/B where A and B are the two compounds forming the
heterojunction, the macroscopic electrostatic potential (MEP) along [001] of A/B was calculated
first [20]. To reduce the effects of using a specific finite-sized supercell, the average MEP of
several A/B with different P and Bi atom configurations was used. Then the relative position of
valance band maximum (VBM) in A/B was determined according to the VBM positions relative
to MEP in the bulk of A and B. Finally, AEc was calculated based on the AEv and band gap
difference of A and B, i.e., AEc= AEg— AEv. The band gaps of GaAs:1.yPy and GaAs:-,Bi; strained
to GaAs(001) were calculated using the following relationships, which were derived from previous

DFT calculations and experimental fits [21].

E,(GaAs,_yP,) = 1.42 + 0.811y — 0.118y? — 0.059y° (4.2)

E,(GaAs,_,Bi,) = 1.42 — 6.429z + 9.293z% + 14.22423 (4.3)

The validity of our calculations was supported by the good agreement with previous experimental

measurement [22] for GaAs1.yPy/GaAs (y=0.292) and reasonable agreement with an estimation
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based on tight-binding calculation [11] for GaAs:1-.Bi/GaAs (z=0.042), as compared in Table 4-1.
Selected compositions of the GaAs:1yPy /GaAs1-.Bi. heterojunction were calculated and results are

shown in Table 4-1.

Table 4-1. Band offset values of different heterojunctions. Positive values of AEv and AEc for
heterojunction A/B refer to an increase in the valence band energy and a decrease in the conduction
band energy, respectively.

GaAs1yPy / GaAs GaAs / GaAs1-:Bi: GaAs1.yPy/GaAs1-:Bi;
(y, z) (0.292,0) (0.292,0)* (0, 0.042) (0, 0.042)+ (0.297,0.016)  (0.297,0.031) (0.292, 0.042)
AEc [meV] 182 150 95 72 231 265 280
AEy [meV] 43 45 158 231 96 155 198

*Experimental data in Ref [22]; TEstimation based on tight-binding calculation of strained GaAs:-.Bi, [11]

These theoretical results indicate that a properly chosen GaAsi1yPy barrier can provide band offsets
much greater than the thermal energy of room temperature even for the GaAs1-.Bi, system with

small Bi incorporation, as schematically presented in Fig 4-5 (a).

GaAs, P, GaAs, B, GaAs, P,

.
\.

GaAsBi

338
% =N
3333
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(a) (b)

Fig. 4-5 Schematic energy band diagram of (a) GaAs1.yPy /GaAs:-,Bi,/GaAs:yPy QW active region,
and (b) Schematic of strain accommodation in the corresponding heterostructure
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The GaAsi1yPy as a barrier material for a GaAsi-;Bi; active region lattice-matched to a GaAs
substrate can be used to form strain-compensated QW structures, as mentioned earlier. The
pseudomorphic growth of GaAsiyPy on GaAs substrate results in the tensile strain while the
compressive strain is induced from GaAs:1-,Big, as illustrated in Fig 4-5 (b). This compressive strain
from the GaAs1-,Bi, can be compensated for by employing GaAs:.yPy barriers, resulting in a low-
or zero- average strain for the active region. N.J. Ekins-Daukes et al. derived an expression [23]

for the average strain energy,

_ (t1A1 812 +t2A2 522 +t3A3 €3 2)

Uav = t+tp+ts (4.4)
2C12,i2
A; =Cy1+Cpp5 — st (4.5)

where the coefficient C,; and C,, are elastic constants, t is the thickness and ¢ is the strain, and i

is the index for each layer as depicted in Fig 2(b).

By linearly interpolating the binary elastic constants summarized in Table 4-2, C1; and Cy2 are
estimated for GaAsi-.Bi; and GaAsi.yPy with various mole fractions of Bi and P.

Table 4-2: Elastic Constants

GaBi [24] GaAs GaP
C11[GPaq] 81.6 118.89 140.05
C,2[GPa] 28.1 53.75 62.03
a[A] 6.33 5.6533 5.4505

Ref [24]: Estimation based on extrapolation of experimental GaAs:-;Bi; lattice constant
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To balance the strain induced within the GaAs;_,P,/GaAs; _,Bi,/GaAs;_,P,structure, the average

. au . . : :
in-plane stress, % needs to be zero, leading the following expression for the required
GaAsj—yPy

barrier thickness.

—tGaAs,_,Bi,AGaAs;_;Bi, €GaAsi-zBiz3GaAs;_yPy (4 6)

tG =
aAsq_yP
1=y*y 2AGaAs;_yPyEGaAsi_yPy2GaAs;_zBiz

Fig. 4-6 presents the relationship between the thickness of the GaAs;.yPy barrier necessary to have
a heterostructure with a zero stress for various P and Bi concentrations. It is possible to construct
a strain balanced multiple quantum well structure consisting of alternating GaAs:1-,Bi, /GaAs1.yPy
layers, maximizing the carrier collection efficiency while using the Al-free material as a carrier

confining barrier.
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Fig. 4-6 The GaAsi.yPy barrier thickness in nm for strain-balancing for various Bi and P

concentration within the well and barrier respectively for a 7 nm thick GaAs;-.Bi, SQW.
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4. 4. MOVPE of GaAs:-;.Bi, Multiple Quantum Well

The metastable GaAs1«Bix alloy exhibits a large miscibility gap with a very low Bi solubility in
GaAs [25], although it was shown this solubility can be altered in the presence of the strain state
as shown in Fig. 4-7. This restriction compels the growth of GaAs1-xBix to be performed with non-
typical growth parameters, involving the low growth temperature around 400 °C and near-
stoichiometric V/I1I flux ratio for MBE and gas-phase ratio for MOVPE for the Bi incorporation
into the host GaAs matrix [24,26]. In turn, the growth under the near-stoichiometric condition at
such a low temperature can result in point defects and its associated defect complexes, which can
act as non-radiative recombination centers within the materials [27]. In addition, particularly for
the MOVPE growth, the low growth temperature can lead to high unintentional background carbon
contamination as the hydrocarbon radicals from the metal-organic precursors, which are not
effectively removed from the growth front, leads to an increased carbon incorporation [26]. This
unintentional background carbon has been shown to reduce the minority carrier lifetime [28]. For
these reasons, the growth parameters should be carefully optimized for the MOVPE growth of

device quality GaAsixBix films.
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Fig. 4-7 Solubility of Bi in GaAs versus the strain in the GaAs lattice parameter at 400°C under

Ga-rich conditions using both Bi metal and GaBi as the reference state for Bi (After reference

[29])
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The material growth in this study was performed, using a close-coupled-showerhead vertical
reactor with a rotating susceptor. The growth was monitored in situ by the optical reflectance
system by Laytec’s EpiTT™. For the GaAsi1xBix growth, triethyl-gallium (TEGa) was used as
group I precursors while tertiarybutyl-arsine(TBAS), and trimethyl-bismuth (TMBI) were used
for group V precursors. For the growth optimization, samples consisting of 5 period MQW (5x
GaAs1xBix/GaAs) were grown on nominally exact (001) semi-insulating GaAs substrates with
varying growth temperature (Tgrowth) and varying TMBI/V gas phase ratio. All precursors were fed
into the reactor simultaneously. After the GaAs:-.Bi; QW growth, the growth temperature was
raised to 630°C under arsine/H> ambient, and the GaAs barrier was grown with trimethyl-gallium

(TMGa) and arsine (AsHs). The growth parameters are summarized in the Table 4-3.

Table 4-3. Growth Parameters used for the material optimization

. Pressure Growth Temp. TEGa . V/IHI
Material TMBI/TBAs .
[Torr] [°C] [pmol/min] Ratio
QwW
. 50 400~440 133 0.023~0.036 1.31
(GaAs:1;Bi,)
Barrier TMGa used
100 630 ] N/A 60~70
(GaAs) [55umol/min]

This temperature ramping was employed in previous studies, and is thought to lead to evaporation
of the surface-segregated Bi on the growing GaAs:1.xBix film [15, 30]. The Bi incorporation as a
function of the growth temperature was investigated by varying only the growth temperature from
400 to 440 °C while maintaining other growth parameters including TEGa molar flow
(133umol/min), TMBi/TBAs = 0.036, reactor pressure (Preactor=50Torr), and V/III ratio

(V/111=1.31). Presented in Fig. 4-8 (a) are the HR-XRD spectra, which possess a sharp contrast in
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both pendellosung oscillations and the satellite peaks for all samples. These XRD measurements
suggest that even with temperature ramping between well and barrier, it is possible to achieve an

abrupt GaAs1xBix/GaAs heterointerface, which agrees well with the previous reports. [15,30].
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Fig. 4-8 (a) HR-XRD w-26 measured around GaAs (004) reflection. Dynamic XRD simulations
are indicated by the dotted lines for each sample. (b) Photoluminescence measured at room

temperature

Assuming a GaBi zincblende lattice constant of 0.633nm, the GaBi mole fractions of each sample
was found from comparing the x-ray spectra to the XRD dynamic simulations at a point of best fit
to the experimental HR-XRD data [24]. The structural details of each sample derived from the

XRD simulations are summarized in Table 4-4.
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Table 4-4. Structure Details and GaAs:«Bix growth rate as a function of growth temperature

Growth Structure Details from GaAsi1-zBi; PL Peak
Temperature the HR-XRD dynamic Growth Rate Position
[°C] simulation [nm/sec] [eV]
5x GaAso.9o57Bi0.043/GaAs
400 0.036 1.114
(9/22nm)
5x GaAso.966Bi0.03s/GaAs
420 0.067 1.2
(10/22nm)
5x GaAso.974Bi0.026/GaAs
440 0.1 1.261
(9/22nm)

The PL measurements, shown in Fig. 4-8 (b), indicate a rapid increase in the PL intensities and
spectral blueshifts as the Tgrowth increases. This result can possibly be attributed to a combination
of effects including a decrease in the Bi-related defect concentration as a result of the reduced Bi
incorporation, reduction in other point defects and defect complexes associated with near-
stoichiometric growth, and a lower background carbon concentration resulting from a higher
Tgrowth. Our observations agree well with the study by Ludewig et al [31], although it should be
noted that their quantum well structures were grown by the pulsed MOVPE growth mode.

A study of the effect of gas-phase TMBI/V ratio on the luminescence properties of the GaAsi1-xBix
QWs was carried out. For this study, only the TMBIi molar flow was adjusted while fixing other
growth parameters such as TEGa molar flow (133pumol/min), TBAs molar flow (174umol/min),
Tgrowth (440°C), and Preactor (50Torr). Shown in Fig. 4-9 (a) are the HR-XRD measurements and
their corresponding dynamic simulations, which indicate a reduction in the growth rate as TMBI/V

ratio increases.
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Fig. 4-9 (a) HR-XRD w-20 measured around GaAs (004) reflection. Dynamic XRD simulations
are indicated by the dotted lines for each sample. (b) Photoluminescence measured at room

temperature

Table 4-5 summarizes the structure details and their growth rates of each samples, deduced from
the fitting of the XRD dynamic simulation to the experimental HR-XRD data. This decrease in
growth rate is most likely due to the segregated Bi at the growth front, which can block surface

sites, preventing the incorporation of Ga, as previously reported elsewhere [26].

Table 4-5. Structure Details and GaAs:-.Bi, growth rate as a function of TMBI/V molar flow rate

TMBI/V Structure Details from GaAsi-Biz PL Peak
Molar flow the HR-XRD dynamic Growth Rate Position
Ratio simulation [nm/sec] [eV]

5x GaAso.983Bio.017/GaAs
0.023 0.134 1.28
(12/23nm)
5x GaAso.975Bi0.025/GaAs
0.032 0.105 1.27
(7/23nm)
5x GaAs0.974Bio.026/GaAs
0.036 0.1 1.261

(9/22nm)
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The in situ reflectance taken during the growth while varying TMBI/V is shown in Fig. 4-10. When
TMBI/V ratio of either 0.023 (Fig.4-10 (a)) or 0.032 (Fig.4-10 (b)) were used, a monotonic increase
in the reflectance intensity was observed. By contrast, when an increased TMBI/V ratio of 0.036
was used, the saturated reflectance, which appears as the plateau, was observed, as shown in the
Fig. 4-10 (c). This observation is attributed to the reduction in the growth rate in the presence of
the excess Bi segregated at the growth front. As a result, the sample surface with TMBi/\VV=0.036

contained Bi containing droplets, while the other samples exhibit a droplet-free surface.
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Fig. 4-10 Reflectance measured in situ during the growth. The shaded area corresponds to the
growth of GaAsi-.Bi, QWSs. (a) in situ reflectance during the growth with TMBi/V=0.023, (b) in
situ reflectance during the growth with TMBIi/V=0.032, and (c) in situ reflectance during the
growth with TMBIi/V=0.036
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It should be noted that the small decrease in the TMBI/V ratio from 0.036 to 0.032 does not

significantly decrease the GaBi mole fraction in the solid phase, as shown in Fig 4-11.
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Fig. 4-11 Growth rate and GaBi mole Fraction as a function of TMBI/V gas phase ratio

Based on the trend deduced from the growths of TMBIi/VV=0.023 and 0.032, the expected solid
GaBi mole fraction with TMBIi/V=0.036 is 2.8% while the measured solid GaBi mole fraction is
2.6%. This implies that the growths under the TMBI/V of 0.032 to 0.036 take place within the
“saturated regime”, where solid GaBi mole fraction in the growing layer is independent of the

input TMBI/V ratio above a certain ratio [32], as shown in Fig. 4-12.
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Fig. 4-12 Growth rate and GaBi mole Fraction as a function of TMBI/V gas phase ratio (After

reference [32])
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The reduction in the background carbon concentration observed when using a high TMBI/V ratio
has also been reported, and again has been ascribed to an effect of the surface segregated Bi,
blocking surface reaction sites [33]. Our observation of an increased PL intensity from the samples
with the higher TMBI ratio, shown in Fig. 4-9(b), could be attributed to this effect.

To investigate the effect of the GaAsosPo. barrier on the luminescence properties, a 5x
GaAso.975Bi0.025 / GaAso.sPo.2 (8/15nm) structure was grown in the similar manner to the samples
grown with GaAs barriers, i.e., temperature ramping to a higher growth temperature was used
when growing the GaAso sPo.2 barrier after the growth of the GaAso.975Bio.025s QW. For the growth
of GaAso.sPo.2, TMGa, AsHsz and Phosphine(PH3) were used as precursors with the V/I11 gas phase
ratio of 150. From the PL measurements, shown in Fig. 4-13 (a), it was found that the sample with
the GaAso.sPo.2 barrier exhibits and improved PL intensity with a slight blueshift, most likely due

to the higher electron confinement in the QW resulting from higher AEc, as mentioned earlier.
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Fig. 4-13 (a) RT-PLs from the 5-period MQW samples with GaAs and GaAsosPo.2 barriers, (b)
HR-XRD measurement and the dynamic simulation for the 5x GaAso.975Bio.025 / GaAsosPo.2 MQW

sample
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4. 5. Impact of Post-Growth Thermal Annealing

The post-growth thermal annealing at a higher temperature than the growth temperature has been
often employed for the metastable alloys such as dilute nitride [34-35] or dilute bismide alloys, in
order to improve the luminescent properties. Table 4-6 summarizes the prior studies that reported
the impact of post-growth thermal annealing at the elevated temperature by either rapid thermal

annealing (RTA) or in situ annealing within the MOVPE reactor.

Table 4-6. Summary of prior studies on the impact of post-growth thermal annealing

Report Material ~ Method Increasesin PL intensityat RT ~ XRD Fringes
MBE grown 3x (2%~4%) @ 700°C Interface degrades
Mohmad et al3® GaAs1-;Bi; RTA 2x (6.5%) @ 600°C when annealed at
(2<2<6.5%) under N for 30sec 700°C
MBE grown Interface degrades
. 2 500°C
Grant et al¥ GaAs1-zBi; RTA undexrcltlp for 30sec when annealed at
(2~5.5%) 2 750°C
MBE grown
. ~1.5X @ 750°C
S. Mazzucato et al®® GaAs1--Bi; RTA @ N/A
Under Nz for 30sec
(z~2.3%)
MOVPE : .
grown Maximum @ 600°C under

Z. Chine et al® GaAsL,Bi in situ Ha2/AsHs for 15min N/A
SN (Low Temp. PL at 10K)

(x~3.5%)

MOVPE
grown Interface degrades
H. Kim et al® GaAsLBi in situ ~5x increase in RT-PL intensity ~ when annealed at
o3 ;;/ )Z higher than 700°C

x~3.5%

While there is no consensus on the absolute optimum post growth annealing condition, many
studies indicate the post growth annealing at the temperature higher than 700°C can induce the the
degraded interface, evidenced by XRD fringes [36-37,40] and occasionally the formation of Bi-

rich precipitate as shown in Fig. 4-14.
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Fig. 4-14 High angle annular dark field STEM image of the GaAs1-.Bi,/GaAs superlattice (a) as-
grown and (b) following a 45 min in situ anneal under Ho/AsHs ambient (After reference [41])

While the exact role of this Bi-rich cluster in the optoelectronic device performance is unknown
yet, this Bi-rich cluster can possibly lead to the increased scattering/absorption loss when present
within the active region of the laser diodes. Therefore, we used the post-growth annealing
condition at 630°C, which is empirically known not to cause either degradation at the interface or

the formation of the Bi-rich precipitates.
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Fig. 4-15 (a) RT-PLs from the 5-period GaAso.975Bio.o2s MQW samples with GaAs and GaAso.sPo.2
barriers before and after in situ anneal for 40 min at 630 °C under Hz/AsHz ambient, (b) the
corresponding HR-XRD measurement and the dynamic simulation for the 5x GaAso.975Blio.025 /
GaAsosPo2 MQW sample before and after in situ anneal for 40 min at 630 °C under H2/AsHs

ambient
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Fig. 4-15 (a) presents the PL spectra at room temperature taken from 5-period GaAso.975Bio.025
MQW samples with GaAs and GaAso.sPo.2 barriers before and after the in situ annealing for 40
min at 630 °C under Ho/AsH3 ambient. Regardless of the type of the barrier, 1.5-fold increase in
the RT-PL intensity was observed after annealing. The XRD spectra, shown in Fig. 4-15 (b),
suggests no apparent degradation in the interfacial abruptness or compositional variation after the

annealing.

4. 6. Growth and Characterization of GaAso.97sBio.02s QW Active Region Laser

After investigating growth condition as described in the previous section, the laser diode structures
were grown on nominally exact n* GaAs substrates as shown in Fig. 4-16 (a). For a laser structure,
it is important to have abrupt interfaces between QWs and barriers, without the Bi droplets, which
could lead to current leakage paths or increased optical loss within the laser cavity. Therefore, in
order to avoid the droplet formation, a TMBI/V = 0.032 was chosen for the growth of QW active
region. Trimethyl-aluminum (TMAI), TMGa, and AsHz were used for the (Al)GaAs growth within
the laser structures. Disilane (SizHs) was used as a n-dopant while carbon tetrabromide (CBr4) was
used for p-dopant in the AlossGao3sAs upper cladding layer, and diethyl-zinc (DEZn) was used
for heavily doped p+ GaAs contact layer. To investigate the effect of the high bandgap GaAsi-yPy
barrier on the electronic and optical properties, one laser diode structure was grown without P
(y=0), while another laser diode was grown with y=0.2 within the GaAs.yPy barrier. The transverse

optical confinement factor for this structure was calculated to be 2.4%.
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Fig. 4-16 (a) Complete laser diode structure where the growth temperature is denoted as G.T. and
GaBi mole fraction within SQW is 2.5% (x=0.025) and (b) Calculation of the transverse optical

confinement factor for the corresponding structure

After the laser structure growth, the wafers were cleaved and one of each sample were subjected
to an additional in situ annealing within the MOVPE reactor under H2/AsHz (AsH3=3.8mmol/min)
for 25min.

25um-wide ridge waveguide lasers were fabricated by a standard photolithographic
process from both the as-grown and annealed samples. The wet etching using HzPO4:H202:H20 =
3:1:20 was carried out to form the etched ridge waveguide structure, using a patterned photoresist
mask. 200nm-thick SiNx was deposited by plasma-enhanced chemical vapor deposition for the
electrical passivation. The wafer was subsequently thinned down to 150um. Contact layers
consisting of Ti/Pt/Au (25/50/300nm) were e-beam evaporated on the top surface to form the
ohmic contact to p+ GaAs. Contact to the n-type region was made to the backside of the wafer
using a Ni/AuGe/Ni/Au (5/100/35/200nm) contact metallurgy. The contact metals were alloyed at

400°C for 30 sec using Rapid Thermal Annealing (RTA). Devices were measured as-cleaved (i.e.
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no facet coatings) at room temperature and 80K under pulsed current operation. The
electroluminescence (EL) data was collected using a grating diffractometer and Si photodetector
while the output power from one facet were measured using InGaAs photodiode.
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Fig. 4-17 (a) Pl and the spectrum (inset) of as-grown laser diode device employing
GaAso.975Bi0.025/GaAsosPo2, (b) Pl and the spectrum (inset) of annealed laser diode device

employing GaAso.975Bi0.025/GaAso sPo.2

Both electroluminescence (EL) and light output vs. current input (PI) were measured from both
annealed and as-grown laser diode devices employing GaAso.975Bi0.025/GaAsosPo.2 active region,
as shown in Fig. 4-17, which exhibit conventional threshold current (li) behavior and the narrowed
full-width-half-max (FWHM) above the threshold current. A significant reduction in the threshold
current density (Jin) was observed from the device with in situ annealing, as compared to the as-
grown devices. However, the Jn=4.1kA/cm? from the annealed device was still higher than the
previously lowest reported value of Jn = 1~1.1kA/cm? [15]. It should be noted that the GaBi mole
fraction within the SQW laser structure employed in the previous study [15] was z=0.022 while

the current devices employ z=0.025 which results in a longer lasing wavelength (Aiasing=962nm vs.
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947nm). Therefore, the higher Ji observed here could be attributed to a higher concentration of
Bi-related defects. The reduction in Ju after annealing is most likely a result of a reduction in the
point defect concentration within the GaAsoge7sBioozs SQW, which corresponds to the PL

measurement shown in Fig. 4-15 (a).
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Fig. 4-18 (a) The PI curves obtained from the annealed GaAso.975Bi0.025/GaAsosPo.2 device, and

(b) the spectral shifts measured at 1=1.1X I as a function of heat sink temperature from 20 to 60 °C

The characteristic temperature, To, was measured from 20 to 60°C from the devices with
GaAso.sPo.2 barriers fabricated from the annealed material as shown in Fig. 4-18 (a). The measured
To = 60K, which was lower than that of the reported value (T, = 100K) [18] suggests that a higher

P content in the GaAsi.yPy barrier is necessary to effectively suppress the thermionic leakage [42].

lasing

. . - : . i AL
It is worthwhile mentioning that the spectral shift as a function of varying temperature, IO

was measured as 0.16nm/K, and was close to the reported value for bulk-like MBE grown dilute

bismide lasers (0.17nm/K) [43]. These values are significantly lower than hat of conventional
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strained InGaAs QW laser emitting similar wavelength (vs. 0.35nm/K) [44]. This low temperature
sensitivity of the lasing wavelength has been theoretically predicted in a prior study [45] and agrees

well with the reported experimental temperature dependency of the GaAs:-xBix band gap [46].
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Fig. 4-19 Spectra of the annealed GaAso.075Bio.02s/GaAs devices measured at (a) room temperature,
(b) 80K as a function of driving current

For the devices with GaAs barriers, a lasing emission at higher transition energy, corresponding
to 1.39eV, was observed at room temperature. At low drive current, the EL peak was positioned
at lower transition energy, as shown in Fig. 4-19 (a). This result suggests that excessive band-
filling and thermionic leakage exist within the QW structure. Similar behavior was observed by 1.
Marko et al, where they experimentally demonstrated that this higher transition energy emission
corresponds to the el-lIh1 (light hole) transition [18]. In contrast, as presented in Fig. 4-19 (b), the
measured spectrum at 80K on the devices with GaAs barriers does not exhibit excessive band
filling. The measured threshold current density at 80K was Jin=720A/cm?. While this value is quite

high, it is smaller than the previously reported Jn~1.4kA/cm? measured at 20K from the device
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employing GaAs barriers in ref. 18. The observed lower Ji (Jn=720A/cm? vs. 1.4kA/cm? in ref.
18) at a higher operating temperature (80K vs. 20K in ref. 18) could be partially ascribed to the
higher optical confinement factor, 2.4%, in our study compared to ~1.6% in ref. 18. Also, it should
be noted that at 80K, the electron thermal energy corresponds to 6.89meV, which is significantly
smaller than the conduction band offset at the heterointerface of GaAso.975Bio.025/GaAs. Therefore,
one can expect minimal thermionic leakage at 80K. This suggests that a significant carrier loss via
non-radiative recombination exists within the GaAs1xBix SQW, contributing to the relatively large

measured Jin (720A/cm?) at 80K.

4.7. Growth and Characterization of GaAso.9ssBio.0ss QW Active Region Laser

In the previous section, the effects of the MOVPE growth parameters in incorporation of
Bi into the host GaAs matrix have been discussed. Higher Bi incorporation was achieved by either
employing a lower growth temperature or increasing TMBI/V gas phase ratio to some extent until
reaching the “saturated regime”. In particular, the higher luminescent properties were observed
from the material grown at the relatively high TMBI/Vi ratio. Therefore, in order to obtain a highly
luminescent GaAsi-.Bi; QW with a higher GaBi mole fraction, the growth condition needs to be
optimized at a low growth temperature with adjusted TMBI/V and V/III ratio. This is in contrast
to the typical MOVPE growth condition in “mass-transport limited regime” where only adjustment
of molar flow is necessary to adjust the composition in the solid phase. It was also shown in the
previous section that in situ reflectance measurement can be utilized to find the “saturated regime”,

by which the reduction of the growth rate, as an evidence of the saturation of Bi incorporation, can
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be monitored in real time. Therefore, in this section, the growth of a GaAs1-;:Bi; quantum well
active region with a higher GaBi mole fraction is investigated, by utilizing the characterization
techniques mentioned above. The growth was carried out by reducing growth temperature to

430°C with a reduced V/III ratio as summarized in Table 4-7.

Table 4-7. Growth Parameters used for the material optimization

. Pressure Growth Temp. TEGa . VI
Material [Torr] [°C] [pmol/min] TMBI/TBAS Ratio
(Gags\iVBi ) 50 430 186 0.007-0.036  0.84
Barrier TMGa used
(GaAs) 100 630 (55umol/min) A 65
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Fig. 4-20 (a) in situ reflectance measured during the growth of GaAs1.Bi, MQW structure with

varying TMBI/V ratio, and (b) in situ reflectance measured during the growth of GaAsi-.Bi, QW

at TMBI/V ratio of 0.033

Fig. 4-20 presents in situ reflectance during the growth of GaAs:-.Bi, MQW structure with varying

TMBI/V ratio from 0.007 to 0.036. Similar to the prior observation discussed in the previous

section, the saturated reflectance, which indicates saturation in the growth rate, was observed when

the TMBI/V exceeds 0.033. In order to extract the GaBi mole fraction within the GaAsi-;Bi; QW

grown at this saturated regime, 5 period MQW structures were grown at the TMBI/V ratio of either

0.033 or 0.036 as shown in Fig. 4-21.
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The clear evidence of the growth rate saturation by the reflectance intensity during the GaAs1xBix
growth was observed when TMBI/V was 0.036, in contrast to that observed for TMBi/\V=0.033.
This is a strong indication of a reduced growth rate or suppression of growth under a high TMBIi/V
ratio (TMBI/V=0.036 in this case), which results from the segregated excess Bi at the growth front
blocking the incorporation sites [32]. As a result, the MQW sample grown with TMBIi/\VV=0.036

contains Bi-related droplets on the surface, which reduces overall reflectance intensity, while the

sample grown with TMBI/V=0.033 or lower exhibit a droplet-free surface.
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Fig. 4-22 (a) HR-XRD measurement and the dynamic simulation for the 5x GaAsl-xBix/GaAs
MQW structure grown with TMBIi/V=0.033 where the thickness of a Bi-containing well and GaBi
mole fraction were extracted to be 7nm and x=0.035, respectively, assuming acagi=0.633nm (b)
RT-PLs from the identical structures grown at 440°C (5x GaAso.975Bi0.025/GaAs (7/22nm) grown
by the same growth condition in section 4.5 and 430°C (5x GaAso.065Bli0.035/GaAs (7/20nm) growth

condition in table 4-7).

Assuming a GaBi zincblende lattice constant, acagi, of 0.633nm [24], the GaBi mole fraction and
thickness of a Bi-containing well were extracted by comparing the measured XRD spectra to the

dynamic simulation at a point of the best fit, which are summarized in Table 4-8.

Table 4-8. Structure Details and GaAs;xBix growth rate found from HR-XRD

Growth GaAs1-xBix PL Peak
Temp. TMBI/V Structure Details Growth Rate Position
[°C] [nm/sec] (nm)

5x GaAso.965Bi0.035/GaAs
430 0.033 (7/20nm) 0.08 1015

The RT-PL measurement indicates that the luminescence spectrum of the 5x GaAso.965Bi0.035/GaAs

(7/20nm) sample exhibits a higher PL intensity and a longer peak wavelength compared to the
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sample which was discussed in the previous section, most likely resulting from the further
optimized growth condition such as adjusted V/I1l and TMBI/V ratio. In addition, Secondary ion
mass spectroscopy (SIMS) measurements indicate that the carbon and oxygen concentrations
within the GaAso.9ssBiooss QW are 5~6x 10" and below 5x10%cm=3, respectively, which is
indicative of growth within the “saturation regime” as the carbon concentration of GaAs grown

under a similar condition is generally in excess of 10°cm [26].
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Fig. 4-23 Secondary ion mass spectroscopy measurement from a strain compensated 50 period
GaAs0.965Bi0.035/GaAso.75Po.25 (7/3nm) structure

Therefore, we chose this growth condition for the laser diode active region, which is schematically
depicted in Fig 4-24. For the growth of the upper layers of the device structure, a lower growth
temperature, 630°C was used to avoid any possible Bi out-diffusion and formation of Bi-rich
precipitate as discussed in the prior section. In addition, a 1 nm-thick GaAs interlayer between
GaAso.965Bi0.035 and GaAso.75Po.2s layer was inserted as a strain buffer layer [47] and to further

protect the QW surface during the temperature ramping.
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Precursor/Dopant
TMGa, AsH3, DEZn | p** GaAs contact layer [Zn: 2E19], GT: 630°C

TMAIL, TMGa, AsH,,
CBr,

TMAI, TMGa, AsH,

TEGa, TBAs, TMBi

TMAI, TMGa, AsH,

TMAI, TMGa, AsH,,
Si;Hy

GaAsg ;sPgzs / GaAs [ GaAsg gecBig gas / GaAs [ GaAsp 7Py s
(5/1/5/1/5nm)

n* (100) GaAs substrate

Fig. 4-24 Complete laser diode structure with structural details employing 5nm thick SQW. The
growth temperature is denoted as GT. 1nm thick GaAs interlayers were inserted between
GaAso.75Po.2s and GaAso.g97sBio.oss

The laser diode employing a 5 nm thick SQW was designed to have an optical confinement factor
of ~2%. After the structure growth on a full 2”-diameter GaAs substrate, the wafer was cleaved
into multiple pieces. Each piece was subjected to an additional in situ annealing in the OMVPE
reactor under AsHz and H for various times (30, 60, 90, and 120min) at 630°C for the systematic
study of the impact of the post growth thermal annealing on the device performance.

After annealing, A HAADF-STEM analysis was carried out on the device annealed for 120 min,
as shown in Fig. 4-25, in order to investigate the Bi distribution as well as to expose the presence
of any Bi-rich precipitates that have been observed in a prior study [26]. Bi-containing precipitates
may lead to a higher internal optical loss due to a large absorption coefficient in the near IR spectral

regime.
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Fig. 4-25 (a) Z-contrast STEM image of the laser device annealed for 120min at 630°C, showing
the Bi containing SQW with GaAso75Po.2s barrier, GaAs interlayer and GaAsP monolayer. (b)
Corresponding Bi concentration profile deduced from the intensity measurement where the
background signal was subtracted by applying a linear fit to the GaAs within the GaAs1-xBix SQW.
(c) Corresponding schematic band diagram derived from the measured Bi concentration profile
assuming VBO of 156meV/%Bi and CBO of 55meV/%Bi at GaAs1-xBix/GaAs heterojunctions from
ref 12.

As shown in Fig. 4-25. (a), no evidence of Bi-related metallic precipitates, which are commonly
observed in the annealed GaAsi.Bi;, was found [41], most likely due to the lower annealing
temperature employed in this work. The upper limit of the Bi cluster density is estimated to be
~1.3x10% /um®. A profile of Bi concentration across the GaAs:-,Bi, layer was deduced from the
STEM image intensity for which the background signal was subtracted by applying a linear fit to
the GaAs within the GaAs:1-.Bi; SQW. This profile revealed a graded Bi concentration across the
QW, as shown in Fig. 4-25. (b). This is likely a result of the high TMBI/V ratio employed in the
growth. A similar inhomogeneity in both Bi distribution and background C concentration was
observed in a prior report [32] from the a GaAs1-xBix film grown with high TMBI/V ratio and the
continuous feed of 111/V precursors. The increasing Bi concentration profile in the growth direction

is ascribed to the segregated Bi during the QW growth, which blocks the incorporation sites of



87

both C and Ga while forming a Bi reservoir at the growth front, resulting in a higher Bi
incorporation at the upper part of the QW. It is worthwhile noting that similar profiles were
reported from the indium-segregated InxGai-xAs/GaAs and InxGai-xN/GaN QW structures [48-49].
Fig. 4-25 (c) presents the schematic band diagram based on the Bi concentration profile that was
from the STEM analysis. Such a graded Bi concentration will locally confine carriers within the
thin region with high Bi concentration, although significant carrier leakage may occur from the
lower Bi composition region of the QW under excessive band-filling at high carrier injection (Fig.
4-25 (c)). It is also worthwhile mentioning that the appearance of the intensity dip at the lower
GaAsBi/GaAs interface may indicate formation of a very thin GaAsP layer during the cool-down
step after GaAs growth at 630°C. The adsorption of P on the surface during the GaP/GaAs growth
has been identified as a challenge for producing an abrupt interface between the two layers [31].
During the growth, the P precursor is expected to be present in the growth chamber even after the
GaAsP layer growth. Since the P distribution coefficient has been observed to enhance greatly
with decreasing temperature [32], a small amount of residual P may result in a considerable amount
of P adsorption on the surface at the cool-down step, leading to its incorporation as a GaAsP
monolayer.

Both electroluminescence (EL) and light output vs. current input (PI) were measured from both
annealed (30 min) and as-grown laser diode devices employing GaAso.965Bio.035/GaAso.sPo.2 active
region, as shown in Fig. 4-26, which exhibit conventional threshold current (i) behavior and the
narrowed full-width-half-max (FWHM) above the threshold current. However, the amount of
reduction (6 vs 5.2 kA/cm?) in the threshold current density (Jn) was not as significant as that
observed from the devices with lower GaBi mole fraction (z=2.5%) within the GaAs:-;Bi; active

region, which was discussed in the prior section.
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Fig. 4-26 (a) Pl and the spectrum (inset) of as-grown laser diode device employing
GaAso.965Bi0.035/GaAso.75Po.2s, (b) Pl and the spectrum (inset) of annealed laser diode device

employing GaAso.965Bi0.035/GaAso.75Po.25

While the devices annealed for 30 min exhibit both improved PL intensity, which was measured
before device fabrication, and J, the Jn values from the devices annealed longer than 90 min are
higher than that of the as-grown devices although the PL intensities are comparable to each other,

as shown in Fig. 4-27 (a).
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Fig. 4-27 (a) The change in threshold current density and PL intensity as a function of annealing

time where the PL intensities were normalized by that of as-grown (Annealing time=0sec). (b) The

change in threshold current density and slope efficiency as a function of annealing time where the

slope efficiencies were normalized by that (66mW/A) of as-grown (Annealing time=0sec). The

dashed lines are for guiding eyes.

Furthermore, a gradual decrease in the slope efficiency was observed as the annealing time

increases, as plotted in Fig. 4-27 (b), which does not follow the trend of either Ji or PL intensity.

In general, a reduction in slope efficiency indicates either a reduction in the internal differential

efficiency () and/or increase in the internal loss (o), assuming a constant mirror loss, as

expressed in the equation (1) below.

ngxt = Znslope[

Im

qllasing] _.d
hc 0

am+<a;>

(4.7)

where nd., is external differential quantum efficiency, NsiopelS slope efficiency, q is electronic

charge (1.6x107°C), h is Planck’s constant (6.63x1073 J-s), ¢ is speed of light, and om ismirror

loss (om=(1/Lca)IN(L/R)) (R=0.3 for GaAs).
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The internal differential efficiency (n) can be expressed by a product of the differential injection
efficiency (n%), which is a fraction of current entering QW above laser threshold resulting in the
total recombination current (which includes both radiative and non-radiative recombination), and
the differential radiative efficiency (n%), which is the fraction of the current entering QW above
threshold which results in radiative recombination [50] as discussed in Chapter 3.
Mo =N Mr (4.8)
nd can be less than unity, if the Fermi level does not fully pin above the laser threshold, which is
evidenced by non-clamping of the carrier density, implying the terms, n¢ and/or n¢, can be less

than unity [50]. In particular, this incomplete carrier clamping above the threshold current from

the GaAso.0978Bio.o22 QW active region laser has been reported [18, 51], as shown in Fig 4-28.
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Fig. 4-28 Light output from the laser facet and integrated spontaneous emission intensity (open
circles) versus current density for GaAso.978Bio.o22 SQW device, showing the carrier non-clamping

above Jw (after reference 18)
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In evaluating high performance 111-V based QW lasers, n¢ is generally assumed to be unity above
laser threshold and therefore, n¢ is equal to n. Furthermore, n¢ is often assumed to be same as
the injection efficiency at threshold (»;, ;) and the extracted nd value from cavity length analysis
(CLA), which was discussed in Chapter 3, is then used to obtain the transparency current density
(Ju). This common practice does not apply to the present structures since n¢ can be very different
from n¢ [50], resulting in an inaccurate Ji as discussed in Chapter 3. Nevertheless, CLA can still
be used to extract the internal loss (i), internal differential quantum efficiency (ng), modal
material gain (I'gos), and the ratio of Ju/7;,; , provided precautions are taken to avoid extraction

of data when carrier unclamping is significant.
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Fig. 4-29 output power-current (P1) characteristics from a facet of as-grown GaAso.065Bi0.035 /
GaAso.75Po.2s SQW laser and the slope efficiency (nsiope=dP/dl), (b) Measured optical spectra at

various driving currents

The measured output power-current characteristics (P1) from the as-grown GaAso.9s5Bio.035 /

GaAso.75Po.2s SQW laser, shown in Fig. 4-29 (a), exhibits a soft “turn-on” behavior near Jin, which
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is not typical for conventional active region QW lasers. This soft turn-on behavior is attributed to
the non-pinning of the carrier density within the active region at current injection levels just above

threshold. It is noted that the measured spectrum within the region of changing slope efficiency
(Mstope = Z—I;) near the threshold exhibits typical characteristics of stimulated emission such as

increased intensity as well as narrowed full-width-half-max (FWHM) as shown in Fig 4-29(Db).
This soft turn-on in the PI characteristics can cause a significant error in extracting nsiope, €Specially
near the threshold. For instance, it was observed that nsiope, ShOWN in Fig 4-29 (a), levels out at
driving current higher than 3.3 A, while a coherent light output via stimulated emission was already

observed at 3.1 A. Therefore, only the “saturated” 75, Value, taken well above laser threshold

were used in the CLA study to calculate the external differential quantum efficiency, n,,. It is
noted that the driving current dependent EL spectra, shown in Fig 4-29 (b), shows the saturation
of the broad spontaneous emission near the narrow lasing peaks at Miasing = 971nm for the injection
currents higher than 3.1 A. This saturation of spontaneous emission implies carrier density within
the active region after the laser threshold is rather small. Nevertheless, employing only the

“saturated” 7s,ope Values is expected to minimize errors due to the possibility of partial

unclamping of the carrier density in the active region. Therefore, CLA was performed using the

devices with the cavity length of 0.2, 0.25, and 0.3 cm.



(]
=1
%]
S
L]
o

[~ &
L =T =
L L
Q
—

]
L+

() *

o3
1
]
K]
]
(=]

o<
:

1
-
1:4
L]

—
=

4120

ha
L
gt
'
TS

1'ggy, Modal Material Gain (1/cm)
s 5
.
&
Relative PL intensity (a.u.)

- ok ok omk ok
-

T -~ J1o

=
-]
-
=]

=]
.
-
u; ,Internal Loss (1/cm)
S
L .

(- -]
\ I

d. Internal Differential Efficiency (%)

L=
-
o

0.5

"o

0 30 60 90 120 0 30 60 90 120
Annealing time (min) Annealing time (min)

Fig. 4-30 (a) Extracted internal differential efficiency (ng), and internal loss (ai), shown in black
and blue dots, by CLA from devices annealed for various length, (b) The change in the modal
material gain (I'go;) extracted by CLA and measured PL intensity from the laser material obtained

before fabrication of ridge waveguide laser devices.

The extracted internal differential efficiencies (n) and internal loss (@;) by CLA as a function
of annealing time is shown in Fig. 4-30 (a), where a gradual decrease in n¢ was observed while «;
remained nearly constant as the annealing time increases. It must be noted that the overall nd
values were significantly lower, while a; values are higher than those typically observed in high
performance InGaAs QW lasers with similar emission wavelengths [51]. These low n values are
partially ascribed to strong carrier leakage resulting from the graded Bi concentration within the
GaAso.965Bio.0zs QW, which has been observed by Z-contrast scanning transmission electron
microscopic (STEM) analysis Fig. 4-25 (a). Well above laser threshold, where carrier pinning is
assumed to occur, the n¢ values will be close to unity as the stimulated recombination rate is orders
of faster than non-radiative and spontaneous recombination rates [50]. Therefore, the degradation
of the n¢ after the post-growth thermal annealing most likely corresponds to a reduction in the

differential injection efficiency, n¢.
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It was observed that the change in modal material gain (I'go;) follows the same trends as the
variation in the PL intensity with varying annealing time, that are measured at room temperature
before the device processing for ridge waveguide lasers, as shown in Fig. 4-30 (b). The highest
I'gos value (23.4 cm™) was found after annealing for 30 min, which corresponds to the material
gain of go; = 1170 cm™. This value is still lower than that obtained from GaAso.9s2Bio.01s SQW
laser (goy = 1500 cm™) by segmented contact method [52], most likely due to higher Bi
concentration and graded Bi profile in the QW employed in our study. In spite of the lower material
gain, our investigation demonstrates that there exists an optimum annealing point, which leads to
an improved material gain. The extracted «; values (11-14 cm™) reported in this letter are in good
agreement with the reported value (10-15 cm™) [51]. Nevertheless, these a; values are
significantly higher than that of the reported high performance strained InGaAs QW lasers [51,
53]. These high a; values can be ascribed to free carrier absorption [54-55], which results from
very high carrier densities within the active region associated with high laser threshold current

densities and therefore, high transparency current densities of the devices.

200 T .

T —
Q‘ Ju(T) = Jth.ueT"Tﬂ E
‘;— 1801 = MatopelT) = Metope,0€ ™™ 0.0 %
E 160 -~ '::::"1:\ Temp. Coeff. = AEph, I‘-uiug.’uT_ é
© T.«d - -
— 0 - N =
%140- w028
31204 v S 5
= I A —— =)
2 &
= 100 -
@ ] 1-0.4
T
o 80 =
S | e e ¢ ©
S 604 T« @
S 40 1%° g
g )
T T T T h
0 30 60 90

Annealing time (min)



95

Fig. 4-31 Summary of the change in the characteristic temperatures, To (black square) and T (red
circle) and the temperature coefficient (blue triangle) of the lasing wavelength as a function of
annealing time, measured from 283K to 323K. The fitting equations are shown at the upper right
corner. The solid lines are for guiding eyes.

Fig. 4-31 summarize the characteristic temperature coefficients of threshold current and slope
efficiency, To and Ty, and the temperature coefficient of emission wavelength, as a function of the
annealing temperature. A gradual decrease in To values from 172K (as-grown) to 137K (annealed
for 90min) was observed as the annealing time increases, which is higher than the reported value
(To ~ 100K) from GaAso.978Bioo22 SQW laser within a similar measurement temperature range
[18]. These higher To values can possibly reflect a higher density of non-radiative recombination
centers, similar to that observed in prior studies of InGaAsN QW lasers [56]. The measured T
values remained nearly constant as 71K (as-grown) and 77K (annealed for 90min). These T1 values
are quite low compared to conventional high performance strained InGaAs QW lasers operating
in this wavelength region [57], which typically exhibit a T1 value more than a factor of two to three
over the To value. This observation also indicates a significant degree of the carrier leakage from
the active region [42], which may be correlated to the graded Bi profile investigated by STEM
analysis. The temperature coefficient of the lasing photon energy also remained practically
constant, near -0.3meV/K, which is similar to the reported value (-0.32meV) from the
GaAso.956Bi0.0ss SQW laser, measured up to 180K [18]. It is smaller, however, than that of typical
high performance strained InGaAs QW lasers emitting at a similar lasing photon energy

(~0.42meV/K) [44].
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In order to further investigate the impact of the number of QW on the the internal and external
device parameters, the laser diode structure employing GaAso.esBiooss double quantum well

(DQW) active region was grown as shown in Fig. 4-32, and subsequently characterized.

Precursor/Dopant
TMGa, AsH3, DEZn |  p** GaAs contact layer [Zn: 2E19], GT: 630°C

TMAI, TMGa, AsH,
CBry

snm DQW: I'= 3%

GaAsp 75Po.2s [ GaAsgessBinos / GaAsy ysPo s f GaAsg apsBinoas /GaAsy 7P as

(5/5/7/5/5nm)

TMAI, TMGa, AsHy

TEGa, TBAs, TMBi

TMAI, TMGa, AsHy

TMAI, TMGa, AsHj, (1nm thick GaAs interlayer between Ga(AsP) and Ga(AsBi)

SipHs

n* (100) GaAs substrate

Fig. 4-32 Complete laser diode structure with structural details employing GaAso.975Bio.03s DQW.
The growth temperature is denoted as GT. 1nm thick GaAs interlayers were inserted between
GaAso.75Po.25 and GaAso.975Bio.0ss, and the transverse optical confinement factor (T) was designed
to be ~3%.
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Fig. 4-33 (a). presents the PI characteristics of both SQW and DQW GaAso.965Bi0.035 / GaASo.75P0.25
devices, which are schematically drawn in Fig. 4-28. The shorter wavelength (978nm) of the SQW

device can be explained by the more extensive carrier band-filling effect at higher current injection

per QW. Shown in Fig. 4-33 (b) is the gain curve fitted in the relation J,;, = Jur exp (Fg ty

Ni_at threshold r'go

which was discussed in Chapter 3. The extracted internal parameters including internal differential
quantum efficiency (n¢), internal loss parameter (i) and modal material gain (I'go;) from

GaAso.965Bi0.035 / GaASsy.75P0.25 SQW and DQW laser diodes are summarized in Table 4-9 below.
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Table 4-9 Summary of extracted internal device parameters by CLA from SQW and DQW GaASo.965B10.035
/ GaAsy.75Po .25 devices

. Internal differential Internal Loss, Modal Material
Device . d . 1
quantum efficiency, ng ai [cm?] Gain, I'gos [cm™]
SQW 16.5 12 17
DQW 19.8 21 23

It must be noted that an increase in a; by a factor of 2 was observed from DQW devices, although
they also exhibited an improved n¢ and I'goy, respectively. The increased modal material gain (I'gos)
of DQW devices corresponds to the increase in the optical confinement factor (I') by a factor of
1.5 (C'sow=2% vs. I'bqw=3%). The increase in ;i possibly reflects higher free carrier absorption
due to a higher injected carrier density within the increased volume of the active region for the
DQW devices, as well as possible increased scattering losses at the larger number of interfaces
within the DQW active region [54-55,58]. The physical origin of the increased ai is a subject

requiring further investigation.

4. 8. Conclusion

A novel GaAs1-;Bi; laser structure employing Al-free GaAs:yPy QW barriers for achieving both
electron confinement in the conduction band and strain balancing was investigated. Supported by
DFT calculations, GaAsi.yPywas found to be an effective barrier material for electron confinement
in the GaAs1-.Bi; QW with comparable band offsets to those obtained from employing AlxGai-xAs
(x<0.2) barrier material. The optimum thickness of GaAs1.yPy barriers for strain compensation was

found based on the zero-stress criteria for a given Bi mole fraction in GaAs:-.Bi; alloy. It was
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shown that both in situ and ex situ material characterization including HR-XRD, RT-PL, and in
situ optical reflectance measurements are useful in optimizing the MOVPE of GaAs1-.Bi; MQW
and SQW and DQW laser diodes. GaAso.975Bi0.025/GaAso.sPo.. SQW active region lasers exhibited
a reduction in Jw after a post-growth in situ thermal annealing. These improved characteristics
most likely result from a reduction in the point defects concentration as point defects and Bi-related
defects can act as non-radiative recombination centers. GaAso.975Bio.025/GaAs SQW active region
lasers structure show excessive carrier band-filling and thermionic leakage at room temperature
associated with a low conduction band offset, resulting in lasing emission at a higher transition
energy. These experimental results suggest the use of tensile-strained GaAsosPo.2 can enable both
strain-balancing and electron and hole confinements within the QW.

A systematic investigation was carried out on the impacts of the post-growth in situ thermal
annealing by using GaAso.965Bi0.035 SQW lasers grown by OMVPE. A gradual decrease in the laser
slope efficiency was observed as the annealing time increased, while the maximum PL intensity
as well as the lowest threshold current density were obtained after the annealing for 30 min at
630°C. STEM analysis indicates inhomogeneous Bi distribution within the SQW that is most likely
due to the high TMBI/V gas phase ratio used in this work. This inhomogeneity resulted in the
graded Bi profile, which might have led to the increased carrier leakage under excessive band
filling conditions. The strong temperature sensitivity of the slope efficiency also implies a high
degree of the quantum well carrier leakage. These observations indicate that a uniform Bi profile
within the QW and the suppression of carrier leakage by employing higher bandgap materials (i.e.,
higher P-content GaAsP) are the critical factors for improving the dilute bismide-based device

performance.
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In addition, the variation of the internal and external device parameters, as a function of
annealing condition, was investigated from as-grown and annealed single quantum well laser
diodes employing GaAso.gesBio.oss / GaAso.7sPo2s active region by means of CLA. While the
internal loss, albeit significantly higher than that of conventional high performance IlI-V
semiconductor lasers, remained relatively unchanged, the observed overall internal differential
quantum efficiencies degraded with increasing annealing time. We attributed the decreasing
internal differential quantum efficiency to a decreasing differential injection efficiency as
annealing time increases, although this is a subject of our ongoing investigation. Also, the change
in the extracted peak modal gain after annealing followed the same trends as the variation in the
photoluminescence intensity, which demonstrates that an optimal post-growth thermal annealing
can improve the radiative properties of the material. Cavity length analysis, carried out from as-
grown single quantum well and double quantum well devices, revealed higher internal differential
quantum efficiency and peak modal gain, although increased internal loss by a factor of two for
the DQW devices was observed, likely due to the enhanced free carrier absorption within the larger
active volume. Low internal differential quantum efficiency values obtained throughout this study
strongly suggest the growth optimization for achieving a uniform Bi distribution in GaAsi-xBix
QWs, together with an optimized heterostructure employing high bandgap materials, is imperative
to realize high performance GaAsi1xBix QW based lasers. In addition, investigation of these
internal device parameters by the other extraction techniques such as segmented contact method
will be necessary to quantify any errors originating from CLA measurements due to the possibility
of an unclamped carrier concentration above laser threshold. Nevertheless, the approaches

presented in this chapter offer a pathway to realize high performance GaAsBi-based laser diodes
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grown by MOVPE as shown in the reported threshold current density (Fig. 4-34) as a function of

GaBi mole fraction in the GaAs;-;,Bi; active region.
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Fig. 4-34 Threshold current density for GaAsBi based lasers as a function of Bi composition (after
reference [59])
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Chapter 5. Patterned QD Active Region Laser Diodes

5. 1. Introduction

Semiconductor laser diodes (LD) employing quantum dot (QD) active regions have attracted
attention due to the theoretical predictions: ultra-low threshold current density and low device
temperature sensitivity originated from the delta-function-like density of states and small active
volume [1, 2]. However, while high performance devices have been realized employing QD active
regions formed by self-assembly under the Stranski-Krastanov (SK) growth mode, the realization
of all the predicted advantages of ideal QDs has remained challenging. Key successes of SK QD
lasers include ultra-low threshold current density diode lasers extending the emission into the
1.3um wavelength region [3-8] on GaAs substrates or 1.55 um wavelength region [9-12] on InP
substrates. The self-assembly growth mode requires a highly compressively strained material and
careful optimization of growth interruptions to minimize the randomness of the QD size and
distribution. For many commonly used material systems, such as compressively strained InGaAs
QDs on GaAs or InP, SK QD formation leads to an inherent wetting layer formation [13], which
has been identified as an underlying cause for the low optical gain and high temperature sensitivity
in the LD as a result of the thermally activated carrier leakage out of the QDs into the wetting
layers [14-16]. Also, the large and typically bi-modal distribution in the QD sizes leads to a large
inhomogeneous broadening in the optical gain spectrum [17]. By contrast, nanopatterning and
selective area epitaxy (SAE) offer a more controllable pathway for QD formation, allowing the
QD size to be decoupled from the strain state of the material, leading to the formation of wetting
layer-free QDs (i.e. full three-dimensional nano-confinement). To date, various methods have been
successfully employed to fabricate such wetting layer-free semiconductor based nanostructures,

including interferometric optical lithography [18], x-ray lithography [19], atomic force microscopy
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based lithography [20], electron beam lithography [21-25], scanning tunnelling microscopy (STM)
[25] and self-organized anodic aluminium oxide membranes [26]. Among these techniques, the
LDs employing the QDs formed by e-beam lithography have successfully demonstrated low
threshold current density lasing at room temperature although the QD sizes were relatively large
(~100nm) [21]. Also, while electron beam lithography allows for precise control over the location
and geometry of the nano-patterns, the lengthy fabrication time makes it less desirable for high-
volume, large-scale device application. Challenges also remain for the other nanopatterning
techniques such as enhancing resolution, reducing processing time and simplifying processes for
reduced cost in semiconductor device applications. An alternate approach to the QD formation by
nanopatterning is the utilization of block copolymers combined with SAE by MOVPE. Fabrication
of various nanostructures using block copolymer thin films has been studied and is known as block
copolymer lithography [27-32]. Periodic dense arrays of a nanosized hole pattern can be achieved
using cylinder-forming block copolymers with a high degree of pore-size uniformity through spin-
coating processes and pattern transfer procedures, which is applicable to large areas at low cost
[31]. In prior studies, very uniform GaAs and InAs arrays with densities as high as ~10*' cm have
been demonstrated by BCP lithography and SAE [31-33]. In addition, lasing at low temperature
(~20K) with relatively high threshold hold current density (~1.94kA/cm?) from the highly dense
INGaAsP(1.15Q) / Ings3Gao.s7As / InGaAsP(1.15Q) (2/2/2 nm) QDs, lattice-matched to the InP
substrate, has been demonstrated by employing BCP lithography [32]. However, a continuing
challenge for selective QD growth includes reducing process-induced damages at the QD-
substrate interface, which can act as non-radiative recombination centers and reduce the radiative
efficiency of the QDs [35]. The prior studies indicated in-situ HCI etching prior to MOCVD growth

of the QDs can result in an improved photoluminescence intensity, but the process was not yet
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optimized for device fabrication [36]. Here, the impact of in situ etching, by CBr4 prior to the QD
growth on either GaAs or InP substrate, was investigated by utilizing PL measurement and
evaluating the laser diode performance. In addition, an Ing1GaosAs QW placed near a wetting
layer-free InAs QD active region allows for enhanced carrier injection into the QDs, elucidating
the potential role of the inherent QW-like wetting layer in the conventional QD active region
grown by SK growth mode. Also, a high density InosGao.2As QD active region (5~6 x 101%cm~2)

laser on InP was demonstrated.

5. 2. Nanopatterning by block copolymer lithography

The diblock copolymer lithography has been a subject of an intensive research for the formation
of semiconductor-based nanostructures by utilizing simple spin-on process followed by successive
baking and chemical treatment [27-32]. Diblock copolymer lithography is based on the
microphase separation of two immiscible polymer blocks A and B covalently bonded at one end.
This microphase separation is promoted by thermal annealing at relatively low temperatures above
the glass transition temperature of the polymer for an extended period of time. The morphology
resulting from this microphase separation is dependent upon the relative chain lengths of the two
blocks. Therefore, the different degree of symmetry in the relative chain lengths can lead to the
various types of nanopatterns such as spherical, cylindrical, gyroid, and lamellar phase [37].
However, when these diblock copolymers are spin-coated to form a thin film over a large area of

a substrate, one polymer block preferentially tends to wet the substrate surface, which results in
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the alternating polymer layers parallel to the substrate surface, owing to the surface energies. This
problem can be avoided by employing a treatment with a random copolymer, called neutral layer,
or “brush” layer, which consists of monomers from the two blocks [38]. Therefore, the diblock
copolymer lithography on a semiconductor substrate is initiated with the spin-on process of this

brush layer.

Poly(methyl methacrylate) (PMMA)
Polystyrene (PS)

PMMA PMMA

\
\ ’
\ ’

M ’

Diblock copolymer
Mask (dielectric)

Brush Layer |7 Substrate

Fig. 5-1 A schematic representation of a phase separated diblock copolymer film on a

semiconductor substrate, forming cylindrical shaped PMMA within the PS matrix (after reference

[35])

Fig. 5-1 shows a schematic diagram illustrating the microphase separation of a diblock copolymer
film consisting of cylindrical shaped poly(methyl methacrylate) (PMMA) within polystyrene (PS)
matrix, designated as PS-b-PMMA, which was exclusively used for nanopatterning in this chapter.

This PS-b-PMMA is spin-coated after the spin-on process for the neutral brush layer (PS-r-PMMA
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diluted in toluene: styrene fraction of 0.57) followed by the subsequent thermal anneal in a vacuum
oven at ~160°C. Then, the spin-coated PS-b-PMMA is again annealed at 220°C for ~4 hours,
whose morphology resulting from the microphase separation is shown in Fig. 5-2 (a). By
selectively removing one of the blocks of the diblock copolymer, the morphology of this diblock
copolymer is practically utilized as a mask for the formation of nanostructures on the underlying
semiconductor. This can be realized by exposing the PS-b-PMMA polymer thin film using
ultraviolet (UV)-irradiation, as shown in Fig. 5-2 (b), and then selectively removing the PMMA

through chemical etching by acetic acid.

Fig. 5-2 Top-view SEM images of PS-b-PMMA cylinder-forming diblock copolymer prepared on
SiO2/GaAs (a) post-thermal anneal and (b) after UV-irradiation (after reference [35])

UV exposure on the whole area degrades the PMMA block by breaking the polymer chains and
cross-links the PS at the same time. The PMMA block composing the cylindrical domains can be
removed by the UV irradiation (wavelength 254 nm, 1 J cm?) and acetic acid development. After
removing the UV-exposed PMMA block, the remaining PS forms the patterned template. The

removal of the PMMA block provides a nano-sized hole pattern throughout the entire film
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thickness, which can then be transferred into the underlying dielectric layer using the selective
CFs-based plasma etching by reactive ion etching process. After the pattern transfer, the remaining
block copolymer mask on the dielectric film can be entirely removed by O plasma. Finally, HCI
or NH4OH-based solutions are used to remove any native oxide and plasma damage on the
substrate surface of the bottom of the hole. After these wet chemical treatments, the selective area

epitaxy of semiconductor material within the holes is carried out by MOVPE process.

5. 3. Inp3Gan.7As QD active region on GaAs substrate with in situ etching by CBr4

5. 3. 1. Establishment of optimal in situ etching condition

The crystal growth was carried out at 100 torr in a 3x2” close-coupled showerhead MOVPE reactor
using the conventional precursors including trimethyl indium (TMIn), trimethyl gallium (TMGa),
trimethyl aluminium (TMAI) and AsHa, with purified H: as a carrier gas. Growth rates and in-situ
etching rates were established on planar layers prior to QD studies. For the in-situ etching, CBrs
was used under the arsine and hydrogen ambience. Although the in-situ etching of IlI-V
semiconductors using CBr4 has been reported by Arakawa et al [39], studies are needed regarding
the application of such in-situ etching processes for the semiconductor nanostructure regrowth.
Therefore, an optimum in-situ etching condition, which yields a controllable etching rate
applicable for the nanostructure regrowth, was established from planar structures, consisting of
AlosGaosAs and GaAs layers grown on a GaAs substrate, by employing real-time optical
reflectance monitoring by Laytec’s EpiTT™. in situ monitoring of the GaAs etch rate by CBr4 has

been accomplished by using a monitor wafer where Alo4GaosAs and GaAs layers were grown,
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and the optical reflectance from the wavelength of 633nm. The large difference in refractive index
of Alp4GaosAs and GaAs provides for a measurable optical reflectance signal that can be used to

determine the GaAs etch rate in near real time.
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Fig. 5-3 in situ optical reflectance showing Alo.4Gao.sAs and GaAs growths and in situ etching with
CBra. The etching rate was determined to be 0.33A/sec.

To illustrate the in situ optical reflectance monitoring technique, Fig. 5-3 shows the optical
reflectance of Alo.4Gao.sAs and GaAs growths on the monitor wafer followed by the in situ etching
with CBr4. For evaluation, at least one complete period of the optical reflectance signal was used
to fit and determine the in situ etching rate, as discussed in Chapter 2. The in situ etching condition
is summarized in the Table 5-1.

Table 5-1. Established in-situ etching condition used for the QD growth

Reactor Pressure Carrier Gas CBrs AsHz3 Etch Rate
(Torr) (slm) (umol/min)  (pmol/min) (A/sec)

100 8.4 3.3 1800 0.33
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5. 3. 2. Impact of in situ etching on the luminescence properties of 1no.3Gao.7As QDs

The impact of in situ etching on the luminescence properties were investigated by either
photoluminescence measurement at room temperature (RT-PL) or by the characterization of the
laser diodes employing the Ino.3Gao.7As QD active region. First, for the evaluation of the effect of
in situ etching on the RT-PL, the samples employing Ino3Gao7As QDs were prepared as
schematically shown in Fig. 5-4. For systematic comparison study, the pre-determined in situ
etching condition was applied prior to the growth of Ing3Gao.7As QDs for 0, 30, 60, 90, and 120

sec, respectively.

(a) (b) (c)
Lt T
&> => S (d)
Sample Cleaning Copolymer Mask Reactive Ion Etching
(Dielectric on (CFy+0,)

Substrate)
lnGaAs
‘Wet treatment (diluted
NH,OH) followed by in-situ
etching using CBr; under
AsH; + Hy
Selective
Capping layer Dielectric mask Three-layered InGaAs
growth removal Quantum Dot Growth
(8) (f) (e)

Fig. 5-4 Schematic representation of the diblock copolymer lithography and transfer to a dielectric
mask for the subsequent growth of the QDs; (a) Sample cleaning and PECVD SiNx deposition; (b)
BCP lithography; (c) RIE to transfer the nanopattern from BCP to SiNy using CF4 plasma and
subsequent BCP removal by Oz plasma; (d) wet treatment and in-situ CBr4 etching; (e) SAE in the
MOVPE reactor; (f) SiNyx removal by the 6:1 BOE; (g) Capping layer regrowth by MOVPE
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Then, GaAs/Ino3Gao7As/GaAs (3/3/3nm) layered QDs were selectively grown. The 200nm thick
GaAs buffer layer was grown on semi-insulating nominally singular (001) GaAs substrate in order
to achieve an atomically abrupt and flat surface. Then, 20nm-thick SiNx was deposited by plasma-
enhanced chemical vapor deposition (PECVD). After the SiNx deposition, BCP lithography was
carried out, utilizing cylinder-forming PS-b-PMMA (PS: Polystyrene, PMMA: Poly (methyl
methacrylate)), as described in the previous section. The nanopatterns formed by BCP lithography
was transferred into the underlying SiNx layer using CF4 plasma by RIE process to etch the
underlying SiNx. The remaining PS was completely removed by an O plasma. Prior to loading
the sample into the MOVPE reactor for in situ etching and QD regrowth, a brief wet treatment
using NH4OH:DI = 1:10 mixture (in volume ratio) was carried out for 20 sec to remove the native
oxide as well as any remaining organic contaminations. After loading the sample in the MOVPE
reactor, the temperature was ramped up to 625°C under AsHs, in-situ etching using CBrs was
carried out under AsHs for various times based on the pre-determined in-situ etching condition.
Then, the temperature was ramped down to 580°C, and GaAs/Ing3Gao.7As/GaAs (3/4/3nm) layered
QDs were selectively grown on the SiNy template. After the growth of the QDs, the samples were
taken out of the MOVPE reactor and SiNytemplate was removed by the 6:1 buffered oxide etchant.
After the removal of SiNx hardmask, QDs were imaged using a LEO 1550 VP (JEOL) field-
emission scanning electron microscope (SEM), in order to investigate the effect of the in-situ

etching on the morphology of the QDs.
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Fig. 5-5 Top view SEM images of the QDs after SiNx hardmask removal; (a) without CBr4 in situ
etching; (b) with 90sec of CBr4 in situ etching (~3nm of etching); (c) with 120sec of CBr4 in situ
etching (~4nm of etching), (d) QD size distribution for the sample grown after 90sec of CBr4 in

situ etching

Fig. 5-5 shows the top view SEM images of the QDs taken after SiNx hardmask removal, which
were subjected to different in situ etching times. It was observed that when the etching time
exceeds 120sec, significant undercutting and etch pits were formed under the SiNx hardmask,
resulting in the large non-uniformity in the QD sizes. Also, shown in Figure 5-5 (d) is the QD size
distribution taken from the QDs grown after 90 sec of in situ etching within a limited area

(400 x 400nm?) where the distribution is fitted in normal distribution with a mean value of 25.6
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nm and the standard deviation of 1.27 nm. In addition, Also the areal QD density was estimated to
be near 8 x 10%cm~2. The measured QD size distribution indicates uniform QDs in size can be
successfully grown on the SiNx template defined by the BCP lithography and with CBrj4 in situ
etching treatment.

Room Temperature PL (RT-PL) measurements were performed after growing 200nm-thick GaAs
capping layer on the Ino3Gao7As QDs with varying in situ etching time, using the frequency
doubled continuous wave Nd:YAG laser at the excitation wavelength of 532nm, 300g/mm grating

monochromator, and cooled InGaAs detector.
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Fig. 5-6 (a) RT-PL Spectrum; (b) Variation in the RT-PL intensities normalized by the intensity

from the QD without in situ etching as a function of in situ etching time

As shown in the Figure 5-6 (a), the RT-PL measurements from the QDs that underwent various in
situ etching time indicates significant increase in the radiative efficiency, evidenced by the change
in the PL intensity, as a longer etching time is employed. This significant increase in the PL

intensity suggests that the in situ etching employing CBrs4 can be effective removing the non-
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radiative defects introduced during the sample preparation. However, as observed by the top view
SEMs in Fig. 5-5, there exists a window of in situ etching, in which no apparent undercutting and
etch pits are formed while maintaining the improved luminescence. Therefore, 90sec of in situ
etching, under the condition summarized in Table 5-1, was chosen as an optimal condition for the
device study. On the other hand, a relatively broad full width at half maximum (FWHM) in the PL
spectrum, as large as 93meV, was also observed, suggesting the presence of inhomogeneous
broadening on the nanopatterned QDs even though narrow distribution in QD diameter was
achieved (Fig. 5-5 (d)). Therefore, this inhomogeneous broadening in the emission linewidth was
correlated to both the QD height distribution investigated by atomic force microscopy
measurement and the simulated emission wavelength by NEXTNANO? software package shown

in Fig. 5-7, assuming a square-shaped quantum box geometry for simplicity.
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Fig. 5-7 (a) 500 x 500nm?Atomic force microscopic image; (b) Estimated Ing3Gao7As QD height
distribution from AFM measurement; and (c) simulated emission wavelengths from the QD height

distribution from AFM measurements
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The distribution of the simulated emission wavelengths and the subsequent fitting to the normal
distribution, shown in Fig. 5-7 (c), reveals a good correlation with the measured FWHM in the PL
measurement (100meV by simulation vs. 93meV by PL measurement). This inhomogeneous
broadening is believed to be originating from the variation of the SiNx opening size, which, in turn,
results in the local variation of the growth rate in each opening by the growth rate enhancement in
the selective area epitaxy. Therefore, this result suggests a further optimization in the pattern
transfer process is necessary in order to achieve a narrow emission linewidth

After finding optimized in-situ etching time at the fixed CBrs/AsH3 and temperature, two sets of
LD structures employing a QD active region have been grown, as schematically shown in Fig. 5-

8, with the growth parameters summarized in Table 5-2.

Regrown
waveguide, 1.7um p: Aly ,Ga, ¢As: C[5 X 1017cm 3]
upper
cladding - 185nm Al, ,3Ga, (As [undoped] Selectively grown
and contact GaAs/Ing;Ga, ;As/GaAs
QDs

layer —
pa—

185nm Al, ,3Ga, (As [undoped]

QD B 1.7um N: Al, ,Gag ¢As: Si [3 X 1017 cm™3)
ase -

Fig. 5-8 Structure details of the complete LD device employing QD active region. The lower device
layers, indicated as “QD Base”, were grown at 700°C while the upper device layers over the QDs

were grown at 625°C.
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Table 5-2. Growth Parameters used for the complete LD structure

. Growth Temp. TMGa Total 111 VI
Material [°C] [wmol/min] [pmol/min] Ratio
n- GaAs buffer 700 55 55 70
AIyGal-yAs
(Lower part, y=0.18 or 0.4) 700 55 66 or 88 44 or 58
GaAs 580 55 41 76
AIyGal-yAS
(Upper part, , y=0.18 or 0.4) 625 55 66 or 88 44 or 58
p* GaAs cap 625 55 55 35

Fig. 5-8 shows the complete LD structure investigated in this study. Diethyl zinc (DEZn) and CBr4
were used for p-doping in GaAs and Alo.4GaosAs, respectively, while SizHs was used for the n-
doping in GaAs and AlosGaosAs layers. As a control sample, Dev A underwent 15sec of in situ
etching (etching depth: ~0.5nm), while the optimized sample, Dev B, have gone through 90sec of

in situ etching (etching depth: ~3nm). The specific details of both samples are summarized in Table

5-3.
Table 5-3. in-situ etching condition used for the QD growth
Sample in situ etching depth X in InxGaixAs QD Thickness of InxGai-xAs
Dev A
(unoptimized) 0.5nm 0.3 2.5nm
Dev B
(optimized) 3nm 0.3 3.5nm

After the complete laser structure growth, wet etching using HsPOa4:H202:H>O = 3:1:20 was
carried out to form the etched ridge waveguide structure, using a patterned photoresist mask.
200nm-thick SiNx was deposited by plasma-enhanced chemical vapor deposition for the electrical

passivation. The wafer was subsequently thinned down to 150um. Contact layers consisting of



123

Ti/Pt/Au (25/50/300nm) were e-beam evaporated on the top surface to form the ohmic contact to
p+ GaAs. Contact to the n-type region was made to the backside of the wafer using a
Ni/AuGe/Ni/Au (5/100/35/200nm) contact metallurgy. The contact metals were alloyed at 400°C
for 30 sec using Rapid Thermal Annealing (RTA). Devices were measured as-cleaved (i.e. no facet
coatings) at room temperature and 80K under pulsed current operation. The electroluminescence
(EL) data was collected using a grating diffractometer and Si photodetector while the output power

from one facet were measured using InGaAs photodiode.
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Fig. 5-9 (a) Spectrum of Dev A at the onset of the lasing; (b) PL and EL measured at RT showing
a good correlation

Fig. 5-9 (a) shows the spectrum of the Dev A at the onset of lasing at 80K at the current drive of
1.8A, which is equivalent to the 3.4 kA/cm? in the threshold current density for the cavity length
of 2mm. It is worthwhile mentioning that the bandgap energy of GaAs at 80K is 1.507eV (or
equivalently 820nm) [40]. Therefore, it can be rationalized that the observed lasing wavelength of
880nm is from the QD emission. Shown in Fig. 5-9 (b) are the PL and EL measured at room

temperature showing a good correlation. The FWHM of the PL at RT from this specific QD active
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region was measured as 52meV, which is less than those (~93meV) shown in Fig. 5-6, presumably
owing to the improved uniformity in the SiNx opening size , but still significantly larger than the
reported FWHM value (~30meV) from the SK mode grown QDs by MOVPE [41].

The STEM investigation reveals no extended structural defects within the QD active region of the

Dev A over a limited field of view (Fig. 5-10).

Aly 15Gag g, As

Fig. 5-10 STEM image showing no extended structural defects within the QD active region of the

Dev A over a limited field of view

By contrast, the Dev B, with in sifu etching carried out under the optimized condition, exhibits
much reduced Ju (385A/cm? vs. 3.4kA/cm? from Dev A) at the same cavity length (L=2mm),

indicating the number of the non-radiative recombination centers within the QD active region was
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significantly reduced compared to that of Dev A (Fig. 5-11 (a)). Also, the threshold current
densities (Ji) of 1.3, 2 and 3-mm long devices agree well with the expected behaviour, i.e., the
higher Ji was obtained from the shorter cavity devices due to the higher mirror loss and the
relatively low optical gain. However, 5mm long devices show the inconsistency in Jw, which is
under investigation, although it is possibly a result of non-uniformity in QD density and non-

radiative defects.
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Fig. 5-11 (a) Current-output power characteristics for various cavity length devices from Dev B;

(b) Electroluminescence spectra from various cavity length devices.

The measured spectrum from devices with different cavity lengths (Fig 5-11 (b)) indicates a
spectral peak position shift of the lasing wavelength, most likely due to the state-filling [42]. Also,
the spectral difference between the lasing wavelength (Alasing=902nm at 1=1.1lx) and the peak
wavelength at low current injection (1=0.121x) may indicate lasing occurs on a QD excited state
transition. On the other hand, at room temperature, the lasing from the Ing.3Gao.7As QDs was not

observed as shown in Fig. 5-12, which indicates low optical gain in the QD active region at room
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temperature as well as gain saturation, although the lasing emission (880nm) from the GaAs

surrounding the QDs was observed.
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Fig. 5-12 Electroluminescence spectra at room temperature from Dev B (Lcav=3mm)

This result also implies that it is necessary to improve the carrier capture by dots at room
temperature since the lasing emission from the surround GaAs suggests a majority of carriers leak
out of the InGaAs QDs. Therefore, in order to enhance the carrier capture by the QDs, the
following approaches were employed: SAE of lower bandgap InAs QDs and creating a carrier

collecting layer adjacent to the InAs QDs, which will be discussed in the next section.
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5. 4. InAs QD active region on GaAs substrate with carrier collecting layer

In the previous section, the use of CBr4 in situ etching prior to the selective area MOVPE
of the Ino.3Gao.7As QD growths was shown to reduce the processing-related damage as evidenced
by an enhanced luminescent intensity of the grown QDs and an improved device performance at
an operating temperature of 80K. In that prior study, a significant degree of carrier leakage at room
temperature from the Ing3Gao7As QDs as well as poor carrier injection efficiency into the QDs
were identified as possible issues that prevented lasing at room temperature. In order to further
enhance the carrier collection efficiency by tightening the carrier confinement, i.e., deeper
potential profile, InAs QDs was employed and investigated in this section, in contrast to the
Ino.3Gao.7As QDs. Furthermore, it is shown that InAs QDs, grown within the nanopatterns defined
by the BCP lithography, lead to lasing at room temperature, although their thickness exceeds its
critical thickness calculated by the force balance model [43]. It has been shown that dot-in-a-well
(DWELL) structures exhibit an improved carrier capture by the QDs [44-45], although the role of
inherent wetting layer in the carrier injection has remained vague. Here, we report that an
Ino.1GaooAs QW placed near a wetting layer-free InAs QD active region allows for enhanced
carrier injection into the QDs, leading to room temperature (RT) lasing. Further improvement in
the fabrication process and design of the carrier collection layer is required to achieve lower
threshold current densities.
The epitaxial growth was performed in a 3x2” close-coupled showerhead MOVPE reactor using
the conventional metalorganic and hydride sources such as trimethyl indium (TMIn), trimethyl
gallium (TMGa), trimethyl aluminium (TMAI), arsine (AsHs), disilane (Si2Hs), carbon

tetrabromide (CBrs), and diethylzinc (DEZn), with ultra-pure H: as a carrier gas at 100 Torr.
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Fig. 5-13 Schematic representation of the simplified procedure for the QD formation by BCP
lithography and subsequent SA-MOVPE of the QD growth for laser active region; (a) Base growth
to form lower parts of LD; (b) SiNx deposition by plasma enhanced chemical vapor deposition; (c)
Diblock copolymer (BCP) lithography ; (d) pattern transfer onto SiNy ‘hard’ mask by reactive ion
etching using Oz and CF4 plasma; (€) BCP removal by O plasma and subsequent wet treatment
using 1:20 (NH4OH:H0) solution; (f) CBr4 in situ etching in MOVPE reactor; (g) SA-MOVPE
for the growth of InAs QDs; (h) SiNx removal by the 6:1 BOE; (i) Regrowth to complete the LD
structure

The procedure to form the QD active region within a laser structure is schematically presented in
Fig. 5-13, using the SiNx nanopatterns defined by BCP lithography. In order to investigate the
effect of the carrier collecting layer, two types of the base structure with and without an Ing 1Gag 9As
QW were grown (Fig. 5-13 (a)). Then, the same pattern transfer process was utilized as described
in the previous section. After loading the sample in the MOVPE reactor, the temperature was

ramped up to 625°C under AsHs for 3 min, and in-situ etching using carbon tetrabromide (CBr4)
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was carried out at the reactor pressure of 100 Torr under AsHz and hydrogen (AsHs partial pressure
of 4.5x 1073 Torr) for 70 sec with CBra/AsHz molar flow ratio of 2.2x 1073 (Fig. 5-13 (f)). The
temperature was subsequently ramped down to 580°C, and Ing.1GageAs / InAs / Ino.1Gao.sAs
layered QDs were selectively grown on the SiNx nanopattern (Fig. 5-13(g)). InAs QDs with
varying thickness (1.5 ~ 3 nm) were grown by independent growth and process runs on the
identical base with Ino1Gao.eAs carrier collecting layer as well, to investigate the influence of the
InAs thickness in the device performance. 6:1 buffered oxide etchant was used to remove the SiNx
template after the SA-MOVPE of QDs. (Fig. 1(h)). After the removal of SiNx hard mask, QDs
were imaged using a LEO 1550 VP (JEOL) field-emission scanning electron microscope (SEM),
which revealed the areal QD density of ~5 x 101%cm~2 and the average QD diameter of 27 nm.
The upper device structures were regrown at the growth temperature of 625°C and the pressure of
100 Torr., after immediately transferring the sample into the MOVPE reactor (Fig. 5-13 (i)). Table
1 summarizes the growth condition for each layer.

Table 5-4. Growth Parameters used for the complete LD structure employing InAs QDs

Materia GT';?]‘;"th TMGa  Total Il Yl
ateria [Oc]p' [wmol/min]  [pumol/min] Ratio
n- GaAs buffer 700 55 55 70
AIyGal-yAS
(Lower part, y=0.15 or 700 55 66 or 81 55 or 68
0.5)
InxGaixAS
(x=0.1 or 1) 580 0or 27 8.20r4l 76 or 380
AIyGal-yAs
(Upper part, y=0.15 or 625 55 66 or 81 55 or 68
0.5)

p* GaAs cap 625 55 55 35
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Fig. 5-14 Electroluminescence spectra at 80K measured from (a) device without Ing.1Gaog.oAs
carrier collecting layer adjacent to 2 nm-thick InAs QDs, and (b) device with Ing.1Gao 9As carrier
collecting layer adjacent to 2 nm-thick InAs QDs

Fig. 5-14 shows the EL spectra from the devices employing 2 nm thick InAs QD active region
grown with and without the Ino1GaogAs carrier collecting layer, respectively at the heat sink
temperature of 80K. Lasing was observed from both types of devices at a similar wavelength (~930
nm), indicating the laser transition originates from the QD active region, not from the carrier
collecting layer. Even at cryogenic temperature (80K), the observed threshold current densities
were rather high, which can be ascribed to the relatively low optical confinement factor originated
from a thin InAs QD thickness (~2 nm) together with possibly a high non-radiative defect density,
which most likely was not completely eliminated even after the in situ etching. By contrast, typical
InxGai-xAs QD thickness employed for high performance QD lasers grown by SK growth mode

are ranging from 5 to 10 nm [46 - 48].
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Fig. 5-15 Electroluminescence spectra at 297K measured from (a) device without Ing1Gao.sAs
carrier collecting layer adjacent to 2nm-thick InAs QDs, and (b) device with Ing.1Gao.sAs carrier

collecting layer adjacent to 2nm-thick InAs QDs

The EL spectra measured at room temperature from both types of devices are shown in Fig. 5-15.
While the device without Ing.1Gag 9As carrier collecting QW, surrounding the 2 nm thick InAs QD,
did not lase up to the current limit, the device with the Ino1Gao.sAs QW showed lasing emission at
a threshold current density of 6.8 kA/cm?. In addition, at high driving current, increment in the
current from 9 kA/cm? to 10 kA/cm?, did not result in a substantial increase in the EL intensity for
the device without the Ino1GaoeAs carrier collecting layer which indicated a poor carrier injection
efficiency into the QDs. This result implies that the existence of the carrier collecting layer adjacent
to the QDs within the active region leads to improved carrier capture by the QDs and an enhanced
optical gain, near room temperature. It is also noteworthy that a shoulder spectral peak near the
lasing peak is present at either 80K or 293K (Aiasing=930 nm at 80K and Aasing=974 nm at 293K)
from the device employing the carrier collecting layer, most likely due to higher energy transitions

of the electronically coupled QDs with the underlying QW carrier collecting layer.
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Fig. 5-16 (a) Output Power vs. injected current density as a function of temperature from the
device with Ino1GaooAs carrier collecting layer adjacent to 2 nm-thick InAs QDs, and (b) The

temperature sensitivity in the lasing transition energy

Characteristic temperatures were measured from the devices employing 2 nm thick InAs with the
Ino.1Gao.oAs carrier collecting layer around the QDs as shown in Fig. 5-16 (a). The measured To
(182K) was greater than the reported To values from undoped InAs QD lasers [49-51], which most
likely reflects a high degree of non-radiative recombination, dominating the threshold current
density [52]. On the other hand, the measured T1 (88.5K) was lower than that of conventional high
performance strained InGaAs QW lasers operating in this wavelength region [53], which typically
exhibit a higher T value than the To by a factor of two or three. This observation also indicates a
significant degree of the carrier leakage in the active region [54]. The temperature sensitivity in
the lasing transition energy, shown in Fig. 5-16 (b), was measured as -0.36 meV/K, which is lower
than the reported value (-0.434 meV/K) from a QW laser emitting a similar wavelength [55], which

can be attributed to a relatively flat gain profile of a QD laser [56].
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Fig. 5-17 (a) EL spectrum measured at 297K from different cavity length devices (L=3 and 5mm),

(b) EL spectrum measured at 80K as a function of electrical injection.

A shorter lasing wavelength (974 nm) was observed from the shorter cavity (L=3 mm) lengths, in
comparison to that (985 nm) of a longer cavity length (L=5 mm), as shown in Fig. 5-17 (a). This
change can be ascribed to a pronounced state-filling of the QD active region [42]. In addition, the
occurrence of the lasing emission from a higher energy state, in Fig. 5-17 (b), at a higher driving
current and the saturation of the EL intensity from the lowest energy level can possibly be

explained by the ground-state gain saturation [58].
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Fig. 5-18 (a) EL spectrum measured at 80K from devices employing varying InAs QD thickness
grown with Ing.1Gao.0As carrier collecting layer, (b) EL spectrum measured at 297K from devices

employing varying InAs QD thickness grown with Ing1GagoAs carrier collecting layer

To study the dependence of QD thickness on device performance, LD devices employing the active
regions with various InAs QD thickness from (~1.5 nm to 3 nm) were grown on the base, which
employed the Ing.1Gao.oAs carrier collecting layer. As shown in Fig. 5-18 (a), laser emission was
observed from devices employing ~1.5 nm-thick and ~2 nm-thick InAs QD active region with the
emission wavelength of 920nm (Jn=1.21 kA/cm?) and 938nm (J;n=0.55 kA/cm?), respectively, at
80K. The reduced threshold current density observed from the structure with ~2 nm thick-InAs
QDs, in comparison with that containing ~1.5 nm-thick QDs, is ascribed to the higher optical
confinement factor. In addition, the difference in the lasing emission wavelength reflects the
change in the quantum confinement within the QDs resulting from the varying thickness. On the
other hand, no lasing was observed from the device employing 3 nm-thick InAs QDs, while a
broad spontaneous emission was measured at a high current injection (J~10 kA/cm?), which is

attributed to the onset of the strain relaxation within InAs QDs. The critical thickness of
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pseudomorphic InAs grown on GaAs substrate is calculated to be ~1 nm by the force balance
model [43], which is thinner than the InAs QD thickness employed throughout this study. In
practice, this theoretical critical thickness can be increased by Kkinetically inhibiting strain
relaxation, usually by employing a low growth temperature. Nevertheless, we have shown that
InAs QDs, grown within the nanopatterns, results in lasing at room temperature, even if their
thickness exceeds its critical thickness calculated by the force balance model [43]

Fig. 5-18 (b) presents the EL spectrum, measured at 297K, from two devices employing ~1.5 nm-
thick and ~2 nm-thick InAs QD active regions, where the lasing emission was observed at Jin=11.2
KA/em (A;45ing= 962 nm) for 1.5nm-thick InAs QD active region and at Jn=6.5 KA/CM? (A;45ing=
985 nm) for the 2nm-thick InAs QD active region. These observed emission wavelengths are in
good agreement with the calculated wavelength by NEXTNANO? software package utilizing 8-

band kep calculation for a quantum box geometry, as summarized in table 2.

Table 5-5 Summary of external device parameters including Jw, measured lasing wavelength, and

calculated lasing wavelength by 8-band kep calculation, assuming no lateral quantum confinement effect

Aiasing (297K Ao (297K
dinas Jin (297K) lasing ( ) lasing ( )

(Measured) (Calculated)
1.5nm 11.2 kA/cm? 962 nm 968 nm
2 nm 6.5 kA/cm? 985 nm 1008 nm

It must be noted that the photoluminescence emission peak at room temperature from a calibration
sample employing the 4 nm-thick Ino.1Gao.sAs QW, which is identical to the carrier collection layer
used in this study, was near 920 nm. These results demonstrate that employing a carrier collection
layer enables RT laser operation although the Ji values are significantly higher than those of

conventional high-performance SK QD active region laser [46-51]. The higher Ji reflects both a
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lower optical confinement factor (i.e., low modal gain) and possibly a high non-radiative defect
density within the active region. Further improvements in the QD active region gain are required
to significantly lower threshold current densities. Strain compensation may allow for the selective
growth of thicker InAs QDs to increase the optical confinement factor. More effective methods to
reduce the defects within the active region are also needed to reduce the carrier loss from non-
radiative defects.

The room temperature operation of LDs employing QD active regions defined by BCP lithography
and SA-MOVPE are demonstrated. It was shown that a carrier collecting layer, 4 nm thick
Ino.1Gan.sAs QW, surrounding the QDs helps enhance carrier capture by the QDs, evidenced by
the comparison study between the device structures with and without the carrier collecting layer.
The QD active region lasers exhibited ground state gain saturation, pronounced band-filling
effects, and the temperature insensitivity in the lasing wavelength. The relatively high Ji values
(6.5~11.2 kA/cm?) observed are attributed to the high non-radiative defect density, which is
reflected by a high To value. Reducing these non-radiative defects, most likely introduced during
the pattern-transfer process, is a key issue that needs to be addressed. Further optimization in in
situ etching and increasing the optical confinement factor is needed to enhance the active region
gain. In order to further understand the fundamental carrier recombination and loss process of the
selectively grown QD active region, additional studies are needed to extract internal device
parameters including the material gain parameter and internal loss, by employing a multi-segment

contact method [59].
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5.5. InggGaon2As QD active region on InP substrate with carrier collecting layer

5. 5. 1. Application of nanopatterned QD active region to InP substrate

The InAs-based QD lasers, grown by Stranski-Krastanov (SK) growth mode, emitting near
telecom O-band (1.3 pum) have been well-established over the last two decades, demonstrating
very low threshold current densities (Ji), high output power, and long-term reliability on various
types of substrates such as GaAs, Ge, and Si [3-12]. On the other hand, the growth of isotropic
InAs QD formation on InP substrates for achieving the emission wavelength near the telecom C-
band (1.55 um) still remains quite challenging, because of the smaller driving force for the
nucleation of InAs QDs, stemming from the smaller lattice mismatch on InP [60-61] as shown in

Table 5-6.

Table 5-6 Lattice mismatch of InAs between GaAs substrate and InP substrate

Substrate GaAs InP
InAs Lattice mismatch 7.2% 3.2%

This smaller lattice mismatch often results in the broken quantum wire-like structure, which leads
to spectral and polarization dependency of the modal gain on the cavity orientation of the edge
emitting device structure [60-61]. As an alternative to SK QDs, QDs can be formed in a more
controllable fashion by employing nanopatterning and the subsequent MOVPE process, by which
the QD formation is decoupled from the strain state of the material. This process leads to the
formation of dense arrays of wetting-layer-free QDs, although the challenges stemming from
surface state formation and efficient carrier injection into the QDs have remained problematic
issues, as discussed in the previous sections. Therefore, in situ etching for 111-V alloys lattice-

matched to InP substrate was investigated in this section, which was used prior to the selective
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area epitaxy of QDs on InP. Laser diodes employing a single stack IngsGao 2As QD active region
formed by block copolymer (BCP) lithography and selective growth on InP substrates operate at

room temperature (RT) with relatively low threshold current densities.

5. 5. 2. in situ etching for InGaAs, AllnAs and InP using CBr4

Crystal growth for the QD formation as well as for in situ etching were carried out in a
vertical chamber OMVPE reactor equipped with a close-coupled showerhead gas delivery system,
using Hz as a carrier gas. Trimethyl-indium (TMIn), trimethyl-gallium (TMGa), trimethyl-
aluminium (TMAI), arsine (AsHz) and phosphine (PH3) were used as In, Ga, Al, As, and P
precursors, respectively. In the previous section, the effectiveness on in situ etching by CBrg, prior
to the InxGaixAs QD growth on GaAs substrates, was demonstrated where an enhanced RT-PL
intensity and an improved performance were observed from the QD lasers. In order to apply in situ
etching to InP-based material system, such as AlxInyGaixyAs or InP, we have carried out a set of
in situ etching experiments to estimate the etch rate as well as the surface smoothness, in a similar
manner to the methodology in the previous section, which employed a real-time optical reflectance
monitoring system. A series of in situ etching experiments using CBrs were carried out on
Alo.sglnos2AS, Inos3GaoarAs (AlInAs and InGaAs thereafter) and InP under a Ho+VH3 (V being
either P or As) partial pressure and at a fixed temperature of 585°C. In order to obtain a sharp
contrast in the real-time optical reflectance from the sample surface, these experiments were
initiated with the growth of ~500 nm-thick lattice-matched AlInGaAs (E4 ~ 1.03 eV) layer on
planar (100) InP substrate, after which AllnAs, InGaAs or InP were grown, and CBr4 under H, +

VHz ambient was subsequently flown for in situ etching.
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Fig. 5-19 Real-time reflectance measured from InGaAs, AlInAs, and InP under the PHz+H>
ambience at 585 °C. A fixed CBr4/PH3z molar flow ratio of 2.2 x 103 with a PH3 partial pressure

of 0.45 Torr was used.

All samples which have gone through in situ etching under PHs+H, ambience exhibited mirror-
like smooth surface morphology, as evidenced by no apparent degradation in the measured
reflectance, although the in situ etch rate of AlInAs was significantly slower than that of either
InGaAs or InP. Our finding also indicates an excellent etching selectivity can be achieved by in
situ etching as summarized in Table 5-7, which can be potentially useful for structures requiring

an AlInAs etch-stop layer.

Table 5-7. in situ etching selectivity under PHz overpressure (0.45 Torr)

Material InP/AIINAS InGaAs/AllInAs InP/InGaAs
Etching Selectivity 12.13 521 2.33
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Another set of in situ etching experiments has been carried out under AsHs+H> ambience, in order

to find an optimized in situ etching condition, especially for InGaAs, as shown in Fig. 5-20, below.
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Fig. 5-20 Real-time reflectance measured from InGaAs and InP under the AsHz+H, ambience at
585°C. A fixed CBrs partial pressure of 9.9 x 10~* Torr was used while varying AsHs

overpressure.

In contrast to the previous observation, a gradual decrease in the average in situ reflectance was
observed from InGaAs, regardless of the amount of AsH3 overpressure, and samples exhibited a
hazy surface morphology. On the other hand, the InP, in situ etched under AsH3s overpressure,
exhibited a mirror-like surface morphology, without a measurable drop in the reflectance. The
etching selectivity for InP/InGaAs at AsHz overpressure of 0.45 Torr was 2.81.

The etching selectivity obtained for InP/InGaAs under the same amount of either AsHs or PH3
overpressure were similar, while the etch rate of InP obtained under PH3 overpressure was 1.6

times faster than that under AsHs overpressure. The in situ etching process is similar to the inverse
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process of hydride vapor phase epitaxy (HVPE), which utilizes the halogen transport, as shown

below [39].

I11-V (solid) + HBr (gas) + VHs (gas) — VHz (gas) + I11-Br (gas) + H: (gas)

Bromine radicals are thermally decomposed from CBr4 within the OMVPE reactor, resulting in a
HBr compound, which will react with the surface of the solid phase I11-V. Then, with group 11
species present, the bromine radicals will form a volatile 111-Br species. The remaining group V
species will be removed from the surface only after forming volatile VH3 hydrides at the etching
temperature of 585°C. It is known that the thermal decomposition efficiency of AsHs is higher
than that of PH3 at this temperature [62], implying there will be more As atoms on the surface,
which can possibly lead to the observed slower in situ etching rate when AsHs is used as the
ambient hydride. At elevated temperatures, AsHz is a conventional ambient hydride gas for the
solid phase I11-As alloy to prevent As-dissociation. Likewise, the conventional ambient hydride
for P-terminating species, such as InP in this case, is PHs. However, we observe a mirror-like
surface morphology only for the InGaAs in situ etched under PH3 overpressure, while a relatively
poor (hazy) surface morphology was observed from the InGaAs after in situ etching under an AsHs
overpressure. While the chemical mechanism has not been identified, the degree of inequality in
the vapor pressure between In-Br and Ga-Br under either AsHsz or PHs overpressure can be
possibly responsible for this observation.

The results of the in situ etching experiments carried out on AllnAs, InGaAs, and InP indicate that
either InGaAs or InP under PH3 overpressure is a suitable condition for the in situ etching to

remove the processing-related damages prior to the selective area epitaxy for the QD on the
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nanopatterns defined by BCP. It is noteworthy that InP is known to have a low surface
recombination velocity [63]. Therefore, utilizing the etching selectivity of InP/InGaAs under PH3
ambient (2.33), we have used a 3 nm thick InP layer as a sacrificial layer, which was removed by

the CBr4 in situ etching prior to the QD selective growth.

5. 5. 3. Characteristics of InosGao..As QD active region laser
After establishing in situ etching conditions, the base material, forming the lower part of

the complete laser structure, was prepared, as schematically represented in Fig. 5-21 (a).

e 125
InP sacrificial layer (3nm nGans | Snm
oS ahs — n Ea
300K
Collection Ing 53Ga 47As (Snm) 100+ Pcitation=5W/em?
Layer

Q1.2 AlinGaAs SCH (250nm) 75

Intensity (a.u.)

n-InP buffer (1pm, Si: 2 X 107cm3)

]
[5,]

( a) (100) n* InP substrate

p——
o

S
<

750 900 1050 1200 1350 1500 1650 1800
Wavelength (nm)

Fig. 5-21 (a) Schematic of the base material, which forms the lower part of the complete laser

structure, (b) Photoluminescence (PL) spectrum measured from the base material

In the previous section, an enhanced carrier capture by QDs by employing a carrier collecting
layer, placed adjacent to the QDs was demonstrated. Therefore, we have employed 5 nm thick
InGaAs carrier collecting layer beneath the 3nm thick InP sacrificial layer, which will be removed
prior to the QD growth by in situ etching. (Fig. 5-21 (a)). The measurement of photoluminescence
(PL) from this base material, shown in Fig 5-21 (b), reveals that the emission near 1480 nm is due

to the 5 nm thick InGaAs carrier collection layer.
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Then, 20nm-thick SiNxwas deposited by plasma-enhanced chemical vapor deposition (PECVD)
on the base material. Afterward, the BCP lithography and the subsequent pattern-transfer process
were performed as described in the previous section, in order to form nanopatterns on SiNx
hardmask. Prior to loading the pattern-transferred sample into the OMVPE reactor for in situ
etching and QD regrowth, a brief wet treatment using HCI:DI = 1:3 mixture (in volume ratio) was
carried out for 20 sec to remove the native oxide. After loading the sample in the MOVPE reactor,
the temperature was ramped up to 585 °C under PH3 for 3 min, and in-situ etching using carbon
tetrabromide (CBrs) was initiated at the reactor pressure of 100 Torr under PHz and hydrogen (PH3
partial pressure of 0.45 Torr) for 45 sec with CBra/PHs molar flow ratio of 2.2x 1073, Then, the
selective area epitaxy was carried out on the SiNx template for the formation of Ino.s3Gao.47As /

INo.8Gao.2AS / Inos3Gao.47As (2/4/2 nm) layered QDs

P** InGaAs (150nm, Zn:1X 10%cm®)

p-InP cladding (1.2um, Zn:2 x 1017cm3)
2nm Ing c3Gag 47AS

Qb Qb Qb 4nm Ing 3Gay ;As

Ing 53Gag 47As (5nm) 2nm Ing 51Gag 47AS

Q1.2 AlinGaAs waveguide (250nm)

n-InP buffer {(1um, Si:2 x 107cm)

(100) n* InP substrate

(a) (b)

Fig. 5-22 (a) Top-view scanning electron microscopic image taken after the selective area epitaxy
for QD growth and the subsequent removal of SiNx hardmask, (b) Schematic of the complete laser
structure, which forms the lower part of the complete laser structure,
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After the growth of the QDs, the samples were taken out of the OMVPE reactor and SiNy template
was removed by the 6:1 buffered oxide etchant. After the removal of SiNyx hardmask, QDs were
imaged using a LEO 1550 VP (JEOL) field-emission scanning electron microscope (SEM), which
revealed the QD density of 5~6x 101° cm~2 and the average QD diameter of 32 nm, as shown in
Fig 5-22 (a). Then, the remaining InP was removed by in situ etching, and upper device structures
were regrown at the growth temperature of 605 °C and the pressure of 100 Torr, after immediately
transferring the sample into the MOVPE reactor (Fig. 5-22(b)). Table 5-8 summarizes the growth

parameters used for the growth of the complete laser structure.

Table 5-8 Growth Parameters used for the complete LD structure

Growth

. TMIn TMGa V/IHI
Material Temp. . . :
[°C] [pmol/min] [pmol/min] Ratio
InP 605 52 - 54
INos3Gaon.a7As 585/605 32.2 27.3 49
INo.sGao.2As 585 32.2 1.89 85
AllnGaAs (Eq
~1.03eV) 605 32.2 13.5 102

25um-wide ridge waveguide lasers were fabricated by the standard photolithography technique
and the subsequent wet etching using H3sPO4:H202:H,0 = 1:1:8 mixture for InGaAs p* contact
layer and H3PO4:HCI = 3:1 mixture for InP upper cladding layer, respectively. 200 nm thick
PECVD SiNx was used for the electrical passivation. The wafer was subsequently thinned down
to 150um. Ti/Pt/Au (25nm/30nm/300nm) and AuGe/Ni/Au (100nm/25nm/200nm) were e-beam
evaporated on p* InGaAs contact layer and n* InP substrate side, respectively, to form contact

electrodes. Then, these contact electrodes were alloyed at 375°C for 30 sec by rapid thermal
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annealing (RTA) to form the ohmic contact. Devices were measured as-cleaved (i.e. no facet
coatings) from 10 to 50 °C under pulsed current operation. The cavity lengths tested were 0.1, 0.2
and 0.4 cm. The electroluminescence (EL) data was collected using an optical spectrum analyzer
(OSA) while the output power from one facet were measured using an InGaAs photodiode in

conjunction with an integrating sphere.
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Fig. 5-23 (a) Output power vs. current (PI) for Imm-long QD device where no lasing was observed
at 50°C, (b) Output power vs. current (PI) for 2mm-long QD device, (c) Output power vs. current
(PI) for 4mm-long QD device, (d) summary of threshold current density at heat sink temperature

of 10°C and the characteristic temperature as a function of cavity length
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Shown in Fig. 5-23 are the output power vs. input current characteristics under pulsed operation
(pulse width:200 nsec, duty cycle: 0.5%) for the devices with varying cavity length at the heat sink
temperature from 10 to 50°C. A dramatic reduction in Jin was observed as the cavity length
increases (Ji~1.6kA/cm?, L=4mm) at the heat sink temperature of 10°C. The Ji at the infinite
cavity length, which was extrapolated from Ji values for either Imm-long and 2mm-long devices,
is found to be 2.4 kA/cm? that is significantly larger than the obtained Ji~1.6kA/cm? from the
4mm-long device. This observation most likely reflects the relatively low optical modal gain,
originating from either a low optical confinement factor or low material gain, from the single layer
QD active region. In addition, a rapid reduction in the characteristic temperature (To) was also
observed for the longest cavity length (L=4mm) devices. This observation is in a good agreement
with the trend reported previously from devices employing a single layer of InAs QDs surrounded
by an InGaAs QW grown on GaAs substrate, which was ascribed to the larger density of QD
excited states (ES) leading to a higher Ji at shorter cavity lengths [51]. Nevertheless, the obtained
Jin was comparable with that from the SK-mode grown single-layer InAs QD lasers emitting the
similar wavelength (3.5 kA/cm?, pulsed (this work) vs. 2.75 kA/cm?, CW [64]) at the same cavity

length (L=2mm).
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Fig. 5-24 (a) Lasing spectra at the injection current of ~1.3ln as a function of heat sink
temperature from 4mm long Ino.sGao.2As QD laser, and (b) calculated band diagram and transition

energy at 283K where the conduction band edge of the conduction band, heavy hole band are
denoted as CB and HH respectively

Presented in Fig. 5-24 (a) is the EL spectra from the 4mm-long QD device measured at 1~1.3lth
while varying heat sink temperature from 5 to 50°C. At 15~20°C, the 4mm-long devices exhibit a
sudden drop in the lasing wavelength from 1.67um to 1.59um, most likely due to a pronounced
band-filling effect [42]. The calculated transition energies at 283K of the target structure, shown
in Fig. 5-24. (b), correspond to GS: 0.717eV (1.73 um) and the ES: 0.761 eV (1.63 pum), which
was carried out by constructing the 3-dimensional QD structure using a commercial
Schrodinger/Poisson solver [57]. In order to further verify the origin of the discrepancy between
simulated and observed wavelength, a further investigation involving either tunneling electron

microscopy or atom probe tomography is necessary to better quantify the compositional and shape

profiles of the QDs.
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Fig. 5-25 Summary of peak lasing wavelengths as a function of heat sink temperature

Fig. 5-25 shows the variation in the peak lasing wavelengths from the 2-mm long and 4mm-long
QD devices, as well as a reference 3-QW laser (3x Ing.s5Gao3sAS/AlINGaAs (7.5/15 nm) emitting
similar lasing wavelength. The primary lasing transition for the 4mm-long QD devices is
dominated by the ground-state (GS) QD transition, emitting at 1.67um, while 2mm-long QD
devices exhibit lasing at 1.56um, which is most likely originating from an excited state (ES)
transition. The 2-mm long and 4mm-long QD devices show a relatively low sensitivity in the lasing
wavelength from 10 °C to 25 °C and 15 °C to 50 °C, respectively, although they are most likely
from the ES transition. Similarly, a weak temperature dependency in the lasing wavelength
(0.09nm/K) was reported from a single layer SK mode grown InAs QD laser on InP substrate
emitting near 1.7 um [65]. For reference, a conventional 3-QW laser (3x Ino.e5Gao.3ssAs/AlInGaAs
(7.5/15 nm)) emitting at a similar wavelength exhibits a monotonic increase in the lasing

wavelength with temperature coefficient (4Aiasing/47T) of 0.634 nm/K. This observation suggests
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that an additional optimization in the active region heterostructure is necessary to improve the
carrier injection efficiency into the GS, which can be possibly realized by employing tunnel
injection scheme [66]. It is noteworthy that the overlapping spectral features between QD excited
state and the electronic state of the carrier collection layer make it difficult to determine the exact
origin of the higher energy laser emission. However, the observed low temperature sensitivity in
the laser wavelength further substantiates that the higher energy spectral features correlate with
that expected from the QD state transition. Therefore, spectral gain measurement and loss
extraction via segmented contact method are necessary, in order to further understand the carrier

dynamics in either GS or ES.

5. 6. Conclusion

LDs employing Ino3Gao7As QD active regions defined by BCP lithography and
subsequent SAE were demonstrated. It was shown that removing the processing-related damage
prior to the QD growth is one of the key issues that needs to be addressed. In presented work, the
effectiveness of in situ CBrs etching prior to the growth of Ing3Gag7As QDs on either GaAs
substrate by SAE has been demonstrated. It was observed that an improved radiative efficiency of
the Ino3Gao.7As QDs can be achievable as a result of the reduced non-radiative centers through
well controlled in situ etching by using CBr4 while maintaining the template for the QD regrowth,
as evidenced by either RT-PL measurements or an improved device performance, i.e., much
reduced Ji, at 80K was obtained from the LD employing QDs that underwent the optimum in situ

etching condition prior to QD deposition, compared to the device grown with unoptimized in situ
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etching condition. However, this Ing3Gao7As QD active region exhibited a significant carrier
leakage and gain saturation at room temperature.

In order to enhance the carrier capture by the QD active region at room temperature, a
carrier collecting layer, 4 nm thick Ing1GaosAs QW, was employed in close proximity to InAs
QDs active region. This InAs QD active region laser with a carrier collecting layer operated at
room temperature while exhibiting ground state gain saturation, pronounced band-filling effects,
and the temperature insensitivity in the lasing wavelength. The relatively high Ji values (6.5~11.2
kA/cm?) observed are attributed to the high non-radiative defect density, which is reflected by a
high To value.

Finally, a single layered InosGao.2As QD active region laser devices on InP substrate was
demonstrated, by selective area epitaxy utilizing nanopatterns formed by BCP lithography. In
order to remove processing related damages, which acts as non-radiative centres, controllable in
situ etching condition was investigated, going through a series of experiments varying ambient
hydride overpressure as well as varying the target material. It was found that depending on the
types of ambient hydride as well as the target material, it is possible to achieve an excellent in situ
etching selectivity, which can be utilized for the complete removal of a sacrificial layer, i.e., a thin
InP layer, in the future work. In addition, a single layered IngsGaog2As QD active region laser
devices exhibited a dramatic reduction in Ji, which reflects a low optical gain as well as a sudden
drop in To, which was ascribed to the larger density of the QD excited states. While the lasing
wavelength insensitivity was observed from longer cavity QD devices, in comparison with the
reference QW device, within a temperature range, the shorter cavity devices showed the lasing
emission from the exited state. Further optimization in the device structure is necessary to achieve

an enhanced carrier injection into the ground state. Also, the gain and loss extraction by segmented
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contact method is needed in order to understand the fundamental carrier transport and

recombination process within the InosGao2As QD active region laser devices.
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Chapter 6. Future works

6. 1. Wavelength extension of dilute-bismide-based QW active region laser

6. 1. 1. Higher Bi incorporation in GaAs:-.Bi, QW active region

In chapter 4, the growth and device characteristics of the GaAs;-,Bi; QW active region was
presented where the higher Bi incorporation was found with decreasing growth temperature. In
order to realize the predicted potential advantages of the GaAs1-.Bi, QW active region, i.e., E; <
Ay, to suppress CHSH Auger process, the incorporation Bi as high as 10% is necessary. However,
a further reduction in the growth temperature to achieve this high GaBi mole fraction may not be
a practical approach for the optoelectronic device application, as the GaAs:-;Bi; in dilution regime
(Bi% < 4%) is already grown at a substantially low growth temperature near 400 °C. It was shown
that the GaAs1-.Bi; material grown in this temperature (~400 °C) range possesses the degraded
luminescence properties, due to significantly high density of incorporated carbon, point defects,

and related defect complexes, as shown in Fig. 4-8, in the prior chapter.

(o ® Ga

Fig. 6-1 A schematic illustration of (311) planes of GaAs (After reference [1])
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On the other hand, the use of high index plane (311) GaAs substrate may offer a pathway for
enhancing Bi incorporation within GaAs1-.Bi,; QW active region while minimizing the growth
temperature reduction. The (311) surface exhibits (100) terraces and (111) step-edge atoms. For
(311)B plane, (100)-like Ga atoms and (111)B-like As atoms are present on the surface. As a
result, (311)B substrate has been frequently used to obtain the desired structural/optical properties
within the epitaxial layer such as an improved InAs QD areal density [2] and a higher N
incorporation within GaAsN film [3]. Inaddition, an enhanced incorporation of Bi within the bulk
GaAsi1-;Bi; film on (311)B GaAs substrate was reported in a prior study [4], while this material
was grown by solid-source MBE. Therefore, a preliminary study has been carried out for achieving

a higher Bi incorporation within GaAs1-.Bi; QW on either (001) or (311)B substrate by MOVPE

in this work.
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Fig. 6-2 (a) HR-XRD spectra of the 5-period GaAs:-.Bi/GaAs MQW grown on either (100) or
(311)B substrate, and (b) PL spectra taken at room temperature from the 5-period GaAs:-.Bi;
/GaAs MQW
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Fig. 6-2 (a) presents the HR-XRD spectra around (004) or (311) GaAs reflection taken from 5-
period GaAs:-;.Bi,/GaAs MQW grown on either (001) or (311)B GaAs substrates under the same

growth condition summarized in Table 5-1.

Table 6-1 Summary of growth parameters

Material ~ 7eSUre G owth Temp. TEGa T™MBIV VI
[Torr] [umol/min]
GaAs1Bi; 50 440 °C 122 0.036 141
TMGa and
GaAs 100 625°C i 65
AsH3 used

Assuming a GaBi zincblende lattice constant of 0.633nm [5], the GaBi mole fractions of each
sample was found by performing the XRD dynamic simulations at a point of best fit to the
experimental HR-XRD data shown in Fig. 6-2 (a). The structural details of each sample derived

from the XRD simulations are summarized in Table 2.

Table 6-2 Structure Details and GaAsi.;Bi, growth rate on a different crystallographic plane

Crvstalloarahic Structure Details from GaAsi1-zBi; PL Peak
y grap the HR-XRD dynamic Growth Rate Position
Plane ) )
simulation [nm/sec] [eV]
(001) 5X GaAS(Og’/ggBr'];")O%’ GaAs 0.089 1.265
(311)B 5X Gaﬁ%)?ﬁs%'g%/ GaAs 0.117 1.083

A higher GaBi mole fraction (z=6.4%) within this GaAs:-;Bi, film was identified as (311)B GaAs

substrate was employed, in comparison to z=2.6% grown on (001) GaAs substrate. This higher Bi
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incorporation is evidenced by the PL spectra taken at room temperature, as shown in Fig. 6-2 (b).
The sample grown on (311)B GaAs substrate exhibits the PL peak position of 1145 nm, or
equivalently 1.083eV, while that grown on (001) shows the PL peak position of 980 nm (1.265eV).
Also, an enhanced growth rate (0.089 vs. 0.117 nm/sec) of GaAsi..Bi; was observed on (311)B
GaAs substrate.

Post growth thermal annealing within the MOVPE reactor under AsHz/H, ambient was performed
for 30 min at 630°C for this 5-period GaAso.o3sBio.0s4/GaAs MQW grown on (311)B GaAs

substrate.

40000 - . - . - .
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Fig. 6-3 Photoluminescence spectra from 5-period GaAso.g3sBio.0s4/GaAs MQW grown on (311)B
before and after in situ annealing under AsHs/H> ambient at 630°C for 30 min

Shown in Fig. 6-2 are the PL spectra from 5-period GaAso.93sBio.0sa/GaAs MQW sample, grown

on (311)B GaAs substrate, before and after in situ annealing under AsHs/H> ambient at 630°C for
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30 min. 7-fold increase in the PL intensity was observed after the post-growth in situ annealing,
indicating a substantial increase in the radiative efficiency within the GaAso.936Bio.0s4a QWS.
However, the FWHM in the PL linewidth was as broad as 189 meV, which is significantly larger
than 95 meV from the GaAso.974Bioo2s QWS. This broader FWHM potentially indicates the
presence of nonhomogeneous Bi distribution [6] and/or abundant localized states [7]. Therefore,
further improvement in improving the emission linewidth is necessary.

Nevertheless, the presented preliminary study on the use of (311)B substrate holds the potential
for realizing a higher Bi concentration ( z>10%) within GaAs:.Bi, QW active region while
minimizing the reduction in the growth temperature, although further optimization processes in

the growth parameter and the post-growth thermal annealing condition are necessary.

6. 1. 2. Novel Heterostructure employing GaAs:-.Bi; QW for wavelength extension

GaAs / GaAs,_Bi,/ GaAs GaAs |/ GaAs, ,Bi,/ In,Ga, As/GaAs

Ec I €] II&EC Ec
©
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Fig. 6-4 Schematic band diagram for (a) Type-I band-to-band transition, and (b) Type-11 band-to-

band transition
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Until now, the type-1 band-to-band transition, schematically shown in Fig. 6-4 (a), has been
investigated and discussed. In type-1 heterostructure, the narrow bandgap active region is enclosed
by wide band gap materials, resulting in both electron and hole pairs to be confined within the
same narrow band gap region, and thus leading to the radiative recombination process by vertical
transition. On the other hand, type-Il heterostructure consists of two different narrow band gap
materials, which are enclosed by wide band gap materials, as represented in Fig. 6-5 (b). In this
type of heterostructure, electrons and holes are separately confined in the close proximity, which

results in the diagonal transition for the radiative recombination process.
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Fig. 6-5 The critical thickness of the compressively-strained GaAs:«Bix (Blue) and InyGai.yAs QWs
(Black) grown on GaAs and the corresponding transition energy of single quantum well (QW) at

their critical thickness by force balance model [8]. The transition energies of the InyGai.;As QWs

were calculated by 8 band kep model.
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Type-I1 based heterostructure has been successfully used for the emission of an extended emission
wavelength near telecom O-band, that is not accessible by the conventional type-1 heterostructure,
by employing InGaAs/GaAsSh system on GaAs substrate [9-11]. However, the similar lattice
constant of InAs (6.058A) and GaSb (6.095A) and the subsequent heavy biaxial compressive strain
by both InGaAs and GaAsSb QWSs, when grown on GaAs substrate, have limited the versatile
heteroepitaxial design, while requiring a careful optimization in the epitaxial growth process in
order to avoid the strain relaxation.

In chapter 4, the origin of band gap reduction in GaAs1-;Bi, has been discussed and explained
within the framework of the valance band anti-crossing model, which leads to a large valence band
offset (~55meV/%Bi) and a relatively small conduction band offset (~15meV/%Bi) at the GaAs;.-
:Biz/GaAs heterojunction [12]. Furthermore, the less degree of biaxial strain by GaAsi-.Biz, in
comparison to those of InGaAs and GaAsSb QWs at the same emission wavelength, makes it a
suitable candidate for the narrow band gap material in the type 11-heterostructure, as schematically

shown in Fig. 6-5.

GaAs | GaAsyg4Bip s/ Ing ;Gay 7As/GaAs

_I_IG_ AEc (Ing ;Gay ;As / GaAs) ~ 145meV

Ephoron — :.
v

(0] I—

AEv (GaAs g4Big o5 / GaAs) ~ 220meV

Estimated E,;,,,: E;j(GaAs) — AEc — AEv =1.06eV (1.17pym)

Fig. 6-6 Schematic band diagram for GaAs/GaAso.eBio.oe/lNo.3Gao7As/GaAs type-1l QW

heterostructure with the estimated emission energy of 1.06eV (1.17um)
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Fig. 6-6 represents the schematic band diagram for GaAs/GaAso.94Bio.0s/INo.3Gao.7As/GaAs type Il
QW heterostructure with the estimated emission wavelength of 1.17 um. The preliminary study
was also performed as shown in Fig. 6-7, on (001) GaAs substrate. In order to achieve a relatively
high GaBi mole fraction of 6%, the growth temperature was reduced to 400 °C with further reduced

V/III ratio of 0.74, as summarized in table 6-3.

Table 6-3. Summary of growth parameters

Material " eU Growth Temp. TEGa TMBIV VI
[Torr] [umol/min]

GaAso.94Bio.os 50 400 °C 186 0.055 0.74

Ino3Gao7As 100 500°C 65 TMIn/I111=0.13 123

T T T T T
= 5x GaAsBig gg/GaAs (6nm/20nm)
=== 3x Ing 3GaAs/GaAs (5nm/20nm)

=== 2x GaAsBig og/Ing 3GaAs (6nm/5nm)

o
o

Intensity (a.u.)
H
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<Q

0 .
800 900

1000 1100 1200 1300
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Fig. 6-7 Normalized photoluminescence spectra from 5-period GaAso.osBioos/GaAs MQW, 3-
period Inog3Gao7As MQW, and 2-period GaAso.0sBio.os/ INo.3Gao.7As/GaAs MQW structure
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A clear evidence of the extended wavelength (1.15 um) from the type 1l QW heterostructure (2-
period GaAso.0sBio.os/ IN0.3Gao.7As/GaAs MQW structure) was observed, in comparison to those
from the type | heterostructure, which exhibited the emission wavelength near 1.05 and 1.07 pum,
respectively. This observed emission wavelength is in good agreement with the estimated emission
wavelength (1.17um). However, a relatively broad FWHM in the PL linewidth (126meV) was
observed, which was similar to that from 5-period GaAso.0sBio.os/GaAs MQW. Therefore, a further
investigation is necessary to reduce this PL linewidth for the application to the laser diode active
region, in addition to a careful optimization in the growth parameter and the post-growth annealing
condition. Also, in order to increase the electron and hole wavefunction overlap for the enhanced
recombination probability, employing a “W-type” type-11 heterostructure [10] is a subject of the

future work.

6. 2. QD active region utilizing nanopatterns defined by BCP lithography

6. 2. 1. Alternative pathway to form QD active region

So far, we have investigated utilizing nanopatterns and subsequent selective area epitaxy to form
QD active region. However, in this process, more than one regrowth steps are inevitable for the
growth of a complete full laser structure, as schematically represented in Fig. 5-13.

In particular, the post-processing after the selective area epitaxy of the QDs can possibly affect the
luminescent properties of the selectively grown QDs, as they are exposed in the air, forming a
native oxide layer around the QDs. The formation of native oxide on the surface of IlI-V

semiconductor is known to result in a significant surface states [13], possibly leading to poorer
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quantum luminescent efficiency. In addition, residual external impurities remaining on the surface
during the SiNx removal process can also cause a substantial reduction in the minority carrier
lifetime. Furthermore, the complexity in the growth of the full laser structure can be a practical

limiting factor due to its higher fabrication cost originating from multiple regrowth steps.

(a)

GaAs (001) GaAs (001) '-w

216 nm

>

(b) (c)

Fig. 6-8 The schematic illustration of the experimental procedures for (a) the formation of the
nano-oxide dots on GaAs (001) surface by AFM tip-induced oxidation, (b) subsequent removal of
a nano-oxide dots and native oxide layer by atomic hydrogen irradiation, (c) the deposition of
InAs QDs on the nanoholes by droplet epitaxy method, and (d) the AFM image with a cross

sectional profile for the InAs QDs (after reference [15])

On the other hand, a prior study has demonstrated the formation of the ordered InAs QD array on
nanoholes defined by AFM lithography [14-15], as shown in Fig. 6-8. Similarly, dense nanoholes
on the InP surface can be possibly formed, utilizing BCP lithography and subsequent wet etching

processes, as shown in Fig. 6-9.
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10nm InP Sacrificial layer
5nm In, ;;Ga, ,,As Carrier Collecting Layer I:> I:>
250nm AlinGaAs SCH
1pm n-InP Buffer Layer: Si

n* (100) InP Substrate
(a) Base Growth

(b) PECVD SiN, (c) BCP Lithography

L

5nm Ing ;,Ga, ,,As Carrier Collecting Layer
250nm AlinGaAs SCH <:| <:|
1pm n-InP Buffer Layer: Si

n* (100) InP Substrate

(e) Etching sacrificial InP (d) Pattern Transfer

(f)B ith InP after BCP removal using RIE
ase with In

nanopatterns

Fig. 6-9 Schematic representation of the simplified procedure for the formation of InP nanoholes
defined by BCP lithography

As a preliminary study, the nanoholes on the 10nm thick InP sacrificial layer was formed with
SiNx hardmask, using an etchant of HCI:DI water (1:3 in volume ratio) for 45 sec. After forming

InP nanoholes, the remaining SiNx hardmask was removed by using buffered oxide etchant (1:6).

09999999

[']
4
S0 100 150 200 250 nm

00 i 1:Hei;h( — 2500':" (b)
(a)

Fig. 6-10 (a) Atomic Force Microscopic image of the formed nanoholes defined by BCP
lithography, and (b) the line scan showing an average etching depth of ~3 nm.
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As shown in Fig. 6-10, a dense array of nanoholes (density: ~ 8 x 101°cm~2) were obtained with
the average etching depth of ~3 nm. These nanoholes could be potentially used for the formation
of the QD active region without the need for an additional regrowth for the complete laser structure

after the SiNx removal.

InGaAsP
InGaAsP (E,~0.95eV) SCH (Eg~0.78eV)
— " inverted QD from
InGaAsP (E,~0.95eV) SCH QW ove rg rOMh
Non-selective area overgrowth at
high growth temperature forming
“inverted QDs”
250nm InGaAsP (E,~0.95eV) SCH
1pm n-InP Buffer Layer: Si
n* (100) InP Substrate
Base with InP nano hole patterns b
( ) _» InAs QDs

g

Site-controlled InAs QD by either SK-
growth mode or droplet epitaxy at low
temperature

Fig. 6-11 Schematics for the formation of QD active region on the nanoholes by (a) non-selective

QW overgrowth, and, (b) site-controlled InAs QDs by either SK-growth mode or droplet-epitaxy.

Fig. 6-11 schematically represents the possible methods for forming QDs on these InP nanoholes
without the need for the additional regrowth for the upper device structures including the upper
cladding layer and contact layer. By employing a relatively high MOVPE growth temperature near
600 °C and the subsequent self-planarization process, it will be possible to perform non-selective
QW growth, which will, in turn, eventually form “inverted” QD structure, as shown in Fig. 6-11
(a). The strain state of this overgrown quantum well can be either lattice-matched, tensile-strained,

or compressively strained, if its thickness is thinner the critical thickness.
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In addition, these nanohole patterns on InP can allows for the site-controlled InAs QDs by either
SK growth mode [16] or droplet epitaxy [14-15]. In particular, the vertical alignment of the SK
mode grown QDs within the multi-stacked QD layers has been observed in prior studies [17-18],
as shown in Fig. 6-12, which was attributed to the strain field created by the underlying QDs grown

on GaAs substrate.

[001]

iz

[1-10] [110]

L AC Rk b de T L SN e i g

R T >y 60 nm

ral

Fig. 6-12 STEM images of (a) 30-stack QD layers grown by SK growth mode on GaAs substrate
and (b) an extended image of their top portion showing the vertical alignment of the QDs (after

reference [17])

This vertical alignment of QDs can be applied to the approaches presented in Fig. 6-12 (b) in order
to achieve a higher optical modal gain from the QD active region. Therefore, the possible future
work includes implementing these QD growths scheme on the nanohole patterns, particularly on
InP substrate. In addition, in order to form a more uniform nanohole patterns by isotropic wet
etching, a modification on the nanopatterns on BCP can be achieved by adjusting PS/PMMA ratio,

and the resulting BCP pattern, as shown in Fig. 6-13, which exhibited a larger diameter (~50 nm
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vs. ~20 nm in the conventional BCP pattern) as well as a longer hole-to-hole distance (~50nm vs.
~25 nm in the conventional BCP pattern), although further optimization is necessary to improve

uniformity in the hole size and spacing.

Fig. 6-13 Alternative BCP mask for the formation of nanoholes by wet etching

6. 2. 2. Extraction of internal device parameters of the QD lasers

It has been contended that the conventional cavity length analysis, which is often used to measure
the internal parameters such as transparency current, material gain, internal quantum efficiency,
and internal optical loss, should not be applied for the QD active region lasers due to the non-
pinning of the fermi-level above the laser threshold [19]. Therefore, in order to further understand
the fundamental carrier recombination mechanism and loss process of the selectively grown QD
active region, additional measurements are needed to extract internal device parameters including
the material gain parameter and internal loss, which can be realized by employing a multi-segment

contact method (MSCM) [20]. For these measurements, a test set-up was established to measure
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amplified spontaneous emission from the single pass, multi-segment devices where each segment
is electrically isolated, as shown in Fig 6-14. An InGaP single QW laser (Aasing ~ 636 nm) material
grown on GaAs substrate was used to test and check the integrity of this established measurement

condition.

(c)

Fig. 6-14 (a) Top-view optical image of the fabricated wafer for the multi-segment contact method,
(b) packaged device on TO-can, (c) schematic diagram of the measurement set-up where the

packaged device is positioned on the TEC cooler.

The measurement of amplified spontaneous emission from the multi-segment devices offers a
pathway to measure internal optical loss itself by beer’s law, net gain spectra (subsequently internal
optical loss), material gain and the transparency current density, as shown in Fig. 6-15. In addition,
overall radiative efficiency (nr) of the QD active region can be obtained, which is important to
understand the statistical carrier recombination mechanism, involved in the spontaneous emission
process. These obtained internal parameters were in a good agreement with the obtained results by

the conventional cavity length analysis (CLA), as shown in table 6-4.
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Table 6-4. Comparison of the extracted internal device parameters by either MSCM or CLA

Multi-segment Cavity Length
measurement Analysis
Tgo (cm) 21.3 22.69
Jors (AlCm2) 212 186
a; (cm™?) 2.2 1.97
1, 0.16
5 ‘ T . " 0.4% DC Devll »
ol (em?)=~22 1 af 2|
"'_g 51 T 20 - —20
%7107 B 15 E
;GG_’ 45 i w0l %15-
5-20- n Devi :12[]71AJ-§' 5| %
s = Devi(210mA)| 5 | 210l
%-25- Dev2 (120mA)H 2 7| =
o ; gl :
2] ' Dev3(210mA)|] 0| 54 J_t!r_=212.ﬁ./t:m2 .
Dev4 (120mA ol | .
w](a) D::xiﬁzmnng. i(b) , (c) rg,=21.3cm*
550 ﬁiiﬂ G-.‘I'lﬂ o0 o2 o4 w6 o3 B0 642 644 646 48 G50 100 200 200 40 500 00
Wavelength (nm) Wavelength (nm) Total Injection Current Density [NcrrF)

Fig. 6-15 (a) The loss measurement obtained by independently pumping each segment and by
applying beer’s law (b) Net gain spectra at different pumping level, (c) Peak modal gain vs. total
injection current where the logarithmic fitting enables to obtain the transparency current density

(Jtr) and material gain (T'goy)

Therefore, the measurement of these internal parameters of the InP-based selectively grown QD

active region lasers, using this multi-segment gain measurement technique, will be a subject of the

future work.
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7. Appendix

7. 1. Device processing flow for segmented-contact device

I.  Clean sample with aceton/IPA/DI water

ii. 1%t Lithography to form a ridge (If using NH4OH or H2SO4 based wet etchant, SiNx
is used as a hard mask)

wide Ridge wide Ridge wide Ridge

; ‘ ‘ ‘
Field Field Field Field

Side view

Top-view

iii.  Wet/plasma etch with either the photoresist (PR) mask or hard mask
iv.  Removal of photoresist by aceton/IPA/DI, followed by O2 plasma ashing
v.  Deposition of SiNx as a hard mask (~100nm-thick)

vi. 2" Lithography to segmentation

|492um

Side view

N N N N
I I N B
g
3
I N N N

Top-view

vii.  Plasma etch to open the isolation area (CFs+ O2 based plasma)



viii.

Xi.

Xii.

Xiil.
XiV.

XV.
XVi.

XVii.

178

Removal of photoresist by aceton/IPA/DI, followed by O2 plasma ashing

Shallow wet or plasma etch for the segmentation, targeting the entire removal of the
contact layer and a part of cladding layer, which needs to be shallow enough not to
interfere waveguiding

Removal of SiNx as a hard mask by buffered oxide etchant (6:1)

Deposition of SiNx for electrical passivation (~200nm-thick)

3rd Lithography to open the contact window

Side view

nn n

Top-view

Plasma etch to open the contact window (CF4+ O2 based plasma)
Removal of photoresist by aceton/IPA/DI, followed by O2 plasma ashing
4™ |_ithography for front metal lift-off using a negative photoresist
Native oxide removal (HCI:DI water = 1:30 in volume ratio)

Front metal deposition by e-beam evaporation (typically Ti/Pt/Au)

Side view

Top-view
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XXI.
XXii.

XXiil.
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Lift-off (Typically by soaking the sample in 1165 for more than 3 hours followed by
a short ultrasonification with aceton, IPA, and DI water and O2 plasma ashing)
Backside lapping (until the substrate thickness of 100 ~ 150 pm)

Soaking the lapped sample in hot aceton for more than 30min, followed by O2
plasma ashing on the backside of the substrate

Backside metal deposition (typically AuGe/Ni/Au)

Rapid thermal annealing for alloyed contact formation

Device packaging

Fig. 7-1 (a) Wide ridge formation by standard photolithography by wet etching (b) Segmentation

by etching & electrical isolation by SiNx & contact window opening (c) Contact metal deposition

by metal evaporation and lift-off and (d) Device package on TO-can for independent pumping on

each segment
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7. 2. Device processing flow for lateral side contact device

I.  Clean sample with aceton/IPA/DI water

ii. 1%t Lithography to form a ridge (If using NH4OH or H2SO4 based wet etchant, SiNx
is used as a hard mask)

Ridge Ridge Ridge Ridge Ridge

+ + + +

.
+| +| +| +| +

_ S00um

Side view

+ +
+
+
+
+ +

Top-view

iii.  Wet/plasma etch with either the photoresist (PR) mask or hard mask

iv.  Removal of photoresist by aceton/IPA/DI, followed by O2 plasma ashing

v.  Deposition of SiNx as a hard mask and electrical passivation (~200nm-thick)

vi. 2" Lithography to etch through contact layer, upper cladding layer, waveguide

layer, active region, and lower cladding layer

+ F - - 7
L O_Fem'ng =+ __;.a _J'.n

Ridge
Side view
+ -+ - -
+| § ks j &= | & || Es
vii.  Plasma etch to open the lateral contact area (CF4+ O2 based plasma)

viii.  Removal of photoresist by aceton/IPA/DI, followed by O2 plasma ashing
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Wet/plasma etch with the hard mask, to etch through contact layer, upper cladding
layer, waveguide layer, active region, and lower cladding layer.

3rd Lithography for lateral metal contact lift-off using a negative photoresist

Native oxide removal (HCI:DI water = 1:30 in volume ratio)

E-beam metal deposition on the substrate side (typically AuGe/Ni/Au)

teral I

Side view act lift

+

+

+ ;
w
Lateral metal
Ridge contact

_ R mas

fo

[

=

Lift-off off (Typically by soaking the sample in 1165 for more than 3 hours followed
by a short ultrasonification with aceton, IPA, and DI water and Oz plasma ashing)
by Oz plasma ashing

4™ |_jthography for contact window opening on the top epi-layer

Plasma etch to open the top contact area (CF4+ O2 based plasma)

Removal of photoresist by aceton/IPA/DI, followed by O2 plasma ashing

5t lithography for top contact metal contact lift-off using a negative photoresist

+ - + -
L e fll 10 e = e
Metal contact on L]
/ the epi-side
idge y. PR mask
letal for 1
m metal lift-off
ositi
Side view on top contact layer
+

+ |+ +] +] *] +

E-beam metal deposition on the substrate side (typically Ti/Pt/Au)
Native oxide removal (HCI:DI water = 1:3 in volume ratio)
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xxi.  Lift-off (Typically by soaking the sample in 1165 for more than 3 hours followed by
a short ultrasonification with aceton, IPA, and DI water and O2 plasma ashing)
xxii.  Rapid thermal annealing for alloyed contact formation
xxiii.  Backside lapping (until the substrate thickness of 100 ~ 150 pm)
xxiv.  Soaking the lapped sample in hot aceton (~75°C for more than 30 min, followed by
02 plasma ashing on the backside of the substrate

xxv.  Device packaging

25um-wide ridge
l_;\

Ti/Pt/Au
P* InGaAs

p-InP

Active region

n-inP AuGe/Ni/Au
n* InGaAs

Substrate

Fig. 7-2 Schematic view of cross section and top-view SEM of fabricated and packaged device

structure
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