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Abstract

Y-junction laser diodes are promising light sources needed for trace-gas sensing systems based
on tunable diode-laser absorption spectroscopy. The merit of this laser structure is the
fabrication simplicity and the ability for realization of tunable laser devices. This PhD
dissertation presents successful development of widely tunable Y-junction laser diodes emitting
in mid-infrared regime based on the optimization of laser growth and fabrication process.

Antimonide-based mid-infrared laser structures have been grown using molecular beam epitaxy
Carrier concentration in the doped cladding layers play a key role in the electrical properties of
the laser diodes. Thus, optimization of carrier concentration is required with regards to dopant
density. Incorporation of tellurium (Te) and beryllium (Be) dopants in AlooGao.1Aso.06Sbo.os
cladding layers was investigated to enhance the electrical properties while minimizing the
defect levels for better optical properties. The dependence of carrier concentration and Hall
mobility on dopant density for both n- and p-type doped AlGaAsSb cladding layers has been
precisely determined using Hall effect and secondary ion mass spectrometry depth profile
measurements. Carrier concentration was found to have linear dependence on the dopant
density for Be-doped Aly.9Gag.1Aso.06Sbo.os for dopant density up to 2.9 x 10'° cm™, whereas it
gets saturated for Te-doped Alo.9Gao.1As0.06Sbo.os samples at 1.6 x 10'7 cm™ for dopant density
values above 8.0 x 10'® cm™. Deep level transient spectroscopy revealed the presence of deep
trap levels (most likely DX-centers) as a cause of low doping efficiency in the Te-doped
AlovsGao.1A80.06Sbo.o4 samples.

The grown laser materials were processed into Fabry-Perot (FP) and Y-junction lasers with
different configuration. Light confinement in a high loss waveguide such as the Y-junction
structure requires a well-defined ridge waveguide structure. Such structure can be obtained
from optimized photolithography processes and precise control of etching processes using in
situ reflectance monitored inductively-coupled plasma reactive ion etching. The etch depth or
the height of the ridge waveguide were precisely and repeatably controlled with an endpoint
depth precision within = 10 nm using this etching technique. As a result, significant
improvement in the performance of Y-junction lasers has been achieved as compared to
previous studies in our group.

For high performance operation of the laser diodes, low ohmic contact resistance to GaSb is
highly desirable to enhance the carrier injection and minimize the heat generation in the contact
region, thus reducing the heat inside the laser structure. Such good ohmic contact requires an
oxide-free surface of GaSb, which is in contact with the metallic layers. Prior to metallization,
several plasma-assisted techniques were applied to remove the native oxide of GaSb. The effect
of these techniques on the contact properties in comparison to the conventional chemical
methods was evaluated via the specific contact resistivity between the metallic layers and p-
type GaSb, obtained from transfer length method (TLM) and four-point probe measurements.
Very low specific contact resistivities of less than 5 x 10" Q cm? (the limit for accurate TLM

i



measurement results) were observed after pre-surface treatment by Ha/Ar sputtering etching
and low-ion-energy Ar irradiation. By eliminating sample exposure to air prior to metallization,
in situ Ar irradiation is a promisingly reliable technique for fabrication of high performance
GaSb-based semiconductor devices.

Aluminum (Al)-based metallizations to n- and p-type GaSb were demonstrated as an alternative
for gold (Au)-based contacts in laser applications. Measurement of specific contact resistivities
between metallic layers and n-/p-type GaSb showed that the Al-based contacts performed as
good as the conventional Au-based contacts. The contact property between Al and p-type GaSb
was even better after annealing. The potential reliability problem of this type of contact revealed
by reliability test when used in some devices, due to interdiffusion, can be reduced by using a
diffusion barrier. The good performance of GaSb-based straight waveguide edge emitting lasers
using Al-based contacts shows the applicability of this type of contact in GaSb-based
semiconductor devices.

Characterizations of FP laser diodes at room temperature (RT) and in continuous wave (cw)
mode showed their good output performance in term of electrical, optical and spectral
characteristics. The ridge waveguide lasers with 25 pm width and 1 mm length had maximum
output power per facet of 20 mW, threshold current density of 200 A/cm? (67 A/cm? per
quantum well), internal loss of 9.83 cm, internal quantum efficiency of 40.6 % and
characteristic temperature of 84.3 K. The laser diodes exhibited low operation voltage of 1 V
which helped to reduce the heat generation inside the laser structure. Single mode behavior
emission with full width at half maximum of ~ 0.1 nm and side mode suppression ratio (SMSR)
> 14 dB were obtained for 5 um wide (and below) straight waveguide. To improve the output
performance and long-term stability of the GaSb-based laser diodes, optical coatings on the
laser facets have been demonstrated. Different optical coatings including high reflection (HR)
coating, anti-reflection (AR) coating, and partial HR were characterized by simulation and
experimental works. At the desired wavelength of 2.33 um, the reflectivities of the HR coating,
AR coating and partial HR coating were measured to be 99 %, 7 % and 50 %, respectively. The
effect of optical coatings on the performance of the GaSb-based edge emitting laser diodes has
been examined. Significant improvement of the output performance of the laser diodes in terms
of optical power, threshold current and differential quantum efficiency has been observed after
applying one facet with HR coating and the other with AR coating.

Based on the optimization of laser growth and fabrication process, tunable Y-junction laser
diodes of different configurations have been successfully fabricated and characterized at RT in
cw mode. Y-junction structures with large bend radius and small length difference between the
two cavities have been chosen to maximize the output power and wavelength tunability while
having sufficient SMSR. Using a large bend radius of 1000 pm and a length difference of 20
pum between the two cavities, widely continuous tuning ranges up to 50 nm with the SMSR >
23 dB were achieved by adjusting the injected current ratio between different sections of the Y-
junction lasers. The promising results show the applicability of the Y-junction lasers for trace-
gas sensing applications.
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The main objective of this work was fabrication and characterization of tunable Y-junction laser
diodes for trace-gas sensing applications. The successful realization of the Y-junction laser
diodes benefited from the optimization of laser growth and fabrication process. The results of
optimization of carrier concentration in the doped cladding layers are presented in the first paper
in chapter 5. An overview of the laser fabrication and testing is depicted in chapter 3 and chapter
4. The results of process optimization for fabrication of GaSb-based laser diodes are presented
in the next three papers in chapter 5. Output performance of the tunable Y-junction lasers is
presented in the last paper of chapter 5.
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Chapter 1
INTRODUCTION

Industrial development has raised many problems for human life, amongst them hazardous gas
risks. Many toxic gases, such as phosphine, silane, ozone and chlorine are dangerous to health
in concentrations as low as 1 ppm [1]. Therefore, systems to monitor and warn of dangerous
emissions of toxic gases are required. Laser spectroscopy using laser diodes is a highly suitable
method due to its high sensitivity and specificity. Laser diodes operating in the mid-infrared
(mid-IR) wavelength region of 2 — 5 pm are desirable for laser spectroscopy since a lot of
polluting gases and combustion products have absorption lines in this regime, see Fig. 1.1, such
as NH3 (2.1 pum), HF (2.5 um), CH4 (2.35 um and 3.3 um), HCHO (3.5 pm), HCI (3.5 um),
N20 (3.9 um and 4.5 pm), SO; (4 pm), CO; (4.25 pm), and CO (2.3 pm and 4.6 um) [2]. Gas
detection, however, is not the only application that laser diodes are suitable for in this
wavelength regime. Other applications are laser surgery, fiber amplifier pumping, free space
communications and military countermeasures.
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Figure 1.1: Absorption bands of gases common in combustion control applications [3]
(©2011 SPIE)

First introduced in the mid-1960s [4], tunable diode-laser absorption spectroscopy (TDLAS) is
now the most common technique for quantitative measurement of trace gases due to its high
compactness and ability to detect accurately predefined gases even at low gas concentrations
on the order of ppbv [4]. The working principle of TDLAS relies on the absorption of gas
species of interest at one of their specific absorption wavelengths. By tuning the wavelength of
the laser source across the absorption line, the gas concentration N can be found by measuring
the attenuation of the laser beam intensity given by Beer’s law

(W) = Ip(w) e~ @IV (1.1)



where o is the laser frequency, /o is the transmitted intensity in the absence of the absorbing
gas, L is the optical path length, o(w) is the absorption coefficient and N is the concentration of
the absorbing gas in molecules per unit volume.

A working TDLAS system consists of a laser diode, a sample cell containing the gas of interest,
a detector and a setup for signal processing. Laser diodes as light sources for TDLAS need to
fulfill the following conditions: single-frequency emission with a side mode suppression ratio
(SMSR) better than 20 dB, emission power on the order of 1 mW, and room temperature (RT)
operation in continuous wave (cw) mode [5].

Among material systems that can be used for mid-IR lasers, the I1I-V semiconductors are best
suited for practical devices operating in cw mode at RT [6]. Especially, the so-called III-
arsenide-antimonides, III-AsSb, are highly suited materials to develop mid-IR lasers and other
devices such as hyper-frequency transistors, imaging IR photodetectors, IR-THz lasers, and
high frequency solar cells. The properties that make I1I-AsSb compounds unique among II1-V
semiconductors are: large variety of band alignment, very large band offsets, in particular, in
the conduction band, large bandgap range from 0.17 eV up to 2.17 eV of III-AsSb multinary
materials lattice-matched to GaSb, and high carrier mobilities.

The mid-IR III-V semiconductor laser diodes are usually classified into three categories: (1)
diode lasers with type I active region, (2) interband cascade lasers (ICL) with both type-I and
type-II (conventional type-II and type-II broken gap) active regions, and (3) intersubband
quantum cascade lasers (QCL). The working principle of these types of laser structures is
illustrated in Fig. 1.2 via their band diagrams. The performance data of the representative
devices for these three categories of mid-IR laser diodes [7-31] are presented in Fig. 1.3.

In type-I diode lasers, the electrons and holes are confined in the same material, typically using
quantum wells (QW) separated by barriers, which are usually thick enough to prevent the
coupling between the wells. First growth by Kobayashi et al. [32] in 1980, the type-I
GalnAsSb/AlGaAsSb laser diodes exhibit excellent performance in the 2 — 2.5 pm wavelength
range such as low threshold current density, typically below 100 A/cm?, cw operation up to 124
°C [33], and output power up to 1.6 W [34]. For A > 2.5 pum, the valence band offset (VBO)
becomes small and thus leading to the thermionic excitation of holes from the quantum well
into the barrier where they recombine [35], leading to a loss of lasing performance. Several
approaches have been studied to overcome this issue, such as (1) increasing the VBO by
exploiting highly compressive strained QWs [11] or using high Al-content in the barrier [6], or
(2) adding nitrogen into InGaAsSb QW to extend the wavelength while keeping the hole
confinement barrier unchanged [35]. These approaches, however, could not completely solve
the problem. In 2005, Grau et al. [36] introduced the quinternary AlGalnAsSb as the barrier
layer which opened a new path for laser structure engineering. Using the quinternary
AlGalnAsSb barrier, the type-I laser diodes have been demonstrated to operate at RT up to 3.44
pm in cw mode [17] and up to 3.73 um in pulsed mode [37]. However, the type-I
GalnAsSb/AlGa(In)AsSb material system has probably reached its limit due to the significant
Auger recombination at long wavelengths.
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Figure 1.2: Schematic band diagram of (a) type-I GalnAsSb/AlGaAsSb diode laser under flat
band condition [38] (© 2003 Académie des sciences), (b) type-I ICL under flat band condition
[39] (© 2013 AIP Publishing LLC), (c) type-II ICL with carrier probability density of presence
at equilibrium and under carrier injection [38] (© 2003 Académie des sciences), (d) single stage
of the type-II broken gap ICL structure [40] (© 2009 IOP Publishing and Deutsche
Physikalische Gesellschaft), and (e) conduction band of a typical active region of an InAs/AlSb
QCL, the solid curves represent the moduli squared of the relevant electron wave functions [6]
(© 2012 Elsevier Inc.).



At longer wavelengths, it is difficult for diode lasers to reach the threshold condition due to
lower gain. First proposed by Yang [41], ICLs using a cascade scheme with multiple active
regions connected in series employ electron recycling to enhance the optical gain. By
combining the advantages of the electron recycling of the cascade injection scheme and the
high optical gain of type-1 QWs, the results obtained by Belenky’s and Gupta’s groups [27, 29,
31] show the significant improvement of the type-I ICLs in terms of output power and
efficiency. Research on this type of laser diode is still ongoing with the expectation of achieving
high-performance laser diodes at wavelengths beyond 3 um. Meanwhile, in the ICLs with type-
II active regions, electron-hole recombination occurs due to the interband transition between
electrons localized in one layer (GalnAsSb QW) and holes localized in another layer (GaSb
barrier), as illustrated in Fig. 1.2 (c). The weak overlap of electron and hole wavefunctions in
normal type-II ICLs can be overcome by employing the type-II broken gap (“W” shape) band
alignment shown in Fig. 1.2 (d). In this type of laser diodes, the effect of Auger recombination
is strongly suppressed with the RT Auger coefficients as small as 3-5 x 1028 cm%/s for devices
emitting at wavelengths from 2.9 to 4.1 um [42]. By changing the thickness of the QWs, the
type-II broken gap ICLs can cover a wide spectral range up to 10.4 pm [43], and especially be
well-suited for the 3-4 pm wavelength regime.

In contrast to the type-I laser diodes and the ICLs, the photon emission in QCLs is achieved by
the transition of electrons between subbands in the conduction band of a multiple quantum well
(MQW) structure, which means the conduction band electron is the only charge carrier.
Undergoing multiple lasing transitions in multiple cascades of QWs, typically 30 stages in the
active region [6], each electron can create many photons thus making possible devices of very
high output power (up to 5.1W in cw mode) and high wall-plug efficiency (up to 21 % at RT
in cw mode) [18, 44]. In QCLs, the intersubband transition frees the devices from the effects of
Auger recombination, thus allowing this type of laser diodes operating at long wavelengths up
to 4.9 um at RT in cw mode [18]. Another advantage of the QCLs is that the photon emission
is not due to the material bandgap and the emitting wavelength can be adjusted by changing the
thickness of the active layers. This also allows the QCLs to be grown on well-developed
substrates such as InP and GaAs. The limitation of the QCLs is that the optical gain is quite low
due to short upper state lifetime of the electrons resulting in high threshold current density,
typically 1000 A/cm?.
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Figure 1.3: Performance data of type-I diode lasers [8-11, 15-17, 19], type-1 ICLs [27-29, 31],
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region of 2 — 5 pm: (a) output power and (b) threshold current density, measured at RT in cw
mode.



Beside the excellent works in growth of laser materials to allow operation of the devices at RT
in cw mode as mentioned above, the processing of laser materials is also important for
realization of tunable laser diodes. Single-mode behavior and wavelength tunability of laser
diodes can be obtained by utilizing special structure designs such as distributed Bragg-reflector
(DBR), distributed feedback (DFB), vertical cavity surface-emitting lasers (VCSELs) and
interferometric lasers in which case the latter three structures are the most interesting
candidates. Mode selection in DFB lasers is based on the index modulation mechanism. The
index grating is designed to reflect only a narrow band of wavelength, thus allowing single
longitudinal mode operation. DFB lasers usually exhibit single mode behavior with a SMSR of
more than 30 dB [45-47]. However, the precise periodic structure requires complicated
fabrication steps such as electron beam lithography, resulting in high cost and low yield. On the
other hand, single longitudinal mode behavior of VCSELSs is easy to obtain due to the nature of
the structure (very short cavity length and thus large longitudinal mode spacing). VCSELs also
offer numerous advantages compared to the conventional edge-emitting lasers, such as low
power consumption, high beam quality (low beam divergence, circular beam profile) and wafer-
scale fabrication. However, to achieve lasing, a complex growth procedure is required to
perfectly match the properties of the active regions to those of the cavity.

The main focus of this work is on fabricating type-I GaSb-based tunable laser diodes using Y-
junction interferometric structure. For laser diodes working in the wavelength regime of 2 — 3
pum, type-I GaSb-based laser diode is a promising candidate due to the high optical gain (low
threshold current density), the simplicity of growth design and the easy approach to cw
operation at RT. For tunable lasers, the Y-junction structure considered as “half of a Mach-
Zehnder interferometer” has been studied by Fattah and Wang [48, 49] and later developed by
Hildebrand’s [50-53] and Kuznetsov’s group [54, 55] focusing on optical communication
applications. Recently, related structures such as full Mach-Zehnder interferometer [56, 57], V-
coupled cavity [58] and modulated grating Y branch [59] have been developed for gas sensing
and optical communication applications. In our group, the Y-junction lasers have been studied
for several years [60, 61]. The merit of this approach is the fabrication simplicity and the ability
for realization of tunable laser diodes.

Our work:

Optimization of laser growth and laser processing is crucial for high-performance tunable laser
diodes. Even though the laser fabrication procedure has been studied in our group for several
years, there are still many challenges and still fabrication steps to be optimized. The main goal
of this work is optimizing the growth and processing of type-I GaSb-based laser diodes in order
to develop tunable Y-junction lasers for trace-gas sensing applications.

Carrier concentration in the doped cladding layers play a key role in the electrical properties of
the laser diodes. Thus, optimization of carrier concentration is required with regards to dopant
density. In section 5.1, the carrier concentration and Hall mobility of both n- and p-doped
AlGaAsSb cladding layers for different dopant density values have been determined using Hall
effect measurements with high accuracy.



A large part of this work has focused on the processing of the laser diodes and the results are
presented in chapter 3, chapter 4 and from section 5.2 to 5.4. To confine light in a high loss
waveguide such as the Y-junction structure (due to bend structure), a well-defined ridge
waveguide structure is needed as simulated in section 5.2. To create such structures, the optimal
waveguide profile obtained from photolithography processes and precise control of etching
processes using in situ reflectance monitored inductively-coupled plasma reactive ion etching
(ICP-RIE) has been demonstrated, see chapter 3 and section 5.2. For high performance laser
diodes, low ohmic contact resistance between metal contacts and laser materials is highly
desirable to enhance the carrier injection and minimize the heat generation in the contact region,
thus reducing the heat inside the laser structure. To obtain such good ohmic contacts, it is
essential to remove the GaSb native oxide prior to metallization. In section 5.3, different
plasma-assisted oxide removal techniques have been studied in comparison with the
conventional chemical methods. As an alternative to the conventional Au-based contact, the
metallization systems based on aluminum with good ohmic contact and high reliability have
been demonstrated for use in GaSb-based diode lasers in section 5.4. Another method to
improve the performance of the GaSb-based laser diodes is applying optical coatings on the
laser facets. In chapter 4, the reflectance spectra of different optical coatings are simulated for
material selection and reflectance optimization. The optical coatings are then deposited and
their reflectance spectra are measured and compared to the simulation results. Finally, different
optical coatings are applied on laser facets to study the effect of optical coatings on the
performance of the GaSb-based laser diodes.

Tunable Y-junction laser diodes have been successfully fabricated in this work. The
performance of the Y-junction lasers of different configurations at RT in cw mode has been
characterized in section 5.5. As the bend radius of the Y-junction structure increases, the optical
loss reduces and the tuning range increases. Using a large bend radius of 1000 um and a length
difference of 20 um between the two cavities, widely continuous tuning ranges up to 50 nm
with the SMSR > 23 dB can be achieved by adjusting the injected current ratio between different
sections of the Y-junction lasers. The promising results show the applicability of the Y-junction
lasers for trace-gas sensing applications.

The outline of this thesis is as follow: In chapter 2, the basic theories of semiconductor laser
diodes and Y-junction laser in particular are described, in addition to the mode confinement in
the laser structure in order to obtain single mode operation. In chapter 3, the fabrication of
GaSb-based laser diodes is presented from the starting point of GaSb substrate to the final
characterized devices. The use of optical reflectance coatings to improve the laser performance
is presented in chapter 4 from theory to the simulation of reflectance spectra and to the
experimental results. The results obtained from the optimization of performance of the GaSb-
based laser diodes and tunable Y-junction lasers, in particular, are presented in form of scientific
papers in chapter 5. Finally, summary and future outlook of this work are presented in chapter
6.






Chapter 2
LASER THEORY

Optical physics is the study of generation, manipulation and control of electromagnetic
radiation. The quantum of electromagnetic radiation is a photon. The emission of a photon
results from the transition of an electron from a high-energy state to a low energy state. This
transition can be random or stimulated. Random or spontaneous emission of photons shows
variation in phase and polarization state of the emitted photons. This radiation is non-coherent,
which contributes significantly to the noise characteristics of the optical devices. On the other
hand, stimulated emission induced by another photon creates a new photon sharing the same
properties as the incident initiator. This coherent radiation is the principle of LASER (Light
Amplification by the Stimulated Emission Radiation) devices.

In general, the operation of a laser device has to satisfy two criteria: gain condition and phase
condition. The first condition requires that the power gain exceeds the loss. To achieve this, the
medium must be able to amplify the light transmitted through it by the stimulated emission
process. In order to create coherent light, the rate of stimulated emission needs to far exceed
the rate of absorption and spontaneous emission, requiring that the population of electrons in
the higher energy state must be significantly larger than that of electrons in the lower energy
state. This phenomenon known as the population inversion can be achieved by the excitation
process called “pumping”. The second lasing condition requires that the phase shift of light
travelling back and forth in the resonator must be a multiple of 2z for a single round trip. In
satisfying this condition, the light creates a standing wave inside the cavity allowing the mode
to self-reproduce.

A semiconductor diode laser is a two-level system where the electron transition takes place
between the conduction band and the valence band. The excitation of electrons from the valence
band to the conduction band can be achieved by electrical or optical pumping. The later
radiative recombination of electrons in the conduction band and holes in the valence band
provides the optical gain inside the laser structure which is usually a p-i-n double-
heterostructure as shown in Fig. 2.1. The condition of population inversion is satisfied if the
inequality known as the Bernard — Duraffourg condition is fulfilled [62] :
hc

Fo— B 2hf = = >E (2.1)

where fis the frequency, 4 is the wavelength, / is Planck’s constant, c is the speed of light, E,
is the band gap of the semiconductor, and F, and F) are the quasi-Fermi levels of the conduction
and valence bands, respectively. At F, — F, = hf, the transparency condition is fulfilled,
allowing the transition from absorption to gain. It is worth noting that the separation of the
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quasi-Fermi levels, F;, — F), becomes sufficient if the p- and n-layers are heavily doped to force
the quasi-Fermi levels into the energy bands of the undoped layer, depicted in Fig. 2.1. In
fulfilling the Bernard-Duraffourg condition, the semiconductor laser diode can be considered
as a gain medium. However, the lasing operation requires certain optical feedback mechanisms
for the onset of laser oscillation.

In this chapter, the operation of the semiconductor diode lasers with the simplest laser structure,
the Fabry-Perot laser, and the tunable lasers with Y-junction structure are presented. In addition,
the laser modes and the mode confinement inside the laser structure to achieve single mode
behavior are discussed.

rrae f ]|
T Fo == -
2 -
5 R w LR
Q \ \
= - - —— .
s N —=1 | F,
T
- Lower cladding Core Upper cladding
(n-type doped) (undoped) (p-type doped)

Figure 2.1: Energy band diagram of the double-heterostructure p-i-n junction under forward-
biased regime (¢V > 0, where ¢ is the charge and ¥ is the applied voltage) [63]. The valence
band offset (4E,) and the conduction band offset (4E.) are important for the electrical
confinement in this structure.

2.1. Fabry-Perot lasers

As discussed above, optical feedback is necessary to sustain the laser oscillation. For
semiconductor laser diodes, the simplest laser structure is Fabry-Perot (FP) laser as illustrated
in Fig. 2.2, which is also the most common type of diode lasers [64]. In this section, some of
the main properties of this laser are discussed which are based on the theory presented in Buus

etal. [62]. The optical field travelling along the cavity length in the z direction can be expressed
as

E = Eyexp(if*z) 2.2)

where Ej is the time-dependent amplitude and B is the complex propagation constant given in
the form

a

ﬁ* = koneff +1i 2

2.3)

10



where ko = 21/4, nef is the effective refractive index and a is the net absorption coefficient (o >
0 for the medium where light is absorbed and o < 0 for the medium where light can be
amplified). The effective refractive index is related to the carrier density and the amount of light
in the active region. In the gain medium such as semiconductor laser materials, the net
absorption coefficient is given in the form

a=—-g= —-Tg,+ a; 2.4)

where g is the net gain coefficient, g, is the gain of the active medium, 7" is the confinement
factor and «; is the internal loss. The confinement factor /" defines how strongly the light is
confined inside the active region, which is discussed in detail in section 2.2.

CURRENT
INJECTION
UPPER CLADDING

] g
R, ACTIVE REGION R,

I
I

LOWER CLADDING
z=0 z=L

Figure 2.2: Schematic illustration of a FP semiconductor laser diode with a length L. Induced
by the injected current, photons are generated and are confined inside the active region,
travelling back and forth between two mirrors (or facets) with the reflectivity of R; and R>.

As mentioned above, the mode can self-reproduce after each round trip if the phase shift is a
multiple of 2zn. If R; and R; are the reflectivities of the laser facets and the net change in the
amplitude after each round trip is set to unity, Eq. (2.2) leads to

(RiRy)Y? exp(—2iB*L) =1 (2.5)

Equating the real and imaginary parts of Eq. (2.5), we have
(RiR)Y? exp(—al) =1 (2.6)

sin(2ngsrkol) = 0 (2.7)
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At the threshold condition where the gain equals the total losses o, (the net coefficient equals
zero), we obtain

Fga=0a,= an+ a; (2.8)

where

—11(1) 2.9
%m = 31 "\RR, (2.9)

is the mirror loss which defines how much light is escaping from the FP cavity due to the finite
facet reflection.

From Eq. (2.7) one can determine the lasing wavelengths of the longitudinal modes

2 L
= Llerrtn)z 1;51”) (2.10)
where Ay is the wavelength of the N longitudinal mode of an FP cavity (N is an integer). The
longitudinal mode spacing in the comb-mode spectrum can be obtained from Eq. (2.10).
However, it is worth noting that in semiconductor lasers the effective refractive index varies
with the wavelength due to the dispersion in the material and waveguide. Therefore, the term
“group refractive index” of the dispersive semiconductor material is introduced

Onyrr ()
Ngerf(An) = Nepr(Ay) — AN% 2.11)

Thus, the longitudinal mode spacing which is called the free spectral range (FSR) is given by

/12
My = Ay —Ayyq = —2— (2.12)
an,effL

Generally, it seems that the number of longitudinal modes becomes very large when N
increases. However, in practice, the number of longitudinal modes is limited by the material
gain spectrum as depicted in Fig. 2.3. Typically, with the mode spacing being below 1 nm, the
gain curve of several tens of nanometers width covers several tens of longitudinal modes. The
semiconductor laser diodes have, however, a unique property in that the longitudinal-mode
wavelengths and their separation vary with the external pumping level, because the refractive
index of the gain medium is dependent on the density of the charge carriers. This is the principle
of tunable laser diodes which is discussed in section 2.3.
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Figure 2.3: Lasing spectrum of a 2 mm long and 25 pum wide FP laser based on
Gao.67In0.33A50.1Sbo.9/ Alo.oGao.1 Aso.06Sbo.os active/cladding material (details of the laser
structure are discussed in chapter 3). The gain curve is nearly Gaussian in shape.

2.2. Mode confinement in laser structures

A laser mode is the electromagnetic field distribution across the laser beam which has a stable
and well-defined form. It must satisfy all the boundary conditions imposed by the laser
structure. The confinement of the laser modes in the laser structure is important to achieve high
performance laser characteristics. Semiconductor laser diodes are often desired to emit light
predominantly in a single mode, especially for gas sensing and communication applications.

In heterostructure semiconductor lasers, the optical field is usually confined by the index
guiding mechanism for which the refractive index discontinuity between layers confines modes
through the total internal reflection, as shown in Fig. 2.4. The mode confinement strength is
usually characterized by the confinement factor /" which is defined by the ratio of the mode
power in the active layer to the total mode power. The confinement factor in two-dimensional
structures can be approximated by the product of the confinement factor in the transverse
direction /'rand in the lateral direction /7

I =~ I} (2.13)
The confinement factor plays an important role for semiconductor laser diodes which accounts
for the mode energy confined within the active region being available for the photon-electron

interaction. A lower confinement factor will result in a lower rate of stimulated emission and a
lower modal gain. For high loss waveguides such as S-bend, Y- junction and Mach-Zehnder
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structures, this factor is even more critical. In this section the confinement of laser modes in
both transverse and lateral directions is discussed to aim for achieving single mode operation
of the laser devices.

n

n

Figure 2.4: Light reflection in a three layer slab waveguide [61], where d is the thickness of the
active region (dark color), n; and n; are the refractive indices of the cladding layers and the
active region, respectively (n> > n;). Total internal reflection occurs when the angle 6> of
incident light is less than the critical angle 6. where cos 6. = n;/n>.

2.2.1. Transverse laser modes

In semiconductor laser diodes, the mode confinement in the transverse direction can be easily
obtained by growth of a double-heterostructure. The thicknesses and refractive indices of the
active region and the cladding layers can be controlled to provide single transverse mode
operation. For symmetric dielectric slab waveguides, as shown in Fig. 2.4, to support only the
lowest-order fundamental mode, the thickness, d, of the active region needs to satisfy the
condition [62, 65]

A
d< E(n% —n})~2 (2.14)

The confinement factor in transverse direction can be approximated [65] by

DZ

= (2.15)

Iy

where

1
D = ko(n? —n?)zd (2.16)
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is the normalized thickness. It is found that the confinement factor for the fundamental
transverse electric (TE) mode is larger than that of the transverse magnetic (TM) mode [62, 65].
Therefore, the TE mode exhibits higher modal gain that makes it favorable in operation of
semiconductor laser diodes.

For the GalnAsSb/AlGaAsSb laser diode emitting in the range of 2 — 3 um, a typical example
for the thickness of the active region at 2.33 pm wavelength is d < 0.644 pm given by Eq. 2.14.
Here, the refractive indices of GalnAsSb and AlIGaAsSb are given by [66, 67]. For all the laser
structures grown in this project, the thickness of the active region is 366 nm, allowing
achievement of single mode behavior in the transverse direction. It is also demonstrated by
Hosoda et al. [68] that a decrease in the width of the active region from 1470 nm to 470 nm by
adjusting the thickness of the separate confinement layer (SCL) can lead to improvement of
laser characteristics in term of output power, differential gain, internal quantum efficiency, and
quantum well optical confinement factors.

2.2.2. Lateral laser modes

In contrast to transverse modes, the mode confinement in the lateral direction is more difficult
to obtain. In principle, it can be performed by creating a lateral dielectric waveguide structure,
which requires etching processes and even multiple epitaxial steps in some cases. Based on the
index guiding strength, the lateral waveguide structure is classified as index-guided (IG) (strong
index guiding) or quasi-index-guided (QIG) (weak index guiding) structure. Examples of IG
structure are buried heterostructure (BH) [69, 70] and high-index-contrast ridge-waveguide
(HICRW) [71-73]. Meanwhile, rib waveguide [74], channeled-substrate planar waveguide [75],
and ridge-waveguide (RW) devices are examples of QIG structures in which case the RW
structure is the most popular choice due to simple fabrication processing. In addition to the
index guiding mechanism, the lateral confinement of the field can also be achieved by gain-
guided (GG) mechanism. In GG devices, the optical gain changes along the lateral direction
due to non-uniform carrier diffusion that leads to the confinement of the lateral modes.
Although the fabrication of the GG devices is simple, this guiding mechanism is not of interest
because of less stable waveguiding and multimode behavior. Illustration of the IG, QIG and
GG structures and the comparison of the lateral field confinement in these structures are shown
in Fig. 2.5.
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Figure 2.5: Three types of structures for lateral mode confinement and the approximated lateral
field distribution in these structures.

In the case of the IG structure, only the lowest-order lateral mode is supported if the width of
the active region, w shown in Fig. 2.5 (a), satisfies the condition [65]

A

w ——
= 1/2 2.17)
(8neffAnL)

where 4ng is the lateral index step. The confinement factor can be approximated as

WZ
= 2.18
= 24+ W? (2-18)
where W is the normalized waveguide width given by
1
W = kow (ngff — ”gut)z (2.19)

where 1. is the refractive index of the medium outside the active region in the lateral direction.
Although the modes are well-confined in the IG structures, their fabrication process is
complicated and the devices may suffer from reliability problems. For example, the fabrication
procedure of the BH structure involves multiple epitaxial steps interrupted by etching processes
to build the active strip. Or in the case of the HICRW structure, it requires etching through the
active region which can introduce a lot of defects at the sidewalls of the active region. Creating
the active strip by multiple epitaxial steps interrupted by etching processes or etching through
the active region can also lead to the diffusion of impurities from outside regions into the active
layer during the processing [76], which can cause critical problems for the long-term operation
of the semiconductor laser diodes.
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The RW laser structure as shown in Fig. 2.5 (b) and Fig. 2.6 (a) is much easier to fabricate,
involving only one epitaxial step and one etching step. This waveguide structure can be
classified as pure GG or pure IG or part GG-part IG depending on the etching. It will be pure
GG if the etching is shallow, whereas pure IG if the etching is through the active region. The
RW structure is formed by etching the upper cladding layer (and the active layer in case of pure
IG) in region B. The waveguide sidewalls and the surfaces in region B are then covered by an
insulation layer with the refractive index of ny. The index contrast between region A and region
B to provide the lateral waveguiding can be calculated using the effective refractive index
method (ERIM) [77, 78], depicted in Fig. 2.6 (b) and (c).

For a four-layer slab waveguide such as region B in Fig. 2.6 (a), the effective refractive index
of this region, n%., is given by

s _ Bz _kini—vi
Meff = 3= & (2.20)
0 0
where [ is the propagation constant in region B, n: is the refractive index of the active region
and y can be calculated from the mode equation for the TE mode as following [78]

k2(n2 — n? k2(n2 — n2
d X yg =tan™! 0(2—21)—1+1:cm‘1 n 0(2—20)—1 + mm
% 17 2.21)
(m=0,1,2,...)

where d is the thickness of the active region, n; and ny are the refractive indices of the cladding
layer and the insulation layer, respectively, and

=5 X1oT (2.22)

r=2t "% 20,.t
= 04+02.exp( 0,.t) (2.23)
oy = [k§(ni —nd) —v§ (2.24)
o4 = Jkg(ng-ng)—yg (2.25)

where ¢ is the remaining thickness of the upper cladding layer in region B. Without etching,
region A becomes a three-layer slab waveguide whose effective refractive index, n.g, can also
be determined from these above equations by replacing no with n; in Eq. 2.21 and Eq. 2.25. Fig.
2.7 shows the dependence of the effective index contrast between region A and B (Aney= n'ey
— nP.p) on the remaining thickness ¢ of the upper cladding layer in region B for a given layer
structure and wavelength.
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Figure 2.6: (a) Ridge-waveguide laser structure with the waveguide width w, the thickness d of
the active region, and the remaining thickness # of the upper cladding layer in region B. Here,
n2, n1, and ng are the refractive indices of the active region, the cladding layers and the insulation
layer, respectively. (b) Regions A and B are represented in terms of their effective refractive
indices. (c) The lateral index profile of the ridge-waveguide structure with the effective
refractive index step Aneyto provide the lateral waveguiding [62]. (© 2005 Wiley-IEEE Press)
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Figure 2.7: The dependence of the effective refractive index contrast Aney between region A
and B on the remaining thickness ¢ of the upper cladding layer in region B, calculated by ERIM.
The ERIM simulation is applied for A = 2.33 pm, n2 = neore = 3.523, n; = neiadding = 3.25, no =
Ninsulation = 1.5, and d = 0.366 um. In this case, the RW structure becomes pure IG if the etching
is shallow (t > 0.4 um).
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The maximum waveguide width, wpay, for single lateral mode operation is given by [78]
Ao

w, = —
max anm (226)

For guiding light in a straight waveguide, the effective refractive index contrast Aney can be as
small as 0.01, as shown in Breivik’s simulation [61]. For the numerical example in Fig. 2.7,
typical value of wyq in this case is 2.3 pm. Fabricating a narrow RW structure is also essential
for reducing the number of longitudinal modes and enhancing the dominant longitudinal mode,
as shown for an example in Fig. 2.8.

The RW structure, however, still has some limitations. In the RW laser, the injected carriers
can spread to region B, see Fig. 2.6 (a), leading to incomplete carrier confinement in the active
region. This makes it impractical to accurately determine the current density values in cases of
narrow stripe ridge lasers [79]. In addition, the lateral optical confinement of the RW structures
may not be sufficient for waveguiding in high bend loss structures such as S-bend, Y-junction
and Mach-Zehnder devices.

——width 25 im, SMSR ~ 0 dB
width 5 ym, SMSR ~ 14 dB
width 2.5 zm, SMSR ~ 17dB

0.996 0.998 1 1.002 1.004 1.006
M
o

Figure 2.8: Lasing spectra of 2 mm long ridge-waveguide lasers with different ridge-waveguide
widths, where all lasers are fabricated based on Gag.e7In0.33A80.1Sbo.9/Alo.9Gao.1AS0.065b0.94
active/cladding material, emitting at Ao = 2.33 pm.
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2.3. Tunable semiconductor laser diodes

Tuning of the laser wavelength can be achieved if either the peak of the cavity gain curve or
the comb-mode spectrum or both together are spectrally shifted [62]. The shift of both factors
is related to the change in the effective refractive index of the active region (the tuning layer).
As mentioned above, the effective refractive index of the active region is dependent on the
carrier density. For semiconductor laser diodes, tuning is usually obtained by varying the
injected currents into the tuning layer. This induces a change in the refractive index leading to
change of optical length and thus the mode wavelength and FSR. The physics behind the change
in the refractive index induced by the injected currents are the free-carrier plasma effect and the
quantum confined stark effect [62]. In addition to the carrier injection, temperature is also a
control parameter for the refractive index. Therefore, one needs to account for the effect of
heating at high injected current to the change of the refractive index during tuning. Note that
the tuning time due to carrier injection is only limited by the lifetime of the carrier which is in
the ns range [62].

Although varying the current injection results in a continuous change in the effective refractive
index [80], the wavelength tuning can be either continuous or discontinuous or quasi-
continuous depending on the shift of the peak cavity gain and the comb-mode spectrum. A
continuous tuning scheme is desirable for TDLAS, in which case the wavelength is tuned
smoothly in arbitrarily small steps without mode changes. This requires the peak cavity gain
and the comb-mode spectrum adjusted simultaneously in the proper proportion [81]. That
makes this scheme less practical and limited to a small tuning range of 15 nm at 1550-nm
wavelength. On the other hand, the discontinuous tuning scheme is mainly due to the mode
hopping, which means the mode jumps from one longitudinal mode to another. The tuning,
therefore, is only limited by the tuning range of the cavity gain characteristic which can be up
to 100 nm at 1550 nm wavelength. However, this tuning scheme is less favorable because it
cannot access all wavelengths within the tuning range. An intermediate tuning behavior can
also be achieved in the quasi-continuous scheme, where small overlapping continuous tuning
regimes can be joined to achieve a large wavelength coverage.

2.3.1. Y-junction laser

The Y-junction laser is a laser structure which is considered as a folded Mach-Zehnder (MZ)
interferometer. This structure consists of two FP cavities, a relatively straight and an S-bend
cavity, sharing a common section, as shown in Fig. 2.9. The geometrical path difference AL
allows the selection of the overlapped modes (supermodes or MZ modes) between two mode-
combs of these two cavities, called the Vernier effect as illustrated in Fig. 2.10, thus enabling
the interferometric tuning behavior of the Y-junction lasers with the mode-comb of one cavity
shifting relative to the other. The MZ modes, therefore, become dominant modes and the new
FSR of the whole structure is given by [62]

/12

My= ———
Y an,effAL

(2.27)
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which introduces a modulation to the cavity gain by a factor Cr(4) [62]

Cy(A) = cos? <2n w) (2.28)

where the lengths L;and L; are illustrated in Fig. 2.9 (a).
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Figure 2.9: Schematic of Y-junction laser structure, showing (a) top view and (b) 3-D

structure with different injected currents.
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Figure 2.10: Vernier effect for mode selection in the Y-junction laser, where Af and Af” are the
longitudinal mode spacing of the short FP (Ls; + L¢) and the long FP (L; + L.) cavities,
respectively. Here, the f 1, fo and f; are the MZ modes.

Tuning of the wavelength in a Y-junction laser can be achieved by adjusting injected currents
into each section of the Y-junction, see Fig. 2.9 (b). The emitted wavelength can be tuned in
two different ways which allow the largest variety of controllable applications [52]. The first
tuning scheme is based on the variation of the MZ filter across the Fabry-Perot (FP) modes. By
varying the ratio of the injection currents into the relatively straight section (/s or I2) and the S-
bend section (/; or [3), a sawtooth-shaped tuning behavior can be observed as shown in Fig.
2.11(a) when the position of the MZ loss minimum is tuned across the allowed FP modes
(continuous tuning) until the neighboring minimum reaches the same low level (step-like
tuning). By combining with variations of the injected current into the common section (/. or /;),
a wide tuning range of up to 50 nm can be obtained [53]. This would be advantageous as it can
enable several gases to be detected by one single laser. The second tuning scheme is achieved
by changing all the injected currents simultaneously (usually equal) to shift the whole gain
curve across the MZ filter. Step-like tuning behavior can be observed, as shown in Fig. 2.11(b),
resulting from the switch of the supermode when the level of the next MZ loss minimum has
reached the value of the previous one. Together with the fabrication simplicity of the Y-junction
structure which only requires a single epi-growth step as well as conventional photolithography
and standard cleanroom processes, the tuning scheme of the Y-junction laser is advantageous
for a large variety of applications, especially for TDLAS.

The Y-junction lasers still have some limitations. To enable the tuning function of the Y-
junction laser, it requires three control currents that make it less favorable from a practical
viewpoint. Moreover, the Y junction laser has an inherent tradeoff between its tuning range and
the SMSR [54]. For a large value of 41y, the SMSR provided by the Y-junction structure may
be not sufficient to ensure single mode operation. To improve SMSR of the Y-junction laser,
one can add a grating structure similar to the DFB structure. Another solution is to use a three-
branch (Y3) junction laser [55, 82]. The Y3-junction lasers improve over the conventional Y-
junction laser by achieving simultaneously a better SMSR and a wider tuning range, up to 25
dB and 45 nm, respectively [82]. Waveguiding in the high-loss bend section of the Y-junction
is also a big issue which requires high enough lateral index contrast. According to Breivik [61],
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the index contrast should be as high as 0.04-0.05 to guide light in such waveguide structures,
especially with small bend radius.
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Figure 2.11: Tuning scheme in a Y-junction laser diode. (a) Variation of the MZ filter across
the Fabry-Perot (FP) modes exhibits a sawtooth-shaped tuning behavior. (b) Shifting the whole
gain curve across the MZ filter exhibits a step-like tuning behavior [52]. (© 1994 IEEE)

Optical loss in Y-junction lasers

The optical loss in Y-junction lasers is dominated by the loss in the bend section. Similar to for
the straight waveguide, the total optical loss a; in the bend waveguide can be calculated from
the condition of mode self-reproduction after each round trip, as shown in Eq. 2.29 [71].

exp(—2a;L) = R;R,.exp(—2a;L) .exp (—48. Apeng). Trkq1. T, (2.29)

where opena 1s the radiation bend loss coefficient (loss per radian) and 0 is the bend angle in
radians. Here we introduce two loss factors T/* and Ty2%, where T, represents the mode
mismatch transition loss between the straight and curved waveguide segments (four transitions
per round trip), and 7,.> represents the mode mismatch transition loss between two oppositely
curved waveguide segments (two transitions per round trip), as shown in Fig. 2.12. We also
assume that the internal losses in the straight and bend waveguide segments are similar.

In the case of HICRW, the radiation loss due to bending is negligible, so the optical losses due
to mismatch transition between different segments of the bend waveguide, as a function of bend
radius, become dominant. Thus, the total optical loss in the bend waveguide is

2 1 1 1
a; = (Zm‘l'ai-l'zlnm-l'zlnm (2.30)
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Figure 2.12: Sketch of an S-bend waveguide with the electric field mode shape in each
waveguide segment [83]. The amplitude of the loss factors Tin;, T2 is determined by the overlap
between the modes in different waveguide segments. Simulation results show that the overlap
between the bend and straight segment modes decreases with decreased bend radius [71].

2.3.2. Other tunable laser structures

Other interesting tunable laser structures are DFB and VCSEL. Due to the nature of the structure
(single-mode behavior and large FSR), the DFB and VCSEL lasers can be tuned continuously
without mode hopping. However, the tuning range is limited by the tuning range of the cavity
gain characteristic. For DFB lasers, the wavelength tuning is in the range of several nanometers
and is usually controlled by temperature induced by electric current with the typical tuning rate
of 0.2 - 0.3 nm/°C [3, 84, 85]. Meanwhile, the VCSEL lasers are usually tuned by electric
current with a tuning range up to 15 nm at 2.3 pm [86]. In order to extend the tuning range of
these laser structures, one can exploit external structures, e.g., a VCSEL using a top movable
DBR mirror can be tuned up to 102 nm at 1.55 um [87].
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Chapter 3
LASER FABRICATION AND CHARACTERIZATION

Fabrication of semiconductor laser diodes is a complicated process, involving the growth of
laser structures, the laser processing using cleanroom facilities and the laser characterization.
Epitaxial growth of high quality multi-layer laser structures is critical for the performance of
the laser diodes, in terms of electrical and optical properties. The growth defines the laser
structure as a diode by doping for electrical purpose as well as provides the transversal optical
confinement. The purpose of laser processing is to confine light in lateral direction, to create
the resonator cavity and to provide the electrical contacts. Finally, the laser characterization
ensures that the lasers perform as expected or/and provides feedback to the growth and
processing of the lasers. In this chapter, the fabrication of GaSb-based laser diodes is presented
from the starting point of GaSb substrate to the fully-characterized devices.

3.1. Laser growth

The growth of the laser structure requires a precise control of the growth conditions to minimize
the presence of defects and impurities inside the laser structure. Noting that defects and
impurities are the recombination centers which can significantly affect the performance of the
optical devices. In order to obtain a low-defect structure, the laser structure must be in a single
crystalline phase. That means every layer needs to be epitaxially grown on each other. The term
“epitaxial growth” refers to the deposition of a crystalline layer, called epilayer, on a crystalline
substrate, where the deposited atoms or molecules continuously build layers sharing the same
crystallographic orientation with the existing substrate. Since the laser structure is a stack of
different epilayers with abrupt interfaces, these epilayers in general need to be lattice-matched.
However, sometimes a slight lattice mismatch is used to engineer the band parameters, e.g., a
compressive-strained GalnAsSb QW is favorable to enhance the laser characteristics of GaSb-
based laser diodes. Last but not least, the laser growth should be carried out in a high vacuum
environment to minimize the incorporation of impurities.

3.1.1. Material systems

Direct band gap I1I-V semiconductors are highly suited materials in electro-optical applications.
Especially for semiconductor laser diodes, the recombination of electrons and holes without
involving phonon emission in direct band gap materials is crucial for the predominantly
radiative recombination of the electron-photon interaction. Most of the III-V compounds have
a zinc-blende (ZB) crystal structure in bulk form. This type of structure can be considered as
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two interpenetrating face-centered-cubic structures of group III and V atoms, where the group
V unit cell is translated %4 {111} relative the group III unit cell as shown in Fig. 3.1.

ay

Figure 3.1: ZB crystal structure [61] created by group III elements (black) and group V elements
(white).

The semiconductor laser diodes emitting light in the mid-IR region (2 — 5 pum) are strongly
needed for light sources of TDLAS. In this wavelength regime, the III-V semiconductor
material system (AlGaln)(AsSb) is of particular interest. The quaternary alloy GalnAsSb grown
on GaSb substrate is an important material for gain medium to emit light in the wavelength
range from 1.5 pm up to 3.73 pm [37, 88]. Meanwhile, the quaternary AlGaAsSb and
quinternary AlGalnAsSb are well suited for the barrier and cladding layers.

GalnAsSb For the quaternary Gai-xInxAsySbi.y active layer, the bandgap and lattice constant
can be adjusted by changing its composition. The lattice constant of this compound can be
matched to that of GaSb if the requirement y = 0.913x is satisfied [89]. That leads to the
bandgap of Gai.xInxAsySbi.y active layer lattice-matched to GaSb at 300 K [90] to be

E,(x,300 K) = 0.725 — 1.035 x + 0.6 x* 3.1)

In laser band engineering, the compressively strained GalnAsSb QW is favorable to
enhance the laser characteristic. The compressive strain up to 2.4 % [91, 92] induces a
separation of the light hole and heavy hole band, reducing the band-edge density of states
and increasing the effective barrier height for the quantum-confined hole states. This leads
to a reduction of the non-radiative Auger recombination, which is the dominant non-
radiative mechanism at long wavelength regime [90]. Another advantage of compressive-
strained materials is that the in-plane effective mass of the heavy hole is very small [93],
resulting in the reduction of threshold current density and the increase of the differential
gain of the active region [94].
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AlGa(In)AsSb Thanks to the large band gap and low refractive index compared to GalnAsSb,
the quaternary compound AlGaAsSb lattice-matched to GaSb is the ideal material to
provide both optical and electrical confinement in type-I GaSb-based laser diodes. The hole
confinement, however, is less sufficient when the wavelength is above 2.7 pm due to very
low VBO of the AlGaAsSb/GalnAsSb material system [38]. By adding indium and
increasing the As-content in the AlGaAsSb compound, the VBO can be increased, allowing
better confinement of holes for laser diodes emitting above 3 um [36, 95]. Besides, doping
of AlGa(In)AsSb cladding layers is crucial in order to create a region capable of injecting
carriers into the active region and reduce the resistivity of the laser structures.

3.1.2. Growth technique

Among growth techniques, molecular beam epitaxy (MBE) is versatile, advantageous and
preferable for laser growths, thanks to the low growth temperature and low growth rates at ultra-
high vacuum conditions. Because of the low temperature and deposition in vacuum, MBE
growth is carried out under non-equilibrium thermodynamic condition, allowing the growth of
complex structures with abrupt interfaces and even metastable states. Gai.xInxAsySbi.y is a
typical example since it is not miscible in its entire composition range. For alloys lattice-
matched to GaSb, the miscibility gap occurs when 0.2 <x <0.85 [96]. Using MBE, it is possible
to grow the composition of Gao 46Ino.52As0.52Sbo 4s lying in the center of the miscibility gap [33].
With the low growth rate, typically one monolayer per second, MBE is a suitable technique for
the growth of nano-structures, such as nanodots, nanowires and quantum wells. In the MBE
process, the materials are grown in ultra-high vacuum, thus, high quality structures with very
low impurity concentration can be achieved.

In this study, all laser samples were grown in a Varian Gen Il Modular MBE system, illustrated
in Fig. 3.2, at the Department of Electronic Systems at NTNU. The base pressure of 1071 Torr
allows a very long mean free path of evaporated particles towards the substrate and very low
impurity incorporation. The growth temperature is typically in the range 370 — 520 °C
depending on materials. The system has five sources (or effusion cells) of III or V elements
including Al, Ga, In (group III), and As, Sb (group V). Besides, there are three other sources
for doping purpose: Be (p-type dopant), GaTe (n-type dopant) and Si (either p- or n-type dopant
depending on materials and growth conditions). In the MBE process, the group III and dopant
source materials are heated and evaporate towards the substrate, and the flux of the evaporated
particles is controlled by the sources’ temperature. The group V source materials are contained
in valved cracker effusion cells which can combine the evaporation of tetramers (As4 or Sby)
and cracking process for producing dimeric molecules (Asz or Sbz) or even monomers (As or
Sb). Each source is associated with a mechanical shutter to interrupt the material beam towards
the substrate. To ensure high structural quality with low defect density, the laser growth should
be carried out in a group V rich flux condition with a typical V/III flux ratio of more than 1.3
[97]. Therefore, the growth rate of the I1I-V epilayers is determined by the flux of the group III
elements.
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Figure 3.2: Schematic of the MBE system used in this work [63]. Inside the MBE chamber, the
in-situ reflection high-energy electron diffraction (RHEED) is used to monitor the oxide
desorption and the surface reconstructions of the substrate, as well as to calibrate growth rates.
The beam flux monitor, which is a pressure gauge, can be rotated into the sample position to
measure the molecular beam fluxes.

3.1.3. Growth of laser structures

From the electrical point-of-view, the laser structure grown on n-type doped GaSb substrate is
a p-i-n diode where the intrinsic active region is sandwiched between n-type and p-type doped
cladding layers. The n-type doped substrate is the starting point of the laser structure, thus
requiring wafer material of very high quality. In this work, double side polished Te-doped GaSb
(001) wafers with a nominal carrier concentration of 5 x 107 ¢cm™, an etch pit density of less
than 500 cm™ and a thickness of 500 um provided by Wafer Technology Ltd. have been used
for growth of laser structures. Prior to the actual laser structure growth, a Te-doped GaSb buffer
layer is grown to improve the surface quality, followed by a Te-doped graded bandgap
transition layer to smoothen the barrier for electrons. Within the buffer layer, a Te-doped
GaSb/AlSb superlattice structure is introduced to minimize the propagation of any dislocation
defects toward the active region of the lasers. For the typical laser structure growth in this work
—sample Sb307, the active region consists of three 12 nm wide compressive-strained InGaAsSb
QWs separated by 20 nm wide AlGaAsSb barriers and sandwiched between two 145 nm wide
SCLs. The SCLs have similar composition to the barrier and act as a core for optical
waveguiding and confinement of the charge carriers since the QWs are too thin. Being
sandwiched between the doped AlGaAsSb cladding layers, the active region is nominally
undoped and therefore is weakly p-type due to the native acceptors in GaSb-based materials.
With high Al-content up to 90%, the cladding layers are designed for optical confinement in
the transverse direction due to lower refractive index, as depicted in Fig. 3.3, and for additional
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electronic barriers for the charge carriers due to larger bandgap. The lower cladding layer is n-
type doped with Te and the upper cladding layer is p-type doped with Be. The dopant
concentration in the cladding layers should be sufficient to achieve good electrical conductivity
while minimizing the defect levels as investigated in section 5.1. Towards the waveguide layer
it is advantageous to lower the doping concentration to reduce losses due to the free carrier
absorption [63, 96]. The topmost layer of the laser structure is a heavily doped GaSb cap layer
with a doping concentration of up to 2 x 10'® cm™, protecting the laser structure from air and
providing the low specific contact resistivity with the metal contacts. Between the upper
cladding and the cap layer, Be-doped graded bandgap transition layer is introduced to smoothen
the barrier for holes. Details of bandgap profile and layer information of the nominal laser
structures of sample Sb307 are given in Fig. 3.4 and Tab. 3.1. More information about the laser
growth process can be found in Patra’s [63] and Selvig’s works [97].
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Figure 3.3: Refractive index profile (solid line) of the AlGaAsSb/GalnAsSb based laser
structure (sample Sb307) for lasing at 2.33 pm wavelength [63]. Here, the effect of graded
doping in cladding layers on the refractive index profile has been neglected. The active region
has a thickness of 366 nm and an effective refractive index of 3.523 calculated by ERIM. These
parameters are used in all simulations in chapter 2. The dashed line shows the normalized
electric field profile E, of the fundamental TE mode confined in 1-D slab waveguide. This
simulation was performed using the 1-D mode solver for dielectric multilayer slab waveguides
[98].
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Figure 3.4: Bandgap profile of the laser structure Sb307 emitting at 2.33 um wavelength.

Note that the band bending due to doping is not shown in this figure.

Table 3.1. Layer information for the nominal laser structure of sample Sb307 emitting at 2.33
pm.

Layer Material composition Thickness Type of doping / Growth
(nm) Carrier concentration temp. (°C)
(cm?)

Substrate GaSb 50x10°  n-type/5.0 x 107 -

Buffer GaSb 130 n-type / 5.0 x 107 520

30xsuperlattice  AlSb/GaSb 0.1/0.3 n-type / 4.1 x 107 520

Buffer GaSb 250 n-type / 5.0 x 10" 520

Grading AlGaAsSb/GaSb 42 n-type / 5.0 x 107 520
— 1.6 x 107

Lower cladding  Alg9Gao.1As0.06Sbo.o4 2.0x10°  n-type/ 1.6 x 10" 520
— 1.0 x 1077

SCL Alo35Ga0.65A80.0255b0.975 145 Intrinsic 430

MQW x 3 Gag 67In0.33A80.1Sbo.9 12 Intrinsic 430

Barrier x 2 Alo35Ga0.65A80.0255b0.975 20 Intrinsic 430

SCL Alo.35Gao.65A80.0255b0.975 145 Intrinsic 430

Upper cladding  AlosGao.1As0.06Sbo.o4 2.0x10°  p-type/2.0 x 10V 370
— 5.0x10"

Grading AlGaAsSb/GaSb 42 p-type /5.0 x 10'® 370
— 5.0x 10"

Cap GaSb 100 p-type /2.0 x 10" 370
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3.1.4. Characterization of laser growth

X-ray diffraction

X-ray diffraction (XRD) is a versatile ex sifu method for identification and characterization of
crystalline materials. For laser structures, important conditions such as lattice matching and
strain can be determined by XRD. The XRD technique is based on the diffraction effects that
occurs when the wavelength of the impinging X-ray is on the length scale of the crystal lattice
constant. Accordingly, the constructive and destructive interference should be observable when
exposing the crystal structure to X-rays. The diffraction of X-rays by crystal planes is described
by Bragg’s law

2dsinf = 1 (3.2)

where /A is the wavelength of the X-rays, 0 is the angle between the X-ray beam and the crystal
plane, and d is the distance between two adjacent planes specified by Miller indices Akl of the
appropriate lattice planes given by Eq. 3.3.

1

dpyy = ——
Rk (2 (3.3)
J‘*‘*‘

where ax, a, are the in-plane lattice constants corresponding to the Miller indices /4, k£ while a:
is the out-of-plane lattice constant corresponding to the Miller index /. For a strained ZB layer,
ax and a: are related to the bulk lattice constant ay by the following relation [99]

a, + Cll a,

ag =

(3.4)

where C;2 and Cy; are the elastic constants of the epilayer material. By measuring the Bragg
diffraction angle 6 for different sets of planes in the crystal, the lattice constants a, and a. can
be obtained, which also leads to determination of in-plane strain. The Bragg diffraction angle 8
can be found by Bond’s [100] and Fatemi’s method [101] which are described in detail by
Breivik [61]. XRD characterization of all laser material growth in this work is carried out by a
Bruker AXS D8 Discover X-ray diffractometer with X-ray wavelength of 1.5406 A and
maximum operational temperature up to 900 °C.

Fourier Transform PhotoLuminescence (FT-PL)

FT-PL is a common technique to measure the optical properties of the grown materials, such as
the bandgap and optical quality. In this technique, electrons are excited from the valence band
to the conduction band by optical pumping, typically using a laser source with photon energies
hv > E,. In this work, a 980 nm laser operating up to 500 mW is used for this purpose. The
photoexcited electrons live some time before making a transition back to the valence band to
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recombine with a hole. In a direct bandgap semiconductor of high crystal quality, the electron-
hole recombination is predominantly radiative which results in luminescence. To obtain the PL
spectrum, the emitted photons are directed to a Fourier transform spectrometer. For all PL
measurements in this work, a Nicolet 8700 Fourier transform infrared (FTIR) spectrometer
from Thermo Scientific equipped with an InSb detector having a detection range of 1 — 5 um is
used.

The energy of the emitted photon is close to the value of Ej, irrespective of the incident photon
energy. The wavelength of the emitted light obtained from the PL spectrum, therefore, provides
important information about the bandgap of the grown materials or the confinement energy of
the quantum wells. This is crucial for designing lasers for gas detection, where the emitted
wavelength must match the absorption line of the gas to be measured. Photoluminescence is
also used to detect the presence of impurities and crystal defects in the semiconductor
structures, thus providing information about the quality of the grown structures. A high-
intensity peak with small full width at half maximum (FWHM) in the PL spectrum indicates a
low impurity concentration and high crystal perfection of the grown laser materials [102]. Fig.
3.5 shows the PL spectra of some high quality grown laser samples as compared to a reference
sample. The reference sample is a sample with good quality structure grown for comparison of
other epi-grown samples.
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Figure 3.5: PL spectra of some high-quality laser materials — samples Sb176 and Sb188 (see
detailed growth structure in Appendix B) — in comparison to that of a reference sample. For
example, the PL peak of sample Sb188 at 2.25 pm wavelength has twice the intensity and a
FWHM of 93.3 nm compared to the PL peak at 2.33 pm wavelength of the reference sample
which has a FWHM of 133.3 nm, indicating a very high quality grown laser material of sample
Sb188.
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Hall measurement

Hall effect measurement is a popular method to determine the carrier concentration and carrier
mobility in semiconductors. This technique plays a key role to characterize the dopant
incorporation in the cladding layers as presented in section 5.1. For a Hall effect measurement,
the doped layer of the semiconductor being analyzed must be grown on a semi-insulating
substrate and be processed into a Hall bar structure as shown in Fig. 3.6. Under the effect of an
external magnetic field B:, a current flow with a current density of J; induced by an electric
field E. will be subjected to the action of a Lorentz force F. The Lorentz force is a combination
of two separate forces: an electric force and a magnetic force. The magnetic force exerted by
the magnetic field B: on moving charge carriers in the x-direction will drift these charge carriers
in the y-direction, inducing an electric field £, known as Hall electric field, across the Hall bar.
The resulting Lorentz force is therefore [103]

F=q(E+ vxB) 3.5)

where ¢ is the elementary charge (¢ equals to -e for electron and +e for hole), E is the Hall
electric field, v is the velocity of the charge carriers and B is the magnetic field. In the y-
direction, the force is

F, = q(Ey — cB,) (3.6)

For electrons, the speed v, and the electric field Ey are in opposite directions whereas for holes
vy is in the same direction as E\. In the steady-state condition, the electric field £, equals to v,B:
and can be determined by measuring the voltage V), across the Hall bar

|4

el (3.7)
w

E, =vB, =
where w is the width of the bar. The sign of V), can be used to determine the doping type of the
doped semiconductor, positive sign for p-type and negative sign for n-type. In the case of the

p-type semiconductor, the current density is Jx = viep where p is the hole carrier concentration
[103]. Thus,

_JBw
eV,

(3.8)

If the resistance R along the Hall bar is measured, the sample conductivity o can be calculated

L

=— 3.9
g Rwt (39

where L is the length of the Hall bar and ¢ is the thickness of the doped layer. Since the
conductivity is o= eup for p-type semiconductors, where 4, is the hole mobility [103], we get

L
" epRwt

Un (3.10)
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By using a known current density Jx and a known magnetic field B, the carrier concentration
and the carrier mobility of the doped semiconductors can be determined precisely. All the Hall
effect measurements in this work were performed by a Lakeshore 7504 Hall effect transport
measurement system with a varying magnetic field from 0 to 0.5 T in both directions.

Figure 3.6: Illustration of the 1-2-2-1 Hall bar structure with the length of L and the width of w.
The doped semiconductor (blue) has a thickness of # grown on top of an insulating substrate
(grey). The yellow pads are the metal contacts for electrical measurement purpose.

3.2. Processing of laser devices

To obtain the final laser devices, the grown laser materials need to be processed to fulfill the
requirements of the laser diodes. This work is a multi-step procedure, as depicted in Fig. 3.7,
using various instruments at the NTNU Nanolab cleanroom facilities. The recipe was first
developed by Breivik [61] and later optimized during my PhD time, see Appendix C. The
optimization of the processing steps is a large part of this thesis, and the results are presented
in sections 5.2 to 5.4 and chapter 4.
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Figure 3.7: Illustration of a ridge-waveguide laser diode fabricated by multiple-step process.
3.2.1. Waveguide formation

As discuss in Chapter 2, a ridge waveguide structure can improve the beam quality of the
semiconductor lasers. The formation of the ridge waveguide is based on the waveguide
patterning and the etching process. With a critical dimension of the waveguide width in the
range of few microns, the conventional ultraviolet (UV) lithography is sufficient to pattern the
waveguide structure. A vertical profile of the waveguide is preferable for electrical and optical
confinement. Thus, the profile of the patterned photoresist is also required to be vertical. In this
study, different positive photoresists were characterized to achieve optimal parameters (e.g.,
thickness, exposure dose ...) for a steep profile of photoresist. Besides, the use of edge bead
removal (EBR) technique is important in the photolithography process to minimize the gap
between mask and sample in order to improve the resolution as well as the resist profile [61].
The optimal profile of the ridge waveguide is about 85°, achieved by using the photoresist AZ
5214E, as shown in Fig. 3.10.

The etching of the waveguide structure can be done by wet etching or dry etching methods. The
anisotropic property of the dry etching makes it preferable for laser waveguide etching to create
the vertical-profile waveguide with a smooth etched surface. The dry etching of III-V
semiconductors is mostly based on the chlorine-based gas chemistry [104]. For GaSb and its
related compounds (e.g., AlGaAsSb and InGaAsSb), typical reactive gases used for the etching
process are BCls, Clp, SiCls, CCly, and CCLF; [105-108] where Cl, SiCly and CCly result in
high etch rates while BCl3 provides a smooth etched surface. Other gases are also added to
enhance the physical etching (e.g., Ar) or to preserve good morphology of the etched surface
(e.g., H2) [105] or to increase the reactive ion concentration (e.g., N2) [109]. In the reactive ion
etching (RIE) process, the chlorine-based etchant radicals and ions are formed by electron
collisions with the gas molecules in an oscillating electric field between a top electrode and the
sample. The reactive radicals are absorbed by the surface of the sample and chemically react to
create volatile products. Spontaneously, the ionized gases are accelerated by the electric field
and bombard onto the sample surface, resulting in physical, anisotropic etching. The rate of
chemical and physical etch can be controlled separately by using an oscillating magnetic field
to ionize the gases without accelerating them towards the sample. This is referred to as ICP-
RIE.
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In this study, all lasers were etched following the etching recipe developed by Oxford
Instruments using BCl3/Ar gas chemistry in an Oxford Instrument Plasmalab System 100 ICP-
RIE [110]. It is important to control the etch depth, which is the main focus of section 5.2. The
ridge-waveguide etch depth plays a key role in the laser’s characteristics, namely the optical
confinement and surface recombination of injected carriers [111, 112]. By forming the ridge
structure and isolating the ridge sidewall with a low index material, a large index contrast is
created to well-confine light inside the waveguides. This is very critical for reducing high bend
losses in waveguide structures such as S-bend, Y-branch and Mach-Zehnder interferometer. In
section 5.2, our simulation outcome shows the effect of increased confinement in the waveguide
when the etch depth is well-defined. To achieve the optimal optical and electrical confinement
for the mid-infrared laser performance, it is desirable to stop etching at the interface between
the upper cladding layer and the SCL layer. Using in situ reflectance monitoring with a 675
nm-wavelength laser, it was possible to determine the etch stop with high accuracy [113]. It
was shown that, based on the simulations of laser reflectance from a reference sample, the
etching process can be controlled to provide an endpoint depth precision within = 10 nm.

3.2.2. Waveguide isolation

Due to the reactive nature of AlGaAsSb [114-116], as depicted in Fig. 3.8, the waveguide
sidewall needs to be protected from oxidation in air. This procedure is critical for the long-term
stability of the GaSb-based laser devices. The isolation material must also be insulating, such
as ceramic or polymer. In this work, SiO> and photoresist ma-N440 were investigated for the
isolation of the ridge waveguide sidewalls.

For the waveguide isolation using SiO2, a 200 nm thick SiO; layer was deposited on the as-
etched sample by the plasma-enhanced chemical vapor deposition (PECVD) technique. The
sample then underwent an annealing process for metallization in the subsequent step of the laser
processing. However, due to the stress caused by thermal expansion coefficient mismatch
between SiO; and GaSb-based compounds [117, 118] after annealing, the SiO> layer was
separated from the cladding layer as shown in Fig. 3.9. Therefore, it was concluded that SiO»
is not applicable as an isolation material for the laser processing.
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Figure 3.8: Ridge waveguide structure of AlGaAsSb/InGaAsSb laser diode (a) as-etched and
(b) after 3 days in air.

On the other hand, the post-hardening photoresist ma-N440 provides a good chemical and
mechanical protection for the ridge structure. The photoresist was first spin-coated on the as-
etched sample and followed by hardening step at high temperature. It is worth noting that the
photoresist needs to be completely cross-linked [119] to prevent the formation of voids due to
the shrinkage in the subsequent steps as shown in Fig. 3.10 (a). It is desirable that the thickness
of the isolation layer is the same as the height of the waveguide. This provides a planar platform
for the metallization of the top contact. Using photoresist as the isolation material is
advantageous since it can be etched until exposing the surface of the ridge. The resist was etched
by O2/CF4 gas chemistry in the ICP-RIE chamber, where the CF4 gas was added to improve the
smoothness of the resist surface after etching [61, 120]. This part of the process in this work
does not require a mask, but needs to be well-controlled. The surface of the ridge must be clean
of'the resist for contacting purpose and the height difference between the ridge’s and the resist’s
surface should be small to avoid the break of the metallization layer shown in Fig. 3.10 (b).
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Figure 3.9: After annealing, the SiO; layer was partly separated from the cladding layer due to
the mismatch of their thermal expansion coefficients.
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Figure 3.10: Problems with regards to the usage of photoresist ma-N440 for isolation of
waveguide sidewall. (a) Void formation due to incomplete hardening of photoresist. (b) Break
of the metal contact due to over-etching of photoresist.

3.2.3. Metallization and annealing

Metal contacts to the laser diode are required for the external power connections. To enhance
the current injection and to minimize the heat generation in the laser structures, it is important
to create good ohmic contacts to the laser diode. Prior to the metallization, the removal of the
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GaSb native oxide layer is essential to obtain such good contact property. In section 5.3, the
effect of several plasma-assisted oxide removal techniques prior to metallization of p-type GaSb
was investigated in comparison to the conventional chemical methods. The specific contact
resistivities obtained from transfer length method (TLM) measurements show a significant
improvement of the contact properties after surface pre-treatment by Ho/Ar sputter etching or
by in situ low-ion-energy Argon irradiation. It is noted that, by eliminating sample exposure to
air, in situ Ar irradiation becomes a promising technique for high performance GaSb-based
semiconductor diode lasers.

The contact separation in between neighboring lasers or in between the laser sections (in the
case of Y-junction lasers) can be achieved by the photolithography and lift-off process. In the
lift-off process, the negative profile (sidewall angle is greater than 90°) of the photoresist, as
shown in Fig. 3.11, is necessarily required to support the removal of the unwanted parts of the
metal layers. An image reversal resist, such as AZ 5214E is best suited for this work, since it
can be used as a positive photoresist for EBR and as a negative resist for creating the negative
profile. The deposition of metals onto the sample surface is usually performed by evaporation
or sputtering. The advantages of the evaporation over the sputtering are high deposition rate
and less surface damages from impinging atoms. In this work, the metallization is performed
by electron beam evaporation in a combined sputtering and e-beam evaporation system (AJA
ATC-2200V) at a starting pressure of 10”7 Torr. To improve the contact properties, the samples
after lift-off process undergo a rapid thermal anneal at 290 °C for 45 s. The role of the annealing
procedure is presented in the paper in section 5.4. In this paper, different metallization systems
used for contact to p-type and n-type doped GaSb have been investigated. The electrical
properties of the contacts were characterized via the measurement of the specific contact
resistivity, the laser performance and the laser reliability. We also demonstrated that the
aluminum-based contacts perform as good as the conventional gold-based contacts.

AZ 5214E

Substrate

Figure 3.11: Negative profile of photoresist AZ 5214E for lift-off process.
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3.2.4. Thinning and cleaving

A thick substrate is preferable in the fabrication process for handling, i.e., spin coating and
etching. However, a typical thickness of 500 pm of the GaSb substrate will result in high
electrical and thermal resistance of the laser diodes. Therefore, all laser samples need to be
thinned to the target thickness of 100-150 pm before applying the backside metallization. This
is an important procedure for mid-infrared semiconductor lasers where the heating is a big issue
due to Auger recombination. Papis-Polakowska et al. [121] have investigated the chemical
mechanical polishing process of GaSb to achieve good surface morphology. In this work, to
avoid the use of chemicals, only mechanical polishing using grinding sand papers was used to
thin laser samples. Poor surface morphology of the backside of the laser samples is often
obtained, however, it does not affect the laser performance. It is worth noting that a GaSb
substrate is much more brittle than a Si substrate. Thus, the normal thinning procedure of Si
cannot be applied for GaSb.

A thin sample also supports the laser cleaving where a small cleaving force can be uniformly
applied to achieve perfect laser facets. This is important to define the mirrors of the laser
devices. The cleavage behavior of the III-V semiconductors depends on the ionic contribution
to the bonding [122]. The ZB crystals break along the nonpolar (110) plane which consists of
equal number of group III and group V atoms. For this reason, all laser waveguides from the
(001)-oriented laser samples need to be perpendicularly or parallel aligned to the (110) plane.
After thinning and backside metallization followed by the annealing step, the laser samples are
cleaved into their proper lengths, depending on the measurement purpose. For example,
different lengths of the laser devices are used for measurement of internal quantum efficiency,
internal loss and transparent threshold current density. The cleaving process is usually
performed in two stages. The samples are first scratched with a sharp diamond tip at the cleaving
mark position, which induces structural defects on the samples’ surface. Secondly, by applying
a load to the samples, the crack propagation is initiated, starting from the scratched position and
generates an atomically sharp crack [123]. To reduce the stress applied on the ridge waveguide
during the cleaving process, support structures are introduced as shown in Fig. 3.12. The as-
cleaved laser devices are now ready for being measured or being facet-coated by the optical
coatings to improve output performance which is the main topic of chapter 4.

Figure 3.12: Ridge waveguides and support structures exposed after etching back the isolation
material (section 3.2.2). The support structures are believed to reduce the stress applied on the
ridge waveguide structure during the cleaving process, and thus reducing damages on the laser
facets.
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3.2.5. Contacting

For the measurements of laser devices, the connections between external current sources and
laser contacts are required, see Fig. 3.13. In most of the cases, the lasers are mounted episide-
up on copper heat sinks (or copper plate). The episide-down mounting is used to enhance the
heat dissipation of the laser, especially for quantum cascade lasers and very high power lasers
[124]. However, it is only applicable for a single laser, whereas the episide-up mounting can be
applied for many lasers on the same bar. The mounting of laser diodes on copper heat sinks is
usually obtained by silver glue or indium-soldering. In this procedure, the laser devices are
stuck to the adhesive in the liquid form. The adhesive is then solidified and provide a good
electrical and thermal connection. To control the operating temperature of the lasers, the copper
plate can be actively cooled using a thermoelectric cooler (TEC), or Peltier element. In this
work, the copper plate was mounted on the TEC and was secured by screws. A thermocouple
was attached on the copper plate to measure the temperature and send the feedback to the
temperature controller to control the TEC.

For the connection of the top laser contact, the two most common techniques used in this work
are probing and wire-bonding. Probing is a technique where a thin metal probe lands on the
metal pad of the device by x-y-z manipulators. It is quick and easy to attach and detach the
probe to/from the laser diodes, allowing the measurement of many laser diodes in a short time.
Wire-bonding technique, on the other hand, provides a permanent contact to the laser diodes by
fusing a metal wire to the contact metal using ultrasonic vibrations at relative high temperature
— above 100 °C. This technique can be applicable for very small contact area, e.g., the TLM
pattern in section 5.3, and is applied when the laser measurements require stable contacts for
long time measurements such as the reliability test. It is worth noting that the bonding force
needs to be small to reduce damages to the underneath laser structure. We observed non-lasing
behavior of the lasers when the bonding force exceeded 80 g. One of the main drawbacks of
using the photoresist ma-N440 as the isolation material is poor adhesion to the top metal contact
pads. Thus, the top metal contact pads can be peeled off during the wire-bonding process. One
solution is adding a thin layer of SiO> between the isolation material and the metal contact pads
to improve the adhesion.

3.3. Testing of laser devices

Last but not least, the measurements of the laser output characteristics are crucial to provide
feedback to the growth and processing of the laser diodes. There are four main measurements
conducted in this work which are able to extract all of important characteristics of the as-
fabricated laser diodes. The experimental setup for those measurements is displayed in Fig.
3.13. In this section, some typical experimental results are presented for the overview of the
laser characteristics.
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Figure 3.13: Experimental setup for the measurements of laser output characteristics. The
injected current from the current driver was set manually or was automatically controlled by a
National Instruments NI-9263 voltage source (NI-9263 DAC). For [-V measurement, a
multimeter was used to measure the voltage between anode (laser top contacts) and cathode
(copper plate). The emitting light from the laser device was guided to the measurement devices:
(1) power meter for measuring the output power, or (2) FTIR (through a multimode optical
fiber) for spectral measurements, or (3) IR camera for near- and far-field measurements.

3.3.1. P-I measurements

The P-I (often also denoted as “L-I”) characteristic describes the relationship between the
output light power and the injected current of the laser diodes, providing information on how
effectively the injected carriers interact inside the laser structure and generate light through the
electron-hole recombination. The following parameters can be extracted from the laser P-I
diagrams, as shown in Fig. 3.14.

Maximum output power: For gas detection, the output power of the single mode laser source
is desired to be in the order of 1 mW [4]. Power above 3 mW can saturate the photodiode
used to analyze the transmitted signal in gas spectroscopy [5]. The typical output power of
the fabricated Y-junction laser in this work is 1-2 mW which satisfies the requirement of
output power of light source for TDLAS.

Threshold current density (J;;) is an important parameter of the laser diodes and is determined
by

Ith
= 3.11
]th wL ( )

where [, is the experimentally obtained threshold current, L is the laser cavity length and
w is the width of the laser waveguide. A low threshold current density value is always
desirable, indicating a high-quality laser material and a low loss fabricated waveguide. The
typical value of the threshold current density of the ridge-waveguide laser diodes fabricated
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from the laser material Sb307 in this work, as depicted in Fig. 3.14 (a), is 200 A/cm? (67
A/em? per quantum well).

External differential quantum efficiency (4) is a figure of merit which indicates the
efficiency of the laser diode in converting the injected current to photons emitted from the
device. This quantity, calculated from Eq. 3.12, tells about the radiative and non-radiative
recombination inside the laser structure as well as the loss of photons in the laser cavity
[79].

AP [ql]

— |— 3.12
2 Al L he ( )

Na =
where AP/Al is the slope of the P-I curve illustrated in Fig. 3.14 (a), P is the output power
from each mirror facet, ¢ is the elementary charge, A is the emitting wavelength, /4 is
Planck’s constant and c is the speed of light. In this work, the typical value of the external
differential quantum efficiency of a 1 mm long, 25 pm wide ridge-waveguide laser diode
emitting at 2.33 pm wavelength at room temperature is 22.6 %, as calculated from Fig.
3.14 (a) and Eq. 3.12.

Internal quantum efficiency (7;) is a parameter that measures the efficiency of the laser diode
in converting the electron-hole pairs into photons within the laser diode structure. This
quantity is independent of the geometry of the laser device and therefore is useful for
comparison among the laser diodes.

Internal loss (c;) is a parameter which corresponds to the loss of the optical wave in the laser
waveguide. This quantity is particularly of interest in this thesis to characterize the
performance of the S-bend and Y -junction lasers. The values of #; and a; can be found from
the cavity length dependence of 1/ described in Eq. 3.13 (applicable for straight
waveguide).

a;
=— |1+ —L] (3.13)
Na M In (1/R)
where L is the laser cavity length and R is the reflectivity of the laser facets. As shown in
Fig. 3.14 (b), typical values of #; and o; of the ridge-waveguide laser diodes fabricated from
the laser material Sb307 are 40.6 % and 9.83 cm™!, respectively.

Characteristic temperature (7)) is a parameter to measure the thermal sensitivity of the laser
devices. This quantity can be obtained by experimentally measuring the P-I characteristic
of a laser at different temperatures and being calculated by Eq. 3.14, as shown in Fig. 3.14
(c) and (d). A high value of Ty implies that the laser is more thermally stable. The typical
value of Ty of the fabricated lasers in this work is 84.3 K, which is comparable to what is
reported in the literature [8, 9, 11].

AT

o= Tmas T (3.14)
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Figure 3.14: P-I characteristics of 25 pm wide ridge-waveguide laser diodes fabricated from
laser sample Sb307. (a) P-I curve of a 1 mm long laser operating at 15 °C with a threshold
current density of 200 A/cm? and an external differential quantum efficiency of 22.6%. The
inset schematically shows a ridge-waveguide laser with cavity length L and waveguide width
w. (b) The cavity length dependence of the inverse external differential quantum efficiency.
The coefficients of the linear fit (straight line) to the set of data points are used to determine the
internal quantum efficiency 7; and the internal loss ;. (c) P-I curves of a 1 mm long laser
operating at different temperatures. As the temperature increases, the performance of the laser
diodes gets worse in term of output power, threshold current density and external differential
quantum efficiency, which is attributed to the Auger recombination process [65]. (d) The
variation of the threshold current density Ji with increasing temperature. The inverse of the
slope of the linear fit (straight line) to the set of data points is the characteristic temperature 7p
of the laser diodes.

3.3.2. I-V measurements

The I-V characteristic of the laser diode determines its electrical properties. The obtained total
resistance of the laser device is strongly attributed to the metal contacts, the p-i-n junction, the
doping levels, and the sample thickness. Effects of the metal contacts and doping levels to the
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laser I-V characteristics are investigated in section 5.4 and Patra’s work [63]. For high
performance laser diodes, a low voltage at the threshold current density and at operating current
density is often desired to minimize the heat generation inside the laser structure. This is
particularly important for mid-infrared semiconductor lasers operating at long wavelength. In
this work, a low voltage of below 1 V at the threshold current density could be achieved, as
depicted in Fig. 3.15, indicating high-quality grown laser structure and good metal contacts.
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Figure 3.15: P-I and I-V characteristics of 1 mm long, 25 um wide ridge-waveguide lasers
fabricated from three different grown laser materials (Sb307, Sb308 and Sb309 — see details of
grown laser structures in section 3.1.3 and in Appendix B). The laser materials Sb308 and
Sb309 with high doping profile in the cladding layers show better I-V characteristic than that
of the laser material Sb307.

3.3.3. Spectral measurements

The spectral measurements are crucial for lasers working as the light sources of TDLAS. The
particular parameters of interest are wavelength, SMSR and FWHM, which can be extracted
from the laser spectrum as shown in Fig. 3.16. To measure the laser spectrum, the laser light
was coupled into a multimode optical fiber and guided to the FTIR spectrometer.

Wavelength For gas detection and optical communication applications, the wavelength of the
laser source must be well-defined to match the assigned wavelength of the specific
application. For example, in gas detection, the laser wavelength must match one of the

45



absorption lines of the gas to be detected. In the laser spectrum, the emitted wavelength
corresponds to that of the dominating mode.

SMSR is defined as a photon density quotient of the dominating mode and the second most
intense mode, usually given in logarithmic unit dB. This quantity determines the spectral
purity of the laser source and is required as high as possible for single mode operation. For
gas detection, SMSR values exceeding 20 dB is generally desirable [5].

FWHM is also an important parameter of the spectral characteristics. Even when a
semiconductor laser diode operates in single mode behavior, the line width of the
dominating mode can be broadened due the quantum fluctuation associated with the
process of the spontaneous emission. For gas detection, the FWHM of the dominating
mode should be smaller than that of the absorption line of the gases to be detected.
Simulation results show that high accuracy gas detection can be achieved with a high
spectral resolution of 0.1 nm FWHM [125].

Gain The dependence of gain on current and wavelength can be used to predict the performance
of the laser diode below and above threshold condition. Below threshold, the gain can be
used to determine the internal losses and also gives information about the diode behavior
[126].
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Figure 3.16: Spectral characteristics of a 5 um wide straight waveguide laser diode: central
wavelength Ao =2.3961 um, FWHM ~ 0.1 nm and SMSR ~ 14 dB.

46



3.3.4. Near- and far-field measurements

The measurements of laser near- and far-field provide the information about the profile and
divergence of the laser beam.

Near-field is the spatial distribution of the emitted light near the laser facet. In general, several
transverse and lateral modes may be excited and the resulting near-field is formed by the
superposition of them. Single mode laser sources emit light in form of an elliptical spot of
which the dimensions are strongly dependent on the optical confinement in transverse and
lateral direction as mentioned in Chapter 2. Kinzer et al. [127] presents a method to image
the near-field pattern of the quantum cascade lasers, and that is applied in this work.

Far-field is the angular intensity distribution far from the laser facet where the electro-magnetic
wave-intensity pattern is essentially the same as the one observed at infinity. The far-field
pattern indicates the angular spread of the laser mode and is important for coupling between
the semiconductor laser and for example an optical fiber. In most cases, a laser source with
low numerical aperture (NA) is desired. To measure the far-field pattern, an infrared
camera was placed about 10 cm away from the laser facet.

In this work, the effects of etch depth to the beam profile and the far-field patterns were
simulated and are presented in section 5.2. A measurement of near-field pattern of a 1 mm long
FP laser is shown in Fig. 3.17. The far-field measurement, however, is difficult to achieve due
to the interference inside the camera caused by an unwanted Fabry — Perot etalon [61], as shown
in Fig. 3.18. One solution to measure accurately the far-field pattern of the laser diodes is using
the scanning goniometric radiometer measurement technique [128] which is, however, not
available at NTNU laboratories.

(@ (b)

Figure 3.17: Near-field pattern of a 1 mm long FP laser (a) as-captured by the infrared camera
and (b) after visualizing by MATLAB [61].
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Figure 3.18: Far-field pattern of a 1 mm long FP laser overlapped by the interferometric ring
pattern caused by an unwanted Fabry — Perot etalon inside the infrared camera.

3.4. Y-junction lasers — Fabrication and characterization

Fabrication and characterization of the tunable Y-junction lasers is the main goal of this thesis.
In this work, Y-junction lasers of different configuration were fabricated and characterized
following the procedure described in section 3.2, section 3.3 and in Appendix C. This section
discusses several issues in the fabrication and characterization process of the Y-junction lasers.
The output performance of Y-junction lasers in terms of emitted power, threshold current
density, SMSR and wavelength tuning range is presented in section 5.5.

3.4.1. Mask design for Y-junction lasers

As mentioned in section 2.3.1, the Y-junction lasers consist of two FB cavities, a relatively
straight and an S-bend cavity, sharing a common section. The geometrical length difference AL
between these two cavities provides the basis for the interferometric tuning mechanism of the
Y-junction lasers. In the asymmetric Y-junction structure, the bend radius r of the S-bend
section, see Fig. 2. 9 (a), determines the length difference AL between two cavities for a given
waveguide separation. The larger the bend radius, the smaller AL can be. In this work, a mask
for Y-junction lasers with different bend radii of the S-bend cavities was designed for
characterizing the characteristics of Y-junction lasers. Fig. 3.19 shows a part of this mask for
Y-junction lasers of different configuration (i.e., different bend radii, waveguide widths, cavity
lengths, and AL).
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Figure 3.19: Part of mask for Y-junction laser. The black patterns were used for Y-junction
waveguide formation, while the green patterns were used for top contact metallization. (The
overlapping between black and green patterns are shown as dark green.) Design parameters:
Cavity length L = (1.0, 1.5, 2.0, and 2.5) mm, waveguide width w = (1.5, 2.0 and 2.5) um, bend
radius 7 (um) and AL (um) (from left): 4 x (#¥300AL80, ¥300AL100, rSO0AL80, »750AL50 and
r1000AL20). Some special structures were also added to the mask: (1) support structures, (2)
alignment mark.

3.4.2. Fabrication of Y-junction lasers

As the light beam propagates inside the Y-junction waveguide structure, the Y-junction is
considered as a beam splitter, thus requires sharp corner to reduce the propagation loss. By
applying the EBR technique, a sharp Y-junction photoresist pattern can be achieved as shown
in Fig. 3.20 (a). However, the sharp corner of the Y-junction becomes rounded after the ICP-
RIE process, as illustrated in Fig. 3.20 (b). This is attributed to the substantial increase of the
overall ion current at the Y-junction due the edge-related effect of the plasma-surface
interaction [129]. The rounded edge can become a contributing factor to the optical loss of the
Y-junction waveguide.
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Figure 3.20: (a) An image taken by optical microscopy of a sharp Y-junction photoresist pattern
after the photolithography step for waveguide formation. (b) An as-etched Y-junction
waveguide with a rounded Y corner and slightly rough sidewalls.

Another factor which could contribute to the internal loss of the Y-junction waveguide structure
is the roughness of waveguide sidewalls, as shown in Fig. 3.20 (b). The sidewall roughness
results from a replication of the initial morphology of the resist mask, which is not perfectly
smooth due to light scattering during the photolithography process. According to simulation
performed by Magnus Breivik [61], the waveguide sidewall roughness can significantly affect
the propagation of light inside the Y-junction waveguide if its value is in the order of 1 um but
has little impact if its value is less than 100 nm. Based on the length scale bar in Fig. 3.20 (b),
the sidewall roughness is estimated to be in the range of 100 to 200 nm, which can slightly
affect the light propagation in the Y-junction waveguide. Note that the sidewall roughness could
not be determined precisely due to the difficult approach of Atomic Force Microscopy (AFM)
method.

After etching, the Y-junction waveguide was isolated by spin-coated photoresist followed by
thermal hardening and O2/CF4 RIE etchback to provide a planar surface for the top contact
metallization. The top metal contact is required to be well-aligned with the waveguide structure
to provide the best contact for current injection. Thanks to the use of alignment marks on the
mask, the top contact metallization was well-aligned with the Y-junction waveguides, as
illustrated in Fig. 3.21. As seen in Fig. 3.21 (b), the gap separation between contact pads were
well-defined to ensure the different current injections to different parts of the Y-junction laser
for characterizing its tuning behavior.
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Figure 3.21: Y-junction waveguide underneath top contact metal pads. (a) A top view. (b) A
close view of the Y-junction and the separation gap between three different contact pads.

3.4.3. Characterization of Y-junction lasers

Fig. 3.22 shows the measurement setup for characterizing the tuning behavior of Y-junction
lasers. Probes connected to different current drivers were placed onto metal pads to provide
different current injections to different parts of the device. Here, the probing technique was
chosen instead of the wire bonding technique in order to avoid the damage to Y-junction lasers
during the wire-bonding process. The output light emission from the common section facet was
coupled into a multimode optical fiber and was guided into an FTIR spectrometer for spectral
measurements. Note that it is important to precisely couple the output emitting light of the lasers
into the core of the optical fiber. This task can be difficult because the diameter of the core is
much smaller than that of the optical fiber. Thus, the optical fiber core was exposed to the air
by removing the outer layers of the optical fiber and was carefully placed in front of the common
section facet to obtain an efficient light coupling, as shown in Fig. 3.22. To measure the P-I
characteristics of Y-junction lasers, the optical fiber was replaced by a power meter.

To characterize the tuning behavior of Y-junction lasers, a large combination of different
injected currents (i.e., [;, I and ;) was applied. Different sets of voltages (corresponding to
different sets of injected currents) were programmed on a computer using Labview, and were
sent to the NI-9263 DAC. The output voltages of the NI-9263 DAC were used as inputs for the
current drivers to control the injected currents to the three different parts of the Y-junction
lasers. After each set of injected currents was applied, the spectral measurement was performed
by FTIR from which the emitting wavelength and the SMSR were extracted.
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Figure 3.22: The measurement setup for characterization of tuning behavior of Y-junction
lasers. This image was taken by a conventional camera through the optical microscopy by
Breivik [61].
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Chapter 4

FACET COATING FOR HIGH PERFORMANCE
LASERS

Optical coatings have been widely used for a variety of optical and electro-optical applications
in telecommunication, medicine, military and consumer products. By coating optical devices
with different thin film materials, either single layer coating or multiple-layer coating, an
interference effect can be created to enhance transmission or reflection properties of the optical
systems. In laser optics, this method plays a key role to improve the output performance and
stability of the laser devices.

According to Eq. 2.9, the mirror loss depends on the reflectivity of the laser facets. The facet
reflectivity can be modified by optical coatings for improvement of laser characteristics in terms
of output power, threshold current, differential quantum efficiency and operational reliability.
The most common types of coating in laser optics are anti-reflection (AR) coating and high-
reflection (HR) coating. The optical coatings can also protect the laser facet against catastrophic
optical mirror damage (COMD), thus enhance the long-term stability of the devices. COMD is
a dominant laser failure mechanism in high-power semiconductor lasers, occurring when the
semiconductor laser facets generate much heat due to absorption and non-radiative
recombination at high injected current. The heat will accelerate the degradation of the laser
facet that leads to COMD. The typical values for COMD threshold power per aperture width
are in the range of hundred mW/um [130], which is far beyond the maximum output power of
mid-IR semiconductor lasers [131]. Facet protection against oxidation, however, is crucial for
the long-term stability of mid-IR GaSb-based laser diodes, especially when taking account of
the reactive nature of AlGaAsSb, which is used for cladding layers and SCL, as mentioned in
chapter 3.

4.1. Theory

The reflection and transmission of light through optical coating layers rely on the principles of
interference. Light, that has passed vertically through a horizontal film and is reflected at the
lower interface, interferes with the light reflected from the surface of the layer. When their
phases match, they will combine and create larger total amplitude. This is known as constructive
interference. On the other hand, when the beams are out of phase, their combination can result
in a subtractive effect known as destructive interference, thus reducing the total amplitude as
compared to the original waves.
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The reflectance of light emitted from the laser active region through a stack of optical coating
layers deposited on the laser facet can be calculated by the matrix method [132]. Assume that
laser output emitted at the wavelength 1y with the field amplitude Eyis incident normally on the
stack of optical coating layers as shown in Fig. 4.1.

Layerj = i+1 Layer i
Refractive index n,
Thickness L,

LASER

out

E,
$=====m
rE,
——— 4

Figure 4.1: Laser light propagates through a multi-layer coating deposited on the laser facet.
Layer i has refractive index n; and thickness L;.

When propagating through a layer 7, the light suffers a propagation process within the layer and
a transition process at the interface between layer i and j where j=i+1. These events are
represented by the propagation matrix P; and the transition matrix 7j; given by

[ ,2n ]
lvi exp (lT”iLi) 0 |
Pi = | 0
1 2 |
il —iZ L 4.1
L0 e
T, = i[ 1 _lr"f] 4.2)
i 17T

where v is the loss factor, # is the layer refractive index, L is the layer thickness, and » and ¢ are
reflectance and transmission coefficients, respectively. The whole propagation process of the
laser light through the stack of optical coating layers can be summarized in the following
equation
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where 1o = niaser, nIN+1 = Nair and S is the stack matrix.

The reflectance of the optical coatings is given by [132]
Siz|?

R=rr=|—
S22

(4.4)

The basic building block for optical coating is the quarter-wavelength optical thickness
(QWOT) layer where
A
Li = 0
4n;(4o)

4.5)

where Ao is the light wavelength and n:(40) is the refractive index of layer i at the wavelength of
Ao. With QWOT, the reflectance for a single layer coating will be [132]

_ (n% B nlasernai‘r)2 (4 6)
(n% + nlasernair)z

In the case of AR coating, the reflectance vanishes to zero, yielding the refractive index of the

required material

N1 = NaserNair “4.7)

In practice, multi-layer coatings of alternating QWOT layers of two coating materials, a high
index (ny) material and a low index (n;) material, are usually used in optical coating
applications. For an N-dual-layer stack of high and low index materials, the reflectance of the
optical coating is [132]

_ (nllynair B nlaserng)z

- N Ny2
(nL Ngir + nlasernH)

(4.8)

4.2. Simulations and experiments

In this work, optical coatings were investigated for optimization of laser performance. Three
different types of coatings were chosen, including AR coating, HR coating and partial HR
coating. The coatings were firstly simulated by MATLAB for material selection and reflectance
optimization at the desired emission wavelength of 2.33 um. The required materials must be
optically suitable and be compatible with the laser processing. The latter requirement is
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regarding physical properties of materials such as being dielectric, and having low absorption,
good adhesion and high compatibility to the deposition method. The optimized coatings
selected from simulation results were deposited on glass and on GaAs substrate using electron
beam deposition, of which glass substrate is used for testing the deposition method and GaAs
has the refractive index closest to those of the laser materials [61]. Although ion beam sputtered
deposition technique is preferable for optical coatings [132, 133], the electron beam deposition
technique was chosen in this work due to a high deposition rate and limitations with the ion
beam sputtering system in the processing lab at the time. The reflectance spectra of the optical
coatings were then measured by FTIR spectroscopy to compare with simulation results. Finally,
different optical coatings were applied on laser facets to improve the laser characteristics. In
this section, the simulation and experimental results were obtained from the work of a master
student, Olav Myrvang, under my supervision [134].

4.2.1. Optical coating
4.2.1.1. AR coating

The application of AR coatings in the semiconductor industry has been widely investigated for
over 30 years. AR coatings are used in a wide variety of optoelectronic devices such as
superluminescent diodes, composite-cavity lasers, and distributed feedback lasers. By applying
an AR coating on one of the laser facets, the optical output power is enhanced significantly,
thus increasing the overall efficiency of the devices.

An AR coating consists typically of either a single layer coating or dual layer coatings. In the
case of a single layer coating, the required refractive index of the material is given by Eq. 4.7.
For mid-IR semiconductor lasers, this value typically lies between 1.7 and 2 depending on the
emission wavelength. In practice, the performance of a single layer coating is limited by the
narrow transmission band and the not-very-low reflectance.

On the other hand, the dual layer coating is more flexible in the design of the AR coating. It can
yield broad reflection bands owing to the large difference in refractive indices between two
layer materials. A very low reflectance due to maximum destructive interference can be
achieved by optimizing materials, layer thickness and number of dual layers. TiO2-SiO, one of
the most widely used dual layer coatings, was chosen in this work. One dual layer of TiO2 and
SiO; with QWOT was used for our simulation and experiments. Fig. 4.2 shows the
transmittance spectra of this dual coating on glass and on GaAs substrate in comparison to
simulation results. The experimental transmittance spectrum of the AR coating on GaAs
substrate shows the broad U shape with a reflectance of less than 7 % at the desired wavelength
of 2.33 pum. There are several reasons that lead to the difficulty in achieving very low
reflectance. The most important reason is that the refractive index of TiO; is hard to control and
does not fit with the simulation. In order to achieve the required refractive index, the TiO> thin
film needs to be annealed at high temperature [135, 136], above 300 °C, which is not compatible
with the laser fabrication process. The results, however, are acceptable in the scope of this work.
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Figure 4.2: Experimental and simulated transmittance spectra of one dual layer (TiO2-SiO2)
AR coating on glass and on GaAs substrate.

4.2.1.2. HR coating

For high performance of the semiconductor laser diode, it is desirable to maximize output power
at one of the laser facets while blocking light at the other facet by HR coating. By reducing the
mirror loss, the HR coating helps reduce the threshold current and increase the differential
quantum efficiency of the lasers. For long-wavelength semiconductor lasers, increasing mirror
reflectivity allows reduction of the cavity length, thus minimizing the heat generation in the
laser structures. It is critical to reduce Auger recombination, which is the dominant nonradiative
recombination processes that can significantly affect the performance of long-wavelength
semiconductor lasers [65]. Moreover, reducing cavity length increases the longitudinal mode
spacing and makes it easier to achieve single mode Fabry-Perot lasers.

HR coating is relatively easy to design. It consists of a stack of alternating high (H) and low (L)
refractive index materials with QWOT. The number of dual layers (N) of high and low
refractive index materials required to achieve high reflectance depends on the difference in their
refractive indices. The design therefore is substrate / (L/ H) ~ N / air. In this work, a stack of 6
dual layers (L/H) of SiO2-Ge was fabricated and characterized for the HR coating, of which
SiO; is the low refractive index material and Ge is the high refractive index material. The
experimental and simulated transmittance spectra of such a stack on both glass and GaAs
substrate are depicted in Fig. 4.3. The experimental and simulated spectra are similar. The
experimental reflectance of the HR coating on GaAs substrate at the desired wavelength of 2.33
pum is 99%, satisfying the goal of this work.
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Figure 4.3: Experimental and simulated transmittance spectra of six dual layer (SiO>-Ge) HR
coating on glass and on GaAs substrate.

4.2.1.3. Partial HR coating

There are several applications requiring a controlled level of facet reflectivity, usually to
optimize the resonance in the laser cavity. One example is partial HR coating which usually is
used in beam-splitter applications [137]. The required reflectance for such coatings is 50 %. In
this work, a single QWOT dual layer of SiO, and Ge was fabricated and characterized for the
partial HR coating. Fig. 4.4 shows the transmittance spectra of this partial HR coating on glass
and on GaAs substrate in comparison to simulation results. The experimental results show a
fairly good agreement with those of simulation works in terms of the shape of the curvature,
however, having a difference of up to 15% reflectance between the results in the wavelength
range of 1500 — 3000 nm. This reflects the fact that it is hard to control the reflectance of the
dual layer partial HR coating, which requires a proper thickness combination of each individual
layer [138]. As seen in Fig. 4.4, the experimentally determined reflectance at the desired
wavelength of 2.33 pm of the partial HR coating on glass and on GaAs substrate is 50 £ 5 %.
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Figure 4.4: Experimental and simulated transmittance spectra of one dual layer (SiO2-Ge)
partial HR coating on glass and on GaAs substrate.

4.2.2. Optical coating on laser facets

4.2.2.1. Experiments

Ridge-waveguide lasers with 25 pm wide strips were processed using laser material sample
Sb159, emitting at 2.23 um, following the procedure described in chapter 3. The sample Sb159
(see Appendix B for the detailed growth structure) was chosen to test the optical coating on
laser facets, since the experimental results for the GaAs substrate at 2.23 and 2.33 pm were
similar, as shown in Fig. 4.2 — 4.4. The thicknesses of the optical coatings for the laser material
Sb159 were adjusted to match the 2.23 pm emission wavelength.

The final lasers were cleaved into 1.5 mm long laser bars. For optical coating on laser facets,
the laser bars were sandwiched between two pieces of Si using photoresist as the adhesive as
follows: Si/ Photoresist / Laser / Photoresist / Si. This was to protect the top and bottom contacts
from deposition of dielectric materials. This stack was mounted on a special holder made for
the e-beam evaporation process. No treatment was applied to remove the oxide on the laser
facet. Three different lasers with different facet coatings, as summarized in Tab. 4.1, were
fabricated to investigate the effect of optical coating on the laser performance in comparison
with the uncoated reference laser sample. The lasers were mounted episide-up on copper heat
sinks and characterized in continuous wave operation at 15 °C.
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Table 4.1: Lasers with four different facet coating combinations.

Laser Facet 1 Facet 2

1 (Reference)  Uncoated Uncoated

2 HR coating  Uncoated

3 HR coating AR coating

4 HR coating  Partial HR coating

4.2.2.2. Laser characterizations

To characterize the effect of different facet coatings on the laser performance, P-I measurements
were performed on five lasers of each facet coating combination of the fabricated lasers. The
results, including mean value and standard deviation, are summarized in Tab. 4.2. Fig. 4.5
shows the P-I curves for representative lasers of each facet coating combination.

Table 4.2: P-I characteristics (mean value * one standard deviation) of the fabricated lasers with
different facet coatings.

Laser Estimated mirror Threshold Max output External differential
loss (cm™) current (mA) power (mW)  quantum efficiency na (%)

1 8.03 112+ 155 16.5+2.8 11.94 £ 0.42
2 4.01 101 £6.6 239+1.5 15.89 £1.03
3 8.86 131.6+ 1.1 31.1£1.7 28.64 £ 0.88
4 231 102 £84 4.0£0.5 326 £0.76
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Figure 4.5: Light — current characteristics of representative laser diodes with different facet
coatings.
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By reducing the mirror loss by a factor of two with the HR coating, laser 2 shows significant
improvement in terms of threshold current and output power compared to the uncoated
reference laser (laser 1). On the other hand, the combination of AR coating and HR coating
deposited on facets of laser 3 slightly increases the threshold current of the laser diodes due to
the higher mirror loss. However, significant increase of the output power and the overall
efficiency of the device is observed, as expected. We note that the performance of laser 4 is
worse than the uncoated reference laser, with lower output power and lower differential
quantum efficiency. This is attributed to the heat generation inside the laser structures since the
light is heavily trapped between the laser facets. When the laser structures become “hot”, the
Auger recombination increases, which results in the reduction of light emission from the lasers
[139].

61



62



Chapter 5
PUBLICATIONS

5.1. Paper 1 - Dopant incorporation in doped Aly.9yGao.1As0.06Sbo.94 grown
by molecular beam epitaxy

Authors: Saroj Kumar Patra, Thanh-Nam Tran, Lasse Vines, Ilia Kolevatov, Edouard
Monakhov and Bjern-Ove Fimland

First published in: Journal of Crystal Growth, Vol. 463, p. 116-122 (2017)
DOI: 10.1016/j.jerysgro.2017.01.035

© 2017 Elsevier B. V. All rights reserved

Contributions: SKP planned the study under supervision of BOF. SKP performed the
experimental works related to epitaxial growth of doped samples, characterization using X-ray
diffraction measurements and Hall effect measurements. TNT performed the fabrication of
Hall bar and DLTS structures. LV performed the SIMS measurements and IK performed the
DLTS measurements. SKP drafted the first version of the manuscript and finalized it after input
from all co-authors. All co-authors participated in discussions related to results and manuscript.

63



64



Abstract

Incorporation of beryllium (Be) and tellurium (Te) dopants in epitaxially grown
AlooGao.1Aso.06Sbo.os layers was investigated. Carrier concentrations and mobilities of the
doped layers were obtained from room temperature Hall effect measurements, and dopant
densities from secondary ion mass spectrometry depth profiling. An undoped Alo3Gao7As
cap layer and side wall passivation were used to reduce oxidation and improve accuracy in
Hall effect measurements. The measurements on Be-doped samples revealed high doping
efficiency and the carrier concentration varied linearly with dopant density up to the highest
Be-dopant density of 2.9x10'° cm?, whereas for Te-doped samples the doping efficiency was
in general low and the carrier concentration saturated for Te-dopant densities above 8.0x10'%
cm?>. The low doping efficiency in Te-doped AlooGao.1As0.06Sboos layer was studied by
deep-level transient spectroscopy, revealing existence of deep trap levels and related DX-
centers which explains the low doping efficiency.

I. INTRODUCTION

Mid-infrared lasers emitting in the 2-3 um wavelength range are very important for trace
gas sensing using tunable diode-laser absorption spectroscopy (TDLAS) [1]. GaSb-based I1I-V
semiconductor quantum well diode lasers cover this particular wavelength range. CH4 has a
very strong absorption line at 2.3 pm wavelength, and therefore GalnAsSb/AlGaAsSb-based
lasers emitting at that particular wavelength are of high interest [2]. For such diode lasers,
AlooGao.1As,Sbiy lattice-matched to GaSb is used as cladding layers [2-4]. Lattice-matching at
growth temperature, i.e. Alo.9Gao.1As0.06Sbo.94, is preferred to have dislocation free layers [3].
Te and Be are used as n-type dopant and p-type dopant, respectively, in the cladding layers.
Characteristics of these diode lasers are dependent on parameters used during growth of laser
materials and fabrication of diode lasers. For example, composition, thickness and strain in the
quantum wells and barriers affect the emission wavelength of the diode laser [2]. The resistance
and threshold current density of the diode depend strongly on the carrier concentration in the
cladding layers and the thickness of the undoped core. Increase in resistance gives rise to
heating, which leads to increase in Auger loss [5] and thus reduction in laser output power.
Therefore, the output power of the laser depends on the doping in the cladding layers.
Optimization of the output power of the diode laser requires calibrations of incorporated dopant
density and corresponding carrier concentration in the cladding layers. However, there has been
limited work reported on the dopant incorporation in AlIGaAsSb [6-8].

In this paper, we present new data on carrier concentration versus dopant incorporation in
Alo.sGao.1As0.06Sbo.os layers grown by molecular beam epitaxy (MBE). A number of Be- and
Te-doped Alo9oGao.1Aso.o0sSboos layers were grown on undoped GaAs(001) substrates, using
different Be and GaTe source temperatures. A 100 nm thick undoped Alo3Gao7As cap layer
was grown on top of the doped Alo.9Gao.1As0.06Sbo.o4 layer to reduce oxidation and errors in Hall
effect measurements. Carrier concentrations and Hall mobilities of the doped
Alo.oGao.1As0.06Sbo.os layers were obtained from room temperature Hall effect measurements
for different Be and Te dopant densities, as measured by secondary ion mass spectrometry
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(SIMS) depth profiling. Deep-level transient spectroscopy (DLTS) was performed on
Alo.9Gao.1As0.06Sbo.94/GaSb diodes to study the low doping efficiency in Te-doped cladding
layers. The low doping efficiency can be explained by the existence of acceptor-like DX-centers
due to deep level defects.

II. EXPERIMENTAL
1. Material growth

Two different types of test structures were grown in a Varian GEN I Modular MBE system
equipped with Te and Be dopant furnaces, an Al dual crucible furnace, a Ga dual filament
furnace, and Veeco As and Sb valved cracker furnaces. GaTe and Be sources were outgassed
for 30 min at a temperature 20 °C higher than the maximum used temperature and stabilized at
the required temperature prior to growth.

The first type of test structures, for Hall effect and SIMS measurements, were grown at
520 °C on epi-ready undoped GaAs(001) 2” quarter wafers. Prior to growth, native oxide was
desorbed at 585 °C followed by wafer annealing at 610 °C for 15 min under an As: pressure of
1.0 x 107 Torr. 2 pm thick doped AlooGao1Aso.06Sboos layer followed by a 100 nm thick
undoped Alp3Gao.7As cap layer were grown at 1 ML/sec growth rate. Alo3Gao.7As was chosen
as the cap layer in order to prevent both oxidation of the doped Alo.9Gao.1Aso.06Sbo.o4 layer as well
as formation of a conducting 2-dimensional sheet at the interface between the doped
AlooGao.1As0.06Sbo.o4 layer and the undoped cap layer. Alo3Gao7As has an appropriate band gap
and band gap alignment with respect to the doped AlooGao.1Aso.06Sboos layer for our
experiment. Ten Be-doped Alo.oGao.1As0.06Sbo.os samples with different Be source temperature
(925 — 1150 °C) and seven Te-doped Alo.oGao.1Aso.06Sbo.o4 samples with different GaTe source
temperature (415 — 495 °C) were grown.

The second type of test structures, for DLTS measurements, were grown at 520 °C on epi-
ready n-type (Te) doped GaSb(001) 2” quarter wafers. Native oxide desorption and wafer
annealing prior to growth were performed at 550 °C under an Sb; pressure of 1.3 x 10" Torr. 1
pm thick Te-doped AlooGao.1As0.06Sbo.os layer followed by a 100 nm thick Be-doped GaSb
layer were grown at a growth rate of 1 ML/s. Three samples with different Te-doping in the
AlooGao.1Aso.06Sbo.gs layer and fixed Be-doping in the GaSb layer were grown as summarized
in Table 1.
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Table 1. Be-doped GaSb/Te-doped AlooGao.1As0.06Sbo.94 PN-diode samples for DLTS
measurements. Listed dopant densities are based on experimental SIMS data.

Sample ID Be dopant Te dopant density in
density in GaSb  Alo.9Gao.1As0.065b0.94
(cm™) (cm)
Sb 284 5.0x 10" 3.0x 10"
Sb 285 5.0x 108 2.0x 10"
Sb 286 5.0 x 10" 1.0 x 10'®

2. Device fabrication

Hall bar samples with six-contact 1-2-2-1 geometry were fabricated from the first type of
test structures. Pattern for six metal contact pads were created by conventional photolithography
using the photoresist ma-N 440. Prior to metallization, the surface oxide layer was removed by
wet chemical etching using NH4OH:H>02:H>O (1:1:200) for 30 s and NH4OH: H>O (1:30) for
1 min. 1.5 pm thick Au layer was deposited using an e-beam metal deposition system followed
by a metal lift-off in acetone for ~10 min to define the contact pads. The Hall bar was defined
by a second photolithography process followed by a wet chemical etching with etch depth of 3
pum using citric acid (2.5M):H202:H20 (1:1:20) for 90 s. To prevent oxidation of the sidewall
of Hall bar samples, photoresist ma-N 440 was used as passivation layer. Rapid thermal
annealing (RTA) of the Au contacts at 400 °C for 20 s lead to the diffusion of Au through the
Alo3GaosAs cap layer, as confirmed from energy-dispersive X-ray (EDX) analysis
(micrographs not shown), and form ohmic contact to the doped Alo.9Gao.1As0.06Sbo.o4 layer. The
final contacts to the Hall bar samples were performed by wire bonding to a printed circuit board
using Au wire.

Be-doped GaSb/ Te-doped Alo.oGao.1As0.06Sbo.o4 PN junction diodes were fabricated from
the second type of test structures for DLTS measurements. 800 pm x 800 pm patterns for metal
contact pads were created on the front side (i.e. Be-doped GaSb) of the sample using
conventional photolithography. Prior to metallization, GaSb surface oxide was removed in situ
by Ar sputtering at 325 eV in the combined sputtering and e-beam evaporation system (AJA
ATC-2200V) [9]. A Ti/Pt/Au (50 nm/25 nm/ 325 nm) metal stack was deposited using e-beam
metal deposition followed by a metal lift-off by acetone to define front contact pads. Using a
photoresist mask covering the front contact pads, the diode structures were defined by dry
etching using BCl3 to an etch depth of 3 um (i.e. etching into the Te-doped GaSb substrate). A
sidewall-passivation layer was formed using photoresist to prevent surface oxidation. A
Pd/Ge/Au/Pt/Au (8.7 nm/56 nm/23.3 nm/47.6 nm/200 nm) metal stack [10] was deposited on
the back side of the sample to form an ohmic bottom contact. The metal contacts were annealed
at 290 °C for 45 s using RTA.
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3. Characterization

Carrier concentration and Hall mobility for the doped Alo.oGao.1As0.06Sbo.o4 samples were
measured using a Lakeshore 7504 Hall effect electronic transport measurement system. Room
temperature Hall effect measurements were performed with varying magnetic field from 0 T to
0.5 T in both directions.

SIMS measurements were employed using a Cameca IMS7f microanalyzer. Depth profiles
for Te-doped Alo.9sGao.1As0.06Sbo.os samples were obtained using 15 keV Cs* ions as primary
beam; depth profiles for Be-doped Alo.oGao.1As0.06Sbo.ss samples were obtained using 10 keV
0" ions as primary beam. For Cs* primary beam, ?’Al, ®Ga, >As, '?!Sb and '**Te of the
secondary species were monitored. 2Te was used since it appeared to have the least
interferences with respect to species/molecules with similar mass, or mass to charge ratio, based
on mass spectra taken from different samples. For O," primary beam, °Be, "> As and 7'Ga, were
monitored. The 7'Ga, molecule was used to monitor the matrix as the signal from single "'Ga
was too strong. Crater depths were measured with a Dektak 8 stylus profilometer, and a constant
erosion rate was assumed when converting sputtering time to sample depth. From measuring
the depths of several craters, an average sputter rate of 2.1 nm/second was found for both of the
primary beams, and this sputter rate is assumed for all presented depth profiles for Be and Te.
Concentration calibrations were performed using an *’Fe implanted reference sample. The
reference sample had the same epilayer structure as the other doped samples, except that an
undoped AlooGao1Aso0sSboos layer was grown instead of a Be- or Te-doped
Alo.9Gao.1Aso.06Sbo.os layer. The SIMS intensity (counts/s) to concentration (cm™) calibrations
were performed by measuring the implanted profile with the same SIMS parameters before and
after the measurements of the doped samples. The relative sensitivity factor (RSF) for the Te
calibration was 2.2 x 10! and that for the Be calibration was 1.0 x 10",

The DLTS measurements were performed in the temperature range of 30 K - 300 K with a
reverse bias voltage of —1 V and —0.5 V, and a pulse voltage of 1 V and 0.5 V (50 ms duration)
using a refined version of the setup described elsewhere [11]. The DLTS signal was extracted
applying a lock-in weighting function with different rate windows in the range (20 ms)™' — (640
ms)™.

III. RESULTS AND DISCUSSIONS

Carrier concentration and Hall mobility values from Hall effect measurements and average
dopant density values from SIMS measurements for Be-doped Alo.9Gao.1Aso.06Sbo.os4 samples
and for Te-doped AlooGao.1As0.06Sbo.os samples are summarized in Table 2 and in Table 3,
respectively.
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Table 2. Be-doped Alp.9Gao.1Aso.06Sbo.os4 samples: Carrier concentration and Hall
mobility values from Hall effect measurements and average dopant density
values from SIMS measurements.

Sample ID Be source Carrier Hall mobility Average dopant

temperature (°C)  concentration (cm?)  (cm?/V.s) density (cm™)
As 642 925 5.5x10' 111 1.0 x 10"
As 641 950 1.2 x 10" 122 2.2 x10"7
As 640 975 3.2 x10"7 107 4.1 x 10"
As 634 1000 7.2 x 10" 102 8.4 x 10"
As 635 1025 1.4x10'8 88 1.6 x 10"
As 636 1050 3.0 x 108 74 2.9x10'%
As 637 1075 6.1 x10'® 61 5.1x 10"
As 638 1100 1.2 x 10" 51 9.6 x 108
As 639 1125 2.2 % 10" 45 1.8 x 10"
As 644 1150 3.7 x 10Y 42 2.9x10Y

Table 3. Te-doped Alp.9Gao.1As0.06Sbo.o4 samples: Carrier concentration and Hall mobility
values from Hall effect measurements and average dopant density values from
SIMS measurements.

Sample ID GaTe source Carrier Hall mobility Average dopant
temperature (°C)  concentration (cm™)  (cm?/V.s) density (cm™)
As 606-1 415 <1.0x 10" - 3.7 x 10"
As 608-4 430 1.1 x 10" 41 5.7 x 10"
As 602-2 450 1.3 x 10" 30 2.3x10"%
As 608-3 465 1.6 x 10" 24 8.3 x 10"
As 606-2 475 1.6 x 10" 20 1.4 x 10"
As 606-4 485 1.6 x 10" 19 2.4 % 10"
As 606-3 495 1.6 x 10" 21 3.8 x 10"
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The change in average dopant density in Be-doped AlooGao.1Aso.06Sbo.o4 with temperature
of the Be source is presented in Fig. 1. The average dopant density was determined from the
SIMS depth profile by finding the average of dopant density values in the 200-2000 nm depth
range. The exponential fit to the data is also in conformity with the conventional Arrhenius
behavior. Variations of carrier concentration and Hall mobility with average dopant density for
Be-doped Alp.oGao.1Aso.06Sbo.os samples are shown in Fig. 2. The carrier concentration varies
linearly with Be-dopant density and does not saturate up to the Be density of 2.9 x 10" cm™.
As expected, the Hall mobility for holes decreases with increasing Be dopant density and is in
general lower as compared to that of p-type AISb [12].

Due to a lattice mismatch of 7.9% at the growth temperature of 520 °C, the
Alo.oGao.1As0.06Sbo.o4 epilayer grown on the GaAs(001) substrate is compressively strained and
will start relaxing beyond its critical thickness of a few monolayers. We expect this to leave an
array of periodic dislocations at the interface, similar to what is shown for AISb grown on
GaAs(001) substrate [13] (8.5% lattice mismatch at 520 °C) and for GaSb grown on GaAs(001)
substrate [14] (7.9% lattice mismatch at 520 °C). However, Vaughan et al. [13] reported that
the threading dislocation density for AISb epilayer grown on GaAs(001), albeit large near the
interface, reduces significantly as the AISb growth progresses. Raisin et al. [14] found that after
25 nm of GaSb growth on GaAs, 99% of the lattice mismatch strain had relaxed. They explained
the low density of threading defects in the GaSb epilayer (at least two orders of magnitude
smaller at the level of the interface than in the 4.3% (at 580 °C) mismatched GaAs/Si system)
as being due to the high quality of misfit dislocation network in the GaSb/GaAs system.
Likewise, there will be defects at the interface between the Alo.oGao.1Aso.065bo.94 epilayer and
the Alo3Gao.7As cap layer, as the latter will relax due to tensile strain. Carrier concentration and
mobility are in general sensitive to growth conditions, defects and impurity levels. In our case,
the favorable band bending near the interfaces between the doped Alo.9Gao.1Aso.06Sbo.94 and the
undoped GaAs and Alo3Gao.7As should reduce the interaction between the majority carriers and
the defects. The linear variation of hole concentration versus Be dopant density shown in Fig.
2 also indicates that the interaction between majority carriers and defects does not dramatically
affect the carrier concentration. We should here also mention that Bennett et al. [12] found that
the doping efficiencies of Be in GaAs on undoped GaAs(001) substrate and AISb on undoped
GaAs(001) substrate were equal in the 10'® — 10" cm™ range (using 5 nm undoped GaSb cap
on the doped AISb epilayer), consistent with previous measurement results in our group [15].
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Figure 1. Variation in Be dopant density in Alp.oGao.1 Aso.06Sbo.o4 with temperature of the Be
source. (a) SIMS depth profile in Be-doped Alp.9Gao.1As0.06Sbo.os samples with
undoped Alo3Gag7As cap layer. (b) Variation in Be dopant density in
Alo.sGao.1As0.06Sbo.o4 with inverse of absolute temperature (T) of the Be source.
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Figure 2. Variation in carrier concentration and Hall mobility with Be dopant density in Be-
doped Alo.oGao.1As0.06Sbo.os. Drawn lines are guides to the eye only.

The change in average dopant density in Te-doped Alo.9Gao.1As0.06Sbo.os4 with temperature
of the GaTe source is presented in Fig. 3. The average dopant density was determined from the
SIMS depth profile by finding the average of dopant density values in the 200-2000 nm range.
The variations of free carrier concentration and Hall mobility with average dopant density for
Te-doped Alp.oGao.1As0.06Sbo.osa samples are shown in Fig. 4. The free carrier concentration
saturates at 1.6 x 10'7 cm™ for Te dopant density 8.0 x 10'® cm™ and hence the doping efficiency
is only 2% at dopant density of 8.0 x 10'® cm™. Due to saturation in carrier concentration,
addition of dopants beyond 8.0 x 10'® cm™ only creates more defects as the dopants possibly
stay at the interstitial sites in the crystal structure or/and form complexes. Possibly, annealing
at a temperature higher than the growth temperature could enhance the doping efficiency and
hence increase carrier concentration [16]. However, Te-doped Alo.oGao.1Aso.06Sbo.o4 is used as
the cladding layer in mid-infrared lasers and annealing of lasers at high temperature is not
preferred to avoid interdiffusion effects in the quantum wells and barriers and hence change in
emitted wavelength [17, 18].
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Te dopant density in Alp.9Gao.1Aso.06Sbo.o4 versus temperature of the GaTe source.
(a) SIMS depth profile in Te-doped Alo.9Gao.1As0.06Sbo.g4 samples with undoped
Alo3Gag.7As cap layer. (b) Variation in Te dopant density in Alo.oGao.1As0.06Sbo.o4
with inverse of absolute temperature (T) of the GaTe source.
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Figure 4. Variation in carrier concentration and Hall mobility with Te dopant density in Te-
doped Alp.9Gao.1Aso.06Sbo.os. Drawn lines are guides to the eye only.

Chiu et al. [19] found from Hall effect measurements on 2 pm thick Te-doped GaSb
epilayers on undoped GaAs(001) substrates that, for growth temperatures below 540 °C, the
free carrier concentration was very close to the Te dopant concentration (determined from
SIMS) for Te concentrations in the 1 x 10'7 em™ — 1 x 10'® cm™ range. This shows that the
dislocation and threading defects in the GaSb/GaAs system do not significantly affect the
doping efficiency of Te in the GaSb epilayer in this range and we expect the same to be the case
for our Te-doped Alp.oGao.1As0.06Sbo.os samples. Chiu et al. [19] also found that the free carrier
concentration saturates at around 1.5 x 10'8 cm™ for Te dopant density around 2-3 x 10'® cm™
and that the free carrier concentration decreases for higher Te dopant densities. These findings
are consistent with previous measurement results in our group [15] where we found the free
carrier concentration to saturate at 1.8 x 10'8 cm™.

The low doping efficiency effects in Te-doped AlooGao.1As0.06Sboos are further
investigated by DLTS measurements. DLTS signals for three Be-doped GaSb/ Te-doped
Alo9Gao.1As0.06Sbo.os PN diode samples with rate window (640 ms)™! are shown in Fig. 5. AC/C
represents the ratio of trap concentration to total dopant concentration. Two dominant deep
level defects are observed in all the samples: a shallower level with a peak DLTS signature
around 120 K and a deeper level around 220 K. However, the peak temperature of both defects
levels vary between samples. This may indicate that (i) the origin of the observed defects levels
are not the same in Sb 284 — Sb 286; (ii) the observed defects are donors and the emissions rates
are influences by Poole-Frenkel effect [20]; (iii) the tunneling leakage is high enough to affect
the DLTS signatures of the observed defects [21]. Hence, further investigations are needed to
elucidate the origin of the defect levels. The high concentration of the electrically active centers
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in the Sb 284 sample also demonstrates that they have a strong impact on the carrier
concentration, and may partially explain the reduced dopant activation in these samples.

According to Bourgoin and Mauger [22], the donor impurities in III-V semiconductors
introduce two states, viz. a shallow state associated with the I'-band and a deep state associated
with the L-band and hence the introduction of DX-centers. Nakagawa et al. [23] have reported
the presence of deep DX-center-like electron traps in AlSb. According to Baraldi et al. [24],
these DX-centers have deep energy levels below the conduction band absolute minimum. The
density of DX-centers depends exponentially on the energy difference between the Fermi
energy (Ep) and the energy of the DX-center (E,) and the carrier concentration decreases with

an increase in density of these DX-centers. Therefore, low doping efficiency in Te-doped
Alo.oGao.1As0.065bo.94 is most likely due to presence of DX-centers.

0.30 RRFRIARER [EEERERAES T T T BEEREAIER TTTvy
—=—Sbh 284
0.25 - —o— Sb 285
—a— Sb 286

AciC

50 100 150 200 250 300
Temperature (K)

Figure 5. DLTS signal for three Be-doped GaSb/Te-doped Alo.oGao.1Aso.06Sbo.os PN- diode
samples with rate window (640 ms). Te dopant densities were 3.0 x 10'® cm™
(Sb 284), 2.0 x 10" cm (Sb 285) and 1.0 x 10'8 cm (Sb 286).

IV. CONCLUSIONS

In this work, dependence of carrier concentration and Hall mobility on dopant density for
both Be- and Te-doped Alo.oGao.1Aso.06Sbo.os was investigated. Use of undoped Alo3Gao.7As cap
layer and photoresist passivation layer helped in reducing oxidation and hence improving
accuracy in measurements for carrier concentration and Hall mobility. Carrier concentration
was found to vary linearly with dopant density for Be-doped Alo.oGao.1Aso.06Sbo.os, Whereas it
saturates at 8.0 x 10'® cm™ dopant density for Te-doped Alo9Gao.1As0.06Sboos. As per DLTS
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measurements, low doping efficiency in Te-doped Alo.oGao.1As0.06Sbo.o4 is due to presence of
deep trap levels.
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Abstract

GaSb-based semiconductor diode lasers are promising candidates for light sources working
in the mid-infrared wavelength region of 2-5 um. Using edge emitting lasers with ridge-
waveguide structure, light emission with good beam quality can be achieved. Fabrication of
the ridge waveguide requires precise etch stop control for optimal laser performance.
Simulation results are presented that show the effect of increased confinement in the
waveguide when the etch depth is well-defined. In situ reflectance monitoring with a 675
nm-wavelength laser was used to determine the etch stop with high accuracy. Based on the
simulations of laser reflectance from a proposed sample, the etching process can be controlled
to provide an endpoint depth precision within + 10 nm.

Keywords: Ridge-waveguide laser, dry etching, endpoint detection, in situ reflectance
monitoring

I. INTRODUCTION

GaSb and related compounds in the 6.1 A family have shown high potential for a wide
range of optoelectronic applications. Semiconductor diode lasers fabricated from these
compounds are promising candidates for mid-infrared lasers in the wavelength region of 2-5
um, whose applications include the light sources needed for trace-gas sensing systems based
on tunable diode-laser absorption spectroscopy (TDLAS). Using edge emitting lasers with a
ridge-waveguide structure, light emission with good beam quality can be achieved. The ridge
waveguide etch depth plays a key role in the laser’s characteristics, namely the optical
confinement and surface recombination of injected carriers!" 2. By creating a large index
contrast, the light can be well-confined inside the waveguides. This is very critical for reducing
high bend losses in waveguide designs such as S-bend, Y-branch and Mach-Zehnder structures.

The fabrication of ridge-waveguide lasers benefits from an etch process capable of
controlling the etch stop in real-time. A common approach for precise etching is dry etching
using endpoint detection. For laser fabrication, dry etching is preferable over wet chemical
etching because it is capable of creating close to vertical sidewall profiles with high uniformity
and good reproducibility. Additionally, the etch process can be controlled by in situ monitoring
techniques like optical emission spectroscopy, reflectometry, photoluminescence, and mass
spectrometry. In this paper, in situ reflectance monitoring with a 675 nm-wavelength laser was
used to determine the etch stop with a high accuracy in a laser structure for 2.2 pm wavelength
lasing. The principle of this technique is based on the interference of the reflected laser light in
multilayered thin films structure. The interferometric variation of the reflectance signal ceases
when the top layer is etched completely.

To achieve the optimal optical and electrical confinement for the mid-infrared laser
performance, it is desirable to stop etching at the interface between the upper cladding layer
(typically Alo.9Gao.1AsSb) and the separate confinement heterostructure (SCH) layer (typically
AlxGai-xAsSb with x much less than 0.9). However, due to the lack of precise data for the optical
properties of the laser materials, a simpler structure consisting of only AlooGao.1AsSb
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(cladding) capped with GaSb and grown on GaSb(100) substrate was proposed for the
reflectance monitoring. The reflectance monitoring was performed on such a sample while
etching it simultaneously with a laser structure sample having similar upper cladding and cap
layers.

In sections 2.1 and 2.2, the effect of etch depth to the waveguiding properties of the ridge
and Y-branch waveguides in a laser structure for 2.2 pm wavelength lasing is investigated.
Based on the simulation of laser reflectance on the proposed sample, presented in section 2.3,
precise fabrication of the ridge waveguides was performed by ICP-RIE using in situ reflectance
technique. The reflectance pattern recorded during etching of the proposed sample provides
information about the refractive index of the AlooGao1AsSb cladding layer at 675 nm
wavelength, which can be used for reflectance simulations.

II. SIMULATIONS
1. Light propagation in ridge-waveguides

The height of the ridge, or the etch depth, is critical for the propagation of light in the ridge
waveguide. In this work, the characteristics of the laser beam, namely the beam confinement
and far field pattern, in ridge waveguides with different etch depths were investigated. The laser
structure and the refractive indices of these materials are presented in Table 1. Solutions to the
mode profiles for different etch depths were simulated using the Light software by Sarangan [*],
To account for the etched ridge, the removed cladding material was replaced by photoresist
with the refractive index of 1.5, which represents the ridge-sidewall insulation layer. Simulation
for different ridge widths of 1.5, 2.0 and 2.5 pm, respectively, were performed. The results for
the 2 um wide ridge are shown in Figure 1. The results for the 1.5 and 2.5 pm wide ridges were
qualitatively the same as for the 2.0 um wide ridge.

Table 1. Layer information for the nominal laser structure used in the simulations presented
in Figs. 1 and 2. The buffer layer includes a superlattice and a grading layer, which
however has negligible effect on the simulation results and for simplicity are
therefore not specified here. A 42 nm grading layer between upper cladding and
cap has been omitted in the table for the same reason.

Layer Material Thickness (nm) | Refractive index
at above 2 um 1l
Substrate GaSb 5x10° 3.8
Buffer GaSb 980 3.8
Cladding Alo9GaAsSb 2000 3.4
SCH Alp25GaAsSb 150 3.58
Multiple Quantum Well | AlGaAsSb/GalnAsSb 20/12.5x 3 3.89
SCH Alo25GaAsSb 150 3.58
Cladding AlpoGaAsSb 2000 34
Cap GaSb 50 3.8
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Figure 1. 2D mode solutions for the waveguide mode profiles (left) in the laser structure

and their far field patterns (right). The green line is the in-plane (x) and the red
line is the out-of-plane (y) far field, respectively. From top to bottom: etch depth
of 1.6,2.1 and 2.6 pm. Ridge width is 2.0 um. The thickness of the laser structure
above the waveguide core is nominally 2.092 um.

2. Light propagation in Y-branch waveguides

The propagation of an optical field through a Y-branch waveguide requires a sufficient

refractive index contrast to avoid large bending losses. In this work, the waveguiding properties
of'a Y-branch (2 um wide ridge, 750 um bend radius) with different refractive index contrast,
dn, were investigated by the beam propagation method (BPM). The larger refractive index
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contrast can be interpreted as a deeper etch [*1. Additionally, the waveguide roughness due to
the imperfection of the mask, photoresist and the ICP-RIE process was introduced to the
simulation. The refractive indices for the simulations were chosen on the basis of measurements
of the Fabry-Perot mode spacing of the ridge waveguide lasers. The structure of these lasers is
shown in Table 1, and the effective group indices were found to be from 3.75 to 3.85. The
background refractive index was therefore set to 3.77, and the waveguide refractive index was
set to 3.77 + dn where dn varies from 0.02 to 0.05. Some of the simulation results are shown in
Figure 2.
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Figure 2. 2D BPM simulation of light propagation in Y-branch with an etch roughness of
0.1 pm. The refractive index contrast is 0.02 (left) and 0.04 (right).

3. Simulation of reflectance variation during etching

The reflectance signal during etching can in principle be simulated from the reflectance of
the laser structure in question, containing layers of different compositions and thicknesses.
Therefore, the etch stop can be predicted precisely within 10 nm. The simulations were based
on the script given by Oxford Instruments ¢, However, due to the lack of precise data on the
optical properties of the laser materials at 675 nm wavelength, the simulation was only
performed on the proposed structure. For the simulation, the refractive index of Alo.oGao.1AsSb
at 675 nm wavelength as determined from the experiment described below was used. By
controlling the etch stop when etching the Alo9Gao.1AsSb cladding layer, the thickness D etched
in one signal period T, shown in Figure 3, can be measured and used to calculate the refractive
index of Alp.9Gao.1AsSb by the following equation: D = 1/ 2n, where 4 is the laser wavelength
and n is the refractive index of Alo.9Gao.1 AsSb at the wavelength A. Figure 4 shows the simulated
interferometric variation of the laser reflectance during etching as a function of film thickness.
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III. EXPERIMENTS

The epitaxial structure of the proposed sample consisting of 1.4 pm Alg9Gao.1AsSb
followed by 42 nm grading of AlIGaAsSb/GaSb and capped by 100 nm of GaSb was grown on
GaSb(100) substrate using molecular beam epitaxy (MBE). The etch depth target is 1542 nm.
Before processing, the wafer was cleaved into 1 x 1 cm pieces. The ridges were defined on the
sample with photoresist SPR700 using standard i-line photolithography. Etching was performed
in an Oxford Plasma System 100 ICP380 reactor at 60 °C. Using fomblin oil, the samples were
mounted on a sapphire carrier which was backside cooled with He gas during etching. The
baseline etch parameters are 1000 W ICP power, 150W RF power, 4 mTorr chamber pressure,
23 scem Ar flow rate and 6 sccm BCl3 flow rate. An in situ 675 nm wavelength laser was used
for endpoint detection. An example of the interferometric variation of the recorded reflectance
signal during the etching process of the proposed sample is shown in Figure 5. To determine
the thickness D, related to the period, the etching process was stopped at different peaks in the
recorded reflectance signal for different samples. The etch depth and sidewall profile were
evaluated with a scanning electron microscope (SEM). The mean value of D from 6 samples
with different etch depths was used to calculate the refractive index used in the simulations of
laser reflectance.

90
80
70
60
50
40
30
20
10

0 T T T T
1 51 101 151 201

Reflectance

Time (s)

Figure 5. Reflectance signal from etching the proposed sample. Note that the etch rate is
slower at close to the edge of the ridge waveguide. Therefore, extra time was
added to get the correct etch depth.

IV. RESULTS AND DISCUSSION

The simulation results in sections 2.1 and 2.2 show the effect of increased confinement in
the waveguide when the etch depth increases. As seen in Figure 1, increase in etch depth
provides better confinement of the mode profiles in the ridge. This is also indicated in the
change of far field intensity profile. Figure 2 shows the reduction of bending losses of light in
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Y-branch waveguides when increasing the refractive index contrast. Consequently, higher etch
depth provides better optical confinement of the ridge waveguide. However, if the etching is
too deep, the edges of the active region can be in contact with imperfect surfaces because of
waveguide roughness. That leads to significant degradation of the laser performance due to
strong surface recombination of the injected carriers [71. Therefore, it is desirable to control
precisely the etch stop to optimize both optical and electrical confinement properties of the
ridge waveguide.

In this work, all simulations performed have only used the real refractive index, and the
effect of gain and absorption have not been accounted for. The real refractive index of
Alo.sGao.1AsSb at 675 nm wavelength was found to be equal to 3.65 + 0.05. This value is smaller
than the value published by Adachi 1. However, it provides good agreement between measured
and simulated variation in the reflectance signal during the etching. Figure 6 shows the etch
depth measurement of the proposed sample by SEM. It shows that the etching target of 1542
nm is fulfilled and the etching process can be controlled to provide an endpoint depth precision
within £+ 10 nm.

T
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rrrrorrrrrn

Figure 6. SEM image of the cross-section of the proposed sample. The etch depth was very
close to the target of 1.542 pm. The accuracy of the measurements depends on
the SEM instrument.

V. CONCLUSIONS

In conclusion, ridge waveguides for laser application were fabricated by ICP-RIE using in
situ reflectance monitoring with a high precision. The role of etch depth to the waveguiding
properties of the ridge waveguide was also investigated to emphasize the importance of
endpoint detection. The simulation of laser reflectance during the etching process provides a
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guideline to controlling the etch stop. The refractive index of Alo9Gao.1AsSb was determined
for 675 nm wavelength.
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Abstract

The effect of several plasma-assisted oxide removal techniques prior to metallization of p-
type GaSb was investigated. Compared to conventional chemical methods, the plasma-
assisted oxide removal resulted in significant improvement of the specific contact
resistivities, obtained from transfer length method measurements. Very low specific contact
resistivities of less than 5 x 10 Q cm? were observed after surface pretreatment by Ho/Ar
sputter etching and low-ion-energy Argon irradiation. By eliminating sample exposure to air,
in situ Ar irradiation becomes a promising technique for high performance GaSb-based
semiconductor diode lasers.

I. INTRODUCTION

GaSb-based diode lasers are one of the most promising monochromatic light sources in the
mid-infrared wavelength region of 2-5 pm, and low resistance ohmic contact to GaSb is
desirable for high performance operation of these devices. When exposed to air, the GaSb
surface quickly forms a 3-5 nm thick surface oxide layer!. It is therefore essential to remove
this oxide layer prior to metallization to achieve a good ohmic contact.

Current approaches for GaSb native oxide removal are primarily based on wet chemical
clean using common acids and bases in semiconductor processing, such as HCI, HF or NH4OH.
Among chemical treatments, HCI clean is reported to be the best choice to create an oxide-free
surface'. However, the chemical treatments prior to metallization lack reproducibility due to
the rapid reoxidation of GaSb. Thus, in situ oxide removal techniques prior to metallization are
advantageous. Argon plasma irradiation has recently been used for removal of the native oxide
of TII-V compounds for contact purposes®> and low-ion-energy Ar" irradiation on oxidized
GaSb can lead to a nanostructured and oxide-free surface®’. However, the effect on the metal-
GaSb contact properties from such Ar* irradiation has yet not been fully characterized. Other
reported plasma-assisted techniques used to (at least partly) remove the GaSb native oxide are
hydrogen (H>) plasma cleaning and GaSb etching using chlorine-based chemistry®1°.

In this work, in situ Ar" irradiation with different ion energies, H> and BCl3 plasma cleaning
were applied to remove the native oxide of p-type GaSb. The effect of each of these oxide
removal techniques on the contact properties in comparison with the conventional chemical
methods is evaluated via the specific contact resistivity between the metallic layers and p-GaSb.

II. EXPERIMENTAL

Two micrometer thick epitaxial layers of Be-doped GaSb were grown on n-type GaSb
(100) wafers in a Varian GEN II molecular beam epitaxy system. The p-type doping
concentration was 2 x 10! cm™, which is a typical concentration for the laser cap layer'''2. An

3

n-type GaSb substrate with a nominal carrier concentration of 5 x 107 cm™ was chosen to

create a p-n junction in order to prevent the current leaking into the substrate.
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The specific contact resistivity was determined by the transfer length method (TLM) and
four-point probe measurements. TLM structures were defined by conventional UV-lithography
and were isolated on rectangular mesas by inductively-coupled plasma reactive ion etching
(ICP-RIE). Ti/Pt/Au is the standard p-sided metallization for a number of antimonide-based
devices. The specific contact resistivity of this metallization is typically in the order of 107 -
10 Q cm? 313, In this work, the Ti/Pt/Au metallization was performed by e-beam evaporation
in a combined sputtering and e-beam evaporation system (AJA ATC-2200V) with Ti-, Pt- and
Au-thicknesses of 50 nm, 25 nm and 325 nm, respectively. The different oxide removal
techniques applied prior to metallization were:

1- In situ Ar plasma etching with different ion energies (70 eV, 120 eV, 180 eV, 250 eV,
and 325 eV) for 1 min at 3 mTorr.

2- Ho/Ar etching by ICP-RIE for 45 s at 80 °C. The baseline etch parameters are 50 W RF
power, 400 W ICP power, 50 mTorr chamber pressure, 100 sccm Ar flow rate and 15
sccm Hy flow rate.

3- BCls/Ar etching by ICP-RIE for 1 min at 20 °C. The baseline etch parameters are 15 W
RF power, 50 W ICP power, 2 mTorr chamber pressure, 3 sccm Ar flow rate, 10 sccm
BCl; flow rate and 2 sccm N flow rate.

4- 18.5 % HCI soak for 30 s followed by a deionized water (DIW) rinse for 5 s and quick
drying in Na.

5- 18.5 % HCl soak for 30 s followed by 2 % (NH4)2S soak for 5 s and quick drying in N.

ICP-RIE was performed in an Oxford plasma system 100 ICP380 reactor. Samples
undergoing the surface treatment methods 2 through 5 were immediately transferred to the
metallization system (less than 30 s exposure to air). After lift-off, the samples underwent a
rapid thermal anneal at 290 °C for 45 s. This annealing procedure is commonly used for contacts
to n-type GaSb'# in laser fabrication, and thus simultaneously applied for contacts to p-type
GaSb. Finally, TLM patterns on p-type GaSb epilayer were wire-bonded to the Au bonding
pads on glass substrate, as shown in Fig. 1, for four-probe measurements using a Lake Shore
Hall effect measurement system. The adhesion between the metals and p-type GaSb epilayer
was evaluated during the bonding process.
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Figure 1. TLM structure wire-bonded to Au pads on glass. TLM pad size is 250 x 750 um
and the distance between TLM pads is 25, 50, 100, 175, and 250 pm.

III. RESULTS AND DISCUSSION

The measured specific contact resistivities for different oxide removal techniques are
summarized in Table 1.

Table 1: p-type GaSb/Ti/Pt/Au contact: The measured specific contact resistivity and adhesion
property for each treatment

Treat-  Surface Lowest pc Highest pc Average pc Adhesion
ment treatment (108 Qcecm?)  (10% Qcm?) (10 Q cm?) property

la (N=3) Arirradiation 24.1 87.1 47.1 Poor
-70 eV (for N=3)

1b (N=3) Ar irradiation 5.42 5.88 5.59 Good
-120eV (for N=3)

lc (N=4) Arirradiation 0.28 4.28 2.11 Good
-180 eV (for N=3%)

1d (N=5) Ar irradiation 2.27 18.8 11.9 Good
-250eV (for N=5)

le (N=3) Arirradiation 3.73 17.4 10.5 Good
-325eV (for N=3)

2 (N=4) Hba/Ar etching - 2.72 2.72 Good
(for N=1%)

3 (N=3) BCIls/Ar etching 59.4 65.5 62.4 Poor
(for N=3)

4 (N=3) HCl soak + DIW 53.2 111 81.7 Poor
rinse (for N=3)

5 (N=3) HClI soak + sulphur 25.9 322 28.4 Poor
passivation (for N=3)

Good: the metal contacts after bonding provide excellent electrical connection

Poor: the metal contacts are easily peeled off from the GaSb epilayer during the bonding process
N: number of samples

*: Measurement results of the other samples gave negative contact resistance
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The TLM only gives accurate/valid results, i.e. consistent with the theory (equations) used,
for pc > 0.2 ps t> where ps is the semiconductor sheet resistance and t is the layer thickness'?,
whereas the results are expected to deviate more (in percentage) from theory below this value.
In our experiments, 0.2 ps t? = 5 x 10 Q cm?. Thus, the TLM failed to determine accurately
the extremely low specific contact resistivities of the contacts after treatment 1c and 2. This is
supported by the fact that the measurements of one sample of treatment 1c and three samples
of treatment 2 gave a negative contact resistance R¢ with the absolute value similar to those of
the above results. For each sample, the measurement results were repeatable within 5% of the
overall mean value, and thus the variation of p. is attributed to the fabrication process.

The results from the conventional chemical treatment, treatment 4, are in line with
previously reported results’. Comparing the chemical treatments 4 and 5, the sulphur
passivation after HCI soak showed the better contact properties. This can be explained by the
decrease in the surface state density after sulphur surface treatment'®. However, the presence of
a thin oxide or sulfur passivation layer on the semiconductor surface after these pre-treatments
leads to poor adhesion of the metal contacts.

The results of specific contact resistivity from Ar™ irradiation surface treatment (1 a-€)
show the advantage of the in situ oxide removal technique in terms of contact and adhesion
properties. At 70 eV, the ion-induced effect was insufficient, resulting in high p. and poor
adhesion of the metal contact. When the ion energy was increased, but still moderate, the ion
bombardment was adequate to remove the oxide (at least sufficiently to get a good contact)
while minimizing the ion-induced damage of the GaSb surface. At 180 eV, the specific contact
resistivity to p-type GaSb is lowest and below the limit for accurate TLM measurement results
(i.e. below 5 x 10 Q cm?). However, at higher ion energies (250 and 325 eV), the ion-induced
damage led to the formation of nanodots on the GaSb surface, as depicted in figure 2 and figure
3. The nanodot formation indicates the presence of the Ga rich amorphous layer as has been
reported in the literature!’"!” that results in high contact resistances. Hence, as can be seen in
figure 4, the best contact is obtained for an optimum compromise between oxide removal and
ion-induced damage. The variation in p. for a given ion energy is most likely due to the ion-
induced damage of the semiconductor surface and the interface reaction between Ti and GaSb?’.
Note that in this study, the AJA sputtering and evaporation system has low ion density, in the
range of 107-10% ion cm™. Thus, the estimated projectile Ar* fluence was in the range of 10"
ion cm?, which is much lower than the ion fluence threshold of 1 x 10'® ion cm™ for Sb,03
removal and of > 7 x 10'¢ ion cm™ for Ga,03 removal reported by El-Atwani et al.%”.
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Figure 2. Scanning electron micrographs of GaSb surface after argon irradiation at (a) non-
treatment, (b) 70 eV, (c) 120 eV, (d) 180 eV, (e) 250 eV and (f) 325 eV.

Figure 3. Atomic force micrographs of GaSb surface after argon irradiation at (a) 180 eV,
(b) 250 eV and (c) 325 eV with RMS values of 0.34 nm, 0.52 nm, and 0.44 nm,
respectively.
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Figure 4. The effect of Argon ion energy on the contact properties of p-GaSb via the
measurement of specific contact resistivity (average value with the standard
deviation shown as error bars). We note that all measured values of the specific
contact resistivity for 180 eV ion energy are less than 5 x 108 Q cm?.

Among plasma-assisted treatment techniques, surface treatment by BCI3/Ar etching
(treatment 3) is non-preferable due to a relatively high contact resistance and poor adhesion.
This is most likely due to residual oxide and possibly the presence of chlorine-containing
residues after BCl; ICP-RIE?!. As opposed to this, surface treatment by Ha/Ar etching
(treatment 2) led to extremely low specific contact resistivity and good adhesion between
metallic layers and p-GaSb. We believe this is due to an oxide-free and high quality GaSb
surface after the treatment.

IV. SUMMARY AND CONCLUSIONS

In this work, different plasma-assisted techniques were performed prior to metallization to
remove the native oxide of epitaxially grown p-GaSb. The effects of these pre-treatment
techniques on the electric contact and adhesion properties were compared with that of
conventional chemical methods by evaluating the specific contact resistivities between the
metallic layers and p-GaSb. The surface pre-treatment using Ha/Ar etching and low-ion-energy
Ar” irradiation led to extremely low specific contact resistivities with value below the limit of
TLM for accurate value determination. In Ar” irradiation surface pre-treatment, optimization of
the argon ion energy is required to sufficiently remove GaSb native oxide while minimizing the
ion-induced damage of the semiconductor surface. The use of in situ Ar" irradiation eliminates
sample exposure to the air, thus making it a promising technique for high performance GaSb-
based semiconductor devices.
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Abstract

Aluminum-based contacts could be a good alternative to conventional gold-based contacts
for a number of GaSb-based devices. In this study, the use of some Al-based contacts in
GaSb-based diode lasers was investigated via the measurement of specific contact resistivity
and laser output characteristics. The Al-based contacts to p-type GaSb(001) exhibited lower
specific contact resistivities than the conventional Au-based contacts, whereas the opposite
was the case for contacts to n-type GaSb(001). The good performance of GaSb-based laser
diodes using Al-based contacts shows the applicability of this type of contact in GaSb-based
devices. The contact between Al only and p-type GaSb(001), however, could suffer from a
reliability problem when used in diode lasers, due to interdiffusion, in which case a diffusion
barrier should be included.

I. INTRODUCTION

GaSb-based diode lasers are one of the promising monochromatic light sources in the mid-
infrared wavelength region of 2-5 um. The high-performance operation of these devices
requires ohmic contacts with ultra-low resistivity to enhance the current injection and to
minimize the heat generation in the laser structures in order to minimize Auger recombination.
Currently, Au-based contacts are predominantly used. Although aluminum contacts have been
widely used in silicon integrated-circuits, it has not been reported in use in GaSb-based lasers.
Thanks to excellent properties of aluminum, such as low electrical resistance and good
contacting with wire bonds (both Au and Al wires), the Al-based contacts are promising as a
cheaper alternative for GaSb-based devices.

Ti/Pt/Au ohmic contact to p-type GaSb(001) is widely chosen for a number of antimonide-
based devices, including for GaSb-based diode lasers, and is a natural choice of Au-based
contact that alternative Al-based contacts should be compared with. The specific contact
resistivity of this metallization is typically in the order of 10 - 10 Q cm? !, Since every
deposited metal can create an ohmic contact to p-type GaSb(001),** Al can be used as single-
element metallization system. Milnes et al.° have investigated ohmic contacts to p-type
GaSb(001), using Al amongst other metals. The authors showed that p-GaSb(001)/Al contact
had a low specific contact resistivity which was comparable to those of Au and Ag contacts,
but less stable after being heated for 30 h at temperatures from 200 °C and above. We believe
the latter is due to the diffusion of Al into GaSb, in which case it can be avoided by adding a
diffusion barrier. Ti is well-known as the diffusion barrier for the Al contacts to Si,” and thus
Ti is our candidate for the diffusion barrier in Al contacts to GaSb. The formation of the
intermetallic layer TiAls at annealing temperatures above 300 °C which allows Al to diffuse
through’ is not expected to be an issue as long as the contact is annealed below 300 °C for a
rather short time.

In contrast, the Schottky barrier due to the Fermi-level pinning at the surface near the
valence band makes ohmic contacts to n-type GaSb(001) more difficult to obtain®!°. Forming
ohmic contact to n-type GaSb(001) mostly bases on the formation of intermetallic compound

101



at the metal — semiconductor interface by the use of multilayer contacts and annealing!!. The
metals Pd and Ni are widely chosen to make intermetallic compound with n-type GaSb(001),'*
15 where the primary function is to initiate reactions with GaSb and to serve as an adhesion
layer’. Ge can be used to create a highly doped n*-GaSb layer in order to provide a tunneling
contact'®. Our choice of Au-based contact here, that alternative Al-based contacts should be
compared with, is a specific Pd/Ge/Au/Pt/Au metal stack contact that has shown excellent
performance'?. Although an alternative Ni/Ge/Au/Pt/Au contact has shown even lower specific
contact resistivity, we chose Pd over Ni as there is some uncertainty regarding how stable Ni
would be as compared to Pd in long term thermal stability'>. Utilizing the advantages of solid
phase reaction of Pd/Ge contact, we propose an Al-based metallization system to n-type
GaSb(001) consisting of Pd, Ge, Ti and Al.

In this work, the specific contact resistivities of Al-based contacts to p- and n-type
GaSb(001) are measured and compared to those of the selected Au-based contacts.
Subsequently, the use of these Al-based contacts in GaSb-based lasers is examined via the laser
performance. Furthermore, the reliability of the Al-based contacts for laser applications is
evaluated in a laser burn-in and life-time test.

II. EXPERIMENTS
1. Material growths

To determine the specific contact resistivity of Al-based contacts, the transfer length
method (TLM) and four-probe measurements were performed on samples grown by molecular
beam epitaxy (MBE)>!. For the contacts to p-type GaSb(001), a 2 um thick epitaxial layer of
Be-doped GaSb was grown on a 100 nm thick undoped GaSb buffer layer grown on n-type
GaSb(001) wafer (with nominal carrier concentration of 5 x 107 cm) in a solid source Varian
GEN II Modular MBE system. The p-type doping concentration was 2 x 10 cm, which is a
typical concentration for the cap layer of the laser structure. For the contacts to n-type
GaSb(001), a 2 um thick epitaxial layer of Te-doped GaSb was grown on semi-insulating
GaAs(001) wafer. For the n-type sample, the nominal carrier concentration was 5 x 10'7 cm,
which is similar to the carrier concentration of n-type GaSb(001) substrates used for laser
growth.

The laser structure, shown schematically in Fig. 1, was grown in the above-mentioned
MBE system equipped with Veeco valved cracker cells for both arsenic and antimony. The 2
pm thick lower cladding layer of n-type AlooGao.1Aso.06Sboos was doped with Te to a carrier
concentration level of 1.6 x 10'7 cm™ for the first 1.6 um and then the doping level was graded
to a carrier concentration level of 1.0 x 107 cm™ over the next 400 nm toward the active region
of the laser. The 2 um thick upper cladding layer of p-type Alo.oGao.1Aso.06Sbo.o4 was Be-doped
with a grading in carrier concentration from 2.0 x 10'7 cm™ to 5.0 x 10'® cm™ over the first 400
nm and then constant doping with carrier concentration at 5.0 x 10'® ¢cm™ for the next 1.6 pm.
The grading in carrier concentration was achieved by varying the temperature of dopant sources
linearly with time. A 12 nm thick doped (nominal average carrier concentration of 4.1 x 10"
cm) GaSb/AISb superlattice structure was introduced within the Te-doped GaSb buffer layer
on top of the Te-doped GaSb(001) substrate to minimize the propagation of any dislocation
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defects towards the active region of the laser. The nominal carrier concentration in the Te-doped
GaSb buffer layer and Te-doped GaSb(001) substrate was 5 x 10'7 cm™. To help carrier
injection, heavily doped graded bandgap transition layers were grown between the buffer layer
and the n-type cladding layer and between the p-type cladding layer and the heavily doped p-
type (Be dopant concentration of 2 x 10'° cm™) GaSb cap layer. The active region of the laser
consisted of three 12 nm wide Ino.33Gao.67As0.1Sbo.y quantum wells separated by 20 nm wide
Alo35Gao.esAs80.026Sbo.o74 barriers and sandwiched between two 145 nm wide undoped
Alo35Gao.6sAs0.0265b0.974 separate confinement layers.

«—— GaSb
Cap
Grading —ST— Cladding
clal;zr:; - < Sct
Core —> / Barrier
Lower | Qw
cladding
Grading ~ [ scL
Buffer — “— GaSh
Superlattice / \ AISb
Buffer

Substrate

Figure 1. Schematic of the growth structure of the lasers. (Details are given in Sec. [T A.)

2. Device fabrications

TLM structures were defined by conventional UV-lithography and were isolated on
rectangular mesas by inductively-coupled plasma reactive ion etching (ICP-RIE)>. The
metallization was performed by e-beam evaporation in a combined sputtering and e-beam
evaporation system (AJA ATC-2200V) at a starting pressure of 107 Torr. The contact formation
is summarized in Table 1. Prior to metallization, in situ cleaning of the GaSb surface by low-
ion-energy (325 eV) Ar" irradiation was applied to remove the native oxide®. After lift-off, the
samples underwent a rapid thermal anneal at 290 °C for 45 s in nitrogen atmosphere, which is
an optimized annealing procedure!? for the n-type GaSb/Pd/Ge/Au/Pt/Au contact that we use
as a comparison reference for the performance of Al-based contacts to n-type GaSb. For GaSb-
based diode lasers, the optimized annealing procedure for contacts to n-type GaSb is
simultaneously also applied for the Ti/Pt/Au contacts to p-type GaSb during laser fabrication.
As our Al-based contacts to n-type GaSb also include Pd/Ge, we thus use the same annealing
procedure for all annealed contacts. Samples of non-annealed Al contact to p-type GaSb(001)
were also prepared to investigate the effect of Al diffusion on the contact properties.

Ridge-waveguide lasers using Al-based and Au-based contacts with 25 pm wide strips, as
shown in Fig. 2, were processed using ICP-RIE (Oxford Plasma System 100 ICP380 reactor)
with BCI3/Cl chemistry. The etch stop was controlled precisely, as described in detail in Ref.
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18, to 100 nm above the active region, using in situ reflectance monitoring. For mesa
passivation, photoresist ma—N440 was spin-coated followed by thermal hardening and RIE
etchback with O2/CF4 chemistry. The metallization of the laser contacts presented in Fig. 2 and
Table II were performed as in the specific contact resistivity experiments, except using an
optimized Ar ion energy of 180 eV to remove GaSb native oxide®. To achieve good bonding to
the aluminum contact, 50 nm of SiO; was added to improve the adhesion between photoresist
and Al In addition, a thick layer of Al is required to reduce the bonding force. We observed
non-lasing behavior of the laser when the bonding force exceeded 80 g. After top contact
metallization, the laser samples were thinned down to about 150 um before applying the bottom
contact metallization. Finally, all lasers were annealed following the mentioned annealing
procedure and were cleaved into 1.5 mm long laser bars before being mounted episide-up on
copper heat sinks. No facet coating was applied. The laser diodes were characterized in
continuous wave operation at 16 °C, lasing at 2.29 um wavelength. The reliability of the Al-
based contacts was examined in a laser burn-in and life-time test. The test conditions are
summarized in Table II. Laser properties such as output power and [-V characteristic were
recorded to evaluate the contact reliability.

Top contact

Passivation

S

Upper cladding & cap

Active region
Lower cladding
Substrate

Bottom contact ———

Figure 2. 25 pm wide ridge-waveguide laser using different types of contacts. Laser A: Al
top contact and Pd/Ge/Ti/Al bottom contact. Laser TA: Ti/Al top contact and
Pd/Ge/Ti/Al bottom contact. Laser TPA: Ti/Pt/Au top contact and
Pd/Ge/Au/Pt/Au bottom contact.

III. RESULTS AND DISCUSSIONS

The Al-based contacts to both p- and n-type GaSb(001) exhibited low specific contact
resistivity and comparable to the Au-based contacts. The results are summarized in Table I.

Similar to Ti°, Al can react with p-type GaSb, even at room temperature'®, to provide good
ohmic contact. However, unlike the contact between Ti and p-type GaSb(001), where the
contact resistivity is not affected by annealing'®, the interdiffusion between Al and p-type
GaSb(001) during annealing improves the contact resistivity. After annealing, the measured
value of p for the Al contact to p-type GaSb(001) is lower than both for the as-deposited Al
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contact and for the Au-based contact. It is one of the lowest reported results for contact to p-
type GaSb(001). However, it is also quite a bit below the lower limit (5 x 10 Q cm? in this
case’) for accurate/valid results of the measurement method, and thus, there is a relatively high
uncertainty attached to this value. This is supported by the fact that the measurements of two
out of three annealed Al samples gave negative contact resistances (R¢) with small absolute
values similar to the positive contact resistance of the third sample, indicating that the TLM
failed to accurately determine the extremely low specific contact resistivity of the Al contact to
p-type GaSb after annealing. The metal contact to p-type GaSb(001) consisting of Ti and Al
also exhibited a very low specific contact resistivity which is unexpectedly lower than that of
the Au-based contact, even though Ti is the first deposited metal in both cases.

Table I. Contact preparation and the measured specific contact resistivity for each
metallization. N: number of samples.

Contact Metallization N Thickness (A) Average pe (Q cm?)
Non-annealed Al 3 2000 7.8 x 10 (for N=3)
p-type Annealed Al 3 2000 1.4 x 108 (for N=1?)
GaSb Ti/Al 3 500/2000 2.0 x 1078 (for N=3)
Ti/Pt/Au 5 500/250/3250 10.5 x 1078 (for N=5)
Pd/Ge/Al 3 87/560/2000 3.3 x 107 (for N=3)
n-type Pd/Ge/Ti/Al 3 87/560/500/2000 2.6 x 1073 (for N=3)
GaSb Pd/Ge/Au/Pt/Au 3 87/560/233/476/2000 1.2 x 1073 (for N=3)

*Measurement results of the other samples gave negative contact resistances with small absolute
values similar to the positive contact resistance (R¢), and thus there is a relatively high
uncertainty attached to the listed value.

For the contacts to n-type GaSb(001), an ohmic behavior was observed from I — V curves
in all samples. The Au-based contact showed the lowest average p. while the Al-based contact
using Ti as a diffusion barrier showed a slightly lower average p. than the Al-based contact
without Ti. The observed high value of p. for both Au-based and Al-based contacts is likely due
to the low doping level (i.e. carrier concentration) of the n-type GaSb epilayer. Consequently,
the value of p. would improve if the carrier concentration in the n-GaSb epi-layer was increased.
This, however, is not applicable for the case of GaSb-based lasers as fabricated in this study as
high quality n-type GaSb(001) wafers with much higher carrier concentration (e.g. above 2 x
10'® cm™) are in general not commercially available.

The representative output power and current-voltage characteristics of as-fabricated lasers
are shown in Fig. 3. All lasers exhibit similar performance. Compared to the lasers with Au-
based contacts (Laser TPA), the lasers with Al-based contacts (Laser A and Laser TA) had
higher resistance, most likely due to the bottom contact.
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Figure 3. Representative output power and current-voltage characteristics of as-fabricated
lasers. (Laser A: Al top contact, Laser TA: Ti/Al top contact, Laser TPA: Ti/Pt/Au
top contact).

After the burn-in test, no degradation, as judged by output power, was observed from any
of'the lasers. Some lasers with Laser A contacts had even higher output power than as-fabricated
devices. After the life-time test, the output power of lasers with Laser A contacts degraded ca.
5-15%, whereas the lasers with Laser TA or Laser TPA contacts showed no degradation. The
degradation in output power of the lasers with Laser A contacts was attributed to an increase in
the total resistance of the laser (see Fig. 4), probably due to Al diffusion during burn-in causing
a degradation of the top contact. We believe the Ti in the Laser TA top contact reduces the Al
diffusion during the life-time test, and thus prevents degradation of the lasers with Laser TA
contacts. Finally, we note that using the TiAl top contact in combination with the conventional
PdGeAuPtAu bottom contact should potentially give an even better laser diode performance
than demonstrated here.

Table I1. Reliability test for GaSb-based laser diodes using different types of contacts.

Test Type of Contacts Number Time Current Output power after
laser (Top/Bottom) of (h)  density testing
samples (A/em?)

First: Laser A Al/PdGeTiAl
Burn-in  Laser TA  TiAl/PdGeTiAl
(16°C)  Laser TPA TiPtAu/PdGeAuPtAu

100 800  No degradation
100 800  No degradation
100 800  No degradation

Second: Laser A Al/PdGeTiAl
Life-time Laser TA  TiAl/PdGeTiAl
(80°C)  Laser TPA TiPtAu/PdGeAuPtAu

100 1200  5-15% degradation
100 1200  No degradation
100 1200  No degradation

W A WL W KA W
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Figure 4. Typical I-V characteristic of lasers with Laser A contacts before and after
reliability test.

IV. CONCLUSIONS

We found that the Al-based contacts to p-type GaSb(001) exhibited around five times lower
specific contact resistivities than the conventional Au-based contacts, whereas the opposite
(two-three times higher) was the case for contacts to n-type GaSb(001). However, as revealed
by our reliability test, the contact between Al only and p-type GaSb(001) could suffer from a
reliability problem when used in some devices, due to interdiffusion, in which case a diffusion
barrier should be included. The GaSb-based laser diodes with TiAl/PdGeTiAl top/bottom
contacts proved to have equally good performance, in terms of power output and reliability, as
the laser diodes with conventional TiPtAu/PdGeAuPtAu top/bottom contacts, which is
promising with regard to the applicability of Al-based contacts in GaSb-based devices.
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Abstract

Widely tunable Y-junction lasers have been realized in the wavelength range of 2.34 - 2.39
pum for trace-gas sensing application. Y-junction structures with large bend radius and small
length difference between the two cavities have been chosen to maximize the output power
and wavelength tunability while having sufficient side mode suppression ratio (SMSR). By
changing the electric currents in different sections of the Y-junction lasers, a tunable
wavelength range of 50 nm with an SMSR > 23 dB was achieved.

Keywords: Tunable diode lasers, Y-junction, mid-infrared, Gallium Antimonide (GaSb),
side mode suppression ratio (SMSR)

I. INTRODUCTION

GaSb-based type-I semiconductor diode lasers with high optical gain, simple growth
design and easy approach to continuous wave (cw) operation at room temperature (RT) are
excellent candidates for mid-infrared lasers in the wavelength region of 1.5-3.3 um [1-3], whose
applications include the monochromatic light sources needed for trace-gas sensing systems
based on tunable diode-laser absorption spectroscopy (TDLAS). Among edge-emitting laser
structures for light source of TDLAS, Y-junction structure is an interesting alternative, thanks
to its wide tunable range and less complex fabrication process. Most of widely tunable
monolithic laser structures benefit from passive gratings and phase sections, requiring epitaxial
regrowth of the laser structure [4]. This regrowth could be performed for GaSb-based laser
structures [5], but has to overcome the reactive nature of Al1GaAsSb [6] used for the cladding
layers. Y-junction lasers provide a regrowth-free solution, using less complex processing steps
and tools (such as conventional photolithography), resulting in potentially lower costs and
higher yield. First studied by Wang, Choi and Fattah [7, 8], the Y-junction lasers were later
further developed by other groups focusing on optical communication applications [9-13].
Recently, tunable lasers using Y-junction [14, 15] or related structures such as Mach-Zehnder
(MZ) interferometer [16-19], V-coupled cavity [20], modulated grating Y-branch [21] and
multimode interference couplers [22, 23] have been investigated, typically for gas sensing and
communication applications. For the regrowth-free, low-cost tunable lasers, a tuning range of
up to 55 nm and an SMSR exceeding 30 dB have been reported for the wavelength region of
1.5-1.6 um [18, 22-24].

In the present work, the ridge waveguide Y-junction structure, which can be considered a
“half MZ interferometer”, consists of two S-bend cavities with same bending radius sharing a
common section, as shown in Fig. 1, but where one S-bend cavity is shorter due to a shorter
bend section. The geometrical path difference AL allows the selection of the overlapped modes
(supermodes) between two mode-combs of these two cavities, called the Vernier effect, thus
enabling the interferometric tuning behavior of the Y-junction lasers when the mode-comb of
one cavity is shifted relative to the other. Here, Y-junction lasers of different configuration (i.e.,
different bend radii » and AL) have been fabricated and characterized. The main goal is to
maximize wavelength tuning range while keeping the SMSR sufficient for gas detection [25].
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With the tuning range of 2.34 — 2.39 um, several targeted gas molecules can be detected such
as CHg and CO, which have strong absorption lines in this wavelength regime [26-28].

II. EXPERIMENTS

In this study, GalnAsSb/AlGaAsSb quantum well (QW) diode lasers emitting at 2.3 um
wavelength were grown on n-type GaSb (001) wafer by molecular beam epitaxy (MBE). The
active region consisted of three 12 nm wide Gao.67Ino.33As0.10Sbo.oo QWs separated by 20 nm
wide quaternary Alg35GaossAs0.0265bo.974 barrier layers and sandwiched between two 145 nm
wide undoped Alo35Gao.ssAs0.026Sbo.974 separate confinement layers. For optical and electrical
confinement, the active region was surrounded by n- and p-type doped Alo.00Gao.10As0.065b0.94
cladding layers with the thickness of 2 and 1.4 um, respectively. The carrier concentration in
the cladding layers has been optimized to enhance the laser performance [29].

5 wm wide ridge Y-junction lasers, with locally symmetric Y-splitter structure and with
different bend radii » and length differences AL, were processed into the structure shown
schematically in Fig. 1. For the loss characterization in the Y-junction structure, straight lasers
with the same waveguide width were also fabricated for comparison. To improve the light
confinement in the Y-junction structure, especially in the bend sections, a deep etch (within 100
nm above the active region) is important. The etch depth can be precisely controlled by in situ
reflectance monitoring [30]. For the contact planarization and waveguide sidewall isolation,
photoresist ma-N440 was spin-coated followed by thermal hardening and O2/CF4 Reactive lon
Etching etchback. Prior to metallization, in situ cleaning of the GaSb surface by optimal-ion-
energy (180 eV) Ar" irradiation was applied to remove the native oxide [31]. The conventional
gold-based contacts, Ti/Pt/Au and Pd/Ge/Au/Pt/Au, were used for top and bottom laser
contacts, respectively, followed by annealing. The lasers were cleaved into bars of 1.5 mm
before being mounted epi-side-up on copper heat sinks. The laser diodes were characterized in
cw operation at 16 °C without any facet coatings.

Top contact

Isolation

Cap & upper cladding
Active region
Lower cladding

Substrate

Bottom contact

Figure 1. Schematic of a fabricated Y-junction laser with three top electrodes for current
injection, where /., /; and /; are the injected currents for the common section, the
shorter arm and the longer arm, respectively.

112



III. RESULTS AND DISCUSSIONS

Fig. 2 shows the output power characteristics of Y-junction lasers with different bend radii
where all three currents were kept identical. The typical Y-junction laser (» = 1000 pm, AL =
20 pm) exhibits a relatively high threshold current density Jin of 1140 A/cm? (380 A/cm? per
well) compared to the straight waveguide lasers (J = 750 A/cm?). A significant contribution
to the high threshold current density is the bend losses not found in the straight laser structures.
The inset in Fig. 2 displays the single-mode behavior of the Y-junction lasers emitting at 2.37
pm with an SMSR of 25 dB. The laser linewidth or the full width at half maximum (FWHM)
of laser peak is measured to be ~0.1 nm which is suitable for high accuracy gas sensing
applications as simulated by Chan et al. [32]. The characteristic temperature (79) of 84.3 K
measured from straight waveguide lasers of the same laser growth structure indicates a good

thermal stability of the devices.
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Figure 2. Output performance of the Y-junction lasers with different bend radii. Single-
mode emission with SMSR = 25 dB is shown in the upper inset, recorded for the
Y-junction configuration with » = 1000 um and 4L = 20 pum. (See Fig. 1 for
definition of 7, ; and I;.)

The design of the bend section in the Y-junction structure significantly affects the
performance of the final devices in terms of output power and wavelength tunability. As the
bend radius decreases, the optical losses due to leakage in the bend section and the mode
mismatch between the straight and bent waveguide segments increases, resulting in higher total
loss and lower output power [33, 34], as seen in Fig. 2. Moreover, for a given waveguide
separation, the bend radius also determines the length difference AL between two cavities in
the asymmetric Y-junction structure. The larger the bend radius, the smaller AL can be, and
thus a higher tuning range, given by Aly, = A2 /2ng oifAL Where ngerr is the effective group
index, can be achieved. Therefore, larger bend radius is preferable to maximize the output
power and the tuning range. With ngefr = 3.75 (determined from mode spacing measurements),
the theoretical tuning range of the Y-junction lasers with the largest » = 1000 pm and AL = 20
pm in this study is AAy=36.5 nm, which is in agreement with the experimental results presented
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in Fig. 3(a) (i.e., by keeping I. = I, = 120 mA and varying [, the tuning range is 37 nm with an
average tuning rate of 0.6 nm/mA). The drawback of the Y-junction configuration is the tradeoff
between increased tuning range and the associated reduction in SMSR [11]. However, a typical
SMSR of 23 dB and up to 25 dB is obtained in this work, which satisfies the requirement for
trace-gas sensing application.

. I, =120mA
Bur, - 4 o I,=105mAfl
R 1, =90 mA

2380 . b

2 (nm)

2370} o —

2360 " ® B

2350 A

0.4 0.6 08 1 1.2 1.4 16 1.8

2400

2390 &

2380

23701

2 (nm)

2360

2350}
(b)

23401 2

233%0 90 100 110 120 130 140 150

IL=1_=1, (mA)

Figure 3. Tuning behavior of Y-junction laser with » = 1000 um and AL = 20 um. (a)
Variation of the MZ filter across the FP modes. (b) Variation of the whole gain
curve across the MZ filter.

The tuning behavior of the Y-junction lasers has been characterized as shown in Fig. 3. By
adjusting the injection currents into each section, the emitted wavelength can be tuned in two
different ways which allow the largest variety of controllable applications [11]. The first tuning
scheme is based on the variation of the MZ filter across the Fabry-Perot (FP) modes. By varying
the ratio of the injection currents into the longer arm (/;) and the shorter arm (), the sawtooth-
shaped tuning behavior can be observed as shown in Fig. 3(a) when the position of the MZ loss
minimum is tuned across the allowed FP modes (continuous tuning) until the neighboring
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minimum reaches the same low level (step-like tuning). The single-mode lasing spectra with a
tuning range of 32 nm covered in steps of 1-3 nm is displayed in Fig. 4. By combining with
variations of the injected current into the common section (/c), a wide tuning range of up to 50
nm can be obtained. This would be advantageous as it can enable several gases to be detected
by one single laser. The second tuning scheme is achieved by changing all of the injected
currents simultaneously (usually equal) to shift the whole gain curve across the MZ filter. Step-
like tuning behavior can be observed, as shown in Fig. 3(b), resulting from the switch of the
supermode when the level of the next MZ loss minimum has reached the value of the previous
one.
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Figure 4. Single-mode lasing spectra (with normalized peak intensities) of the Y-junction
laser (= 1000 pm, AL =20 pum) with a 32 nm tuning range.

IV. CONCLUSIONS

Tunable Y-junction lasers lasing at 2.34 — 2.39 um wavelength have been successfully
fabricated and characterized. A single-mode emission tuning range as wide as 50 nm is
demonstrated for Y-junction laser with bend radius of 1000 um and length difference of 20 um
between the two cavities. In addition, the devices exhibit good output performance in terms of
power, FWHM and SMSR that makes Y-junction laser a promising candidate for trace-gas
sensing applications.
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Chapter 6
SUMMARY AND FUTURE OUTLOOK

6.1. Summary

The goal of this thesis work is to optimize the fabrication process of GaSb-based laser diodes
in order to successfully fabricate and characterize tunable Y-junction lasers for trace-gas
sensing applications. The process optimization focusing on carrier concentration in the cladding
layers, waveguide formation and insulation, oxide-removal techniques, metallization of laser
contacts and facet coating is summarized in section 6.1.1. As seen in section 6.1.2 below, the
optimized processing steps show positive impact on the laser output characteristics, as
evidenced by the performance of Fabry-Perot lasers with different configurations. Furthermore,
the successful development of Y-junction lasers is presented, featuring operation in cw mode
at room temperature with wide tuning range up to 50 nm and SMSR > 23 dB.

6.1.1. Optimization of GaSb-based laser diode fabrication process

The laser structures were grown by molecular beam epitaxy and several growth steps needed to
be optimized in order to improve the laser characteristics. My contribution was to support the
laser growth optimization through the discussions, fabrication and characterization of the tested
structures. In section 5.1, incorporation of tellurium (Te) and beryllium (Be) dopants in
Alo.oGao.1As0.06Sbo.o4 cladding layers was investigated to enhance the electrical properties while
minimizing the defect levels for better optical properties. The dependence of carrier
concentration and Hall mobility on dopant density for both n- and p-type doped AlGaAsSb
cladding layers has been precisely determined using Hall effect and SIMS depth profile
measurements. Carrier concentration was found to have linear dependence on the dopant
density for Be-doped Alo.sGao.1As0.06Sbo.os4 for dopant density up to 2.9 x 10" cm™, whereas it
gets saturated for Te-doped Alo.9oGao.1A80.06Sbo.os samples at 1.6 x 107 cm for dopant density
values above 8.0 x 10'® cm™. Deep level transient spectroscopy revealed the presence of deep
trap levels (most likely DX-centers) as a cause of low doping efficiency in the Te-doped
AlooGag.1As0.06Sbo.os samples. Other works of laser growth optimization not included in this
thesis are studies of doping profile in the cladding layer and indium interdiffusion into barrier
due to annealing.

Our group have established a standard recipe for the fabrication of the semiconductor laser
diodes. Based on the first recipe developed by Breivik [61], the significant improvements of
the laser processing achieved in this work include ridge-waveguide formation, waveguide
isolation, metallization and facet coating with further details given below.
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Ridge-waveguide formation

Ridge-waveguide structure has been fabricated in a well-defined form. Using photoresist AZ-
5214E as a mask for etching, nearly vertical profile of 85° of ridge waveguide has been
obtained. Simulations results in section 5.2 and Appendix A show the importance of ridge
waveguide etching to obtain high index contrast for waveguiding in Y-junction structure with
high bend loss. To control precisely the etch depth or the height of the ridge waveguide, in situ
reflectance monitored ICP-RIE has been applied providing an endpoint depth precision within
+ 10 nm. Using this high precision etching technique, significant improvement in the
performance of Y-junction lasers has been achieved as compared to previous studies in our

group.
Waveguide insulation

By covering the sidewall of the ridge waveguide with the photoresist ma-N440 followed by
heat treatment and O2/CF4 RIE etchback, rapid oxidation of the cladding layer AlGaAsSb can
be avoided, thus improving the long-term reliability of the laser devices. The reliability tests of
the laser diodes presented in section 5.4 showed no degradation of the output power, which is
partly attributed to this protection. We believe that the photoresist ma-N440 can replace the
expensive materials which are normally used for waveguide isolation in laser fabrication, e.g.,
benzocyclobutene (BCB).

Metallization

Low ohmic contact resistance to GaSb is highly desirable for high performance operation of
the laser diodes. Such good ohmic contact requires an oxide-free surface of GaSb, which is in
contact with the metallic layers. Prior to metallization, several plasma-assisted techniques were
applied to remove the native oxide of GaSb, as presented in section 5.3. The effect of these
techniques on the contact properties in comparison to the conventional chemical methods was
evaluated via the specific contact resistivity between the metallic layers and p-type GaSb,
obtained from transfer length method and four-point probe measurements. Very low specific
contact resistivities of less than 5 x 10" Q cm? (the limit for accurate TLM measurement results)
were observed after pre-surface treatment by Ha/Ar sputtering etching and low-ion-energy Ar
irradiation. By eliminating sample exposure to air prior to metallization, in situ Ar irradiation
is a promising technique for fabrication of high performance GaSb-based semiconductor
devices.

Study on aluminum (Al)-based metallizations to n- and p-type GaSb as an alternative for gold
(Au)-based contacts provides better understanding in contact properties of the GaSb-based
laser diodes, as presented in section 5.4. Measurement of specific contact resistivities between
metallic layers and n-/p-type GaSb demonstrated that the Al-based contacts performed as good
as the conventional Au-based contacts. The contact property between Al and p-type GaSb was
even better after annealing. The potential reliability problem of this type of contact revealed by
reliability test when used in some devices, due to interdiffusion, can be reduced by using a
diffusion barrier. The good performance of GaSb-based straight waveguide edge emitting lasers
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using Al-based contacts shows the applicability of this type of contact in GaSb-based
semiconductor devices.

Facet coating

Optical coating on laser facets is a promising solution to improve the output performance and
long-term stability of GaSb-based semiconductor laser diodes. In chapter 4, simulations of
reflectance spectra have been performed for different optical coatings in order to select proper
materials matching the requirement of reflectivity. The optical coatings were then deposited on
glass and GaAs substrate by electron beam evaporation, of which glass substrate is used for
testing the deposition method and GaAs has the refractive index closest to those of the laser
materials. The reflectance spectra of the optical coatings were then measured by FTIR
spectroscopy to compare with simulation results. At the desired wavelength of 2.33 pum, the
reflectivities of the HR coating, AR coating and partial HR coating were measured to be 99 %,
7 % and 50 %, respectively. The effect of optical coatings on the performance of the GaSb-
based edge emitting laser diodes has been examined. Significant improvement of the output
performance of the laser diodes in terms of optical power, threshold current and differential
quantum efficiency has been observed after applying one facet with HR coating and the other
with AR coating.

6.1.2. Fabrication and characterization of Fabry-Perot and Y-junction lasers

Fabry-Perot and Y-junction lasers have been successfully fabricated using the optimized
processing steps. The output performance of the lasers has been characterized via the
measurement of P-I characteristics, I-V characteristics, laser spectrum, near- and far-field
patterns. The long-term stability of the laser diodes has also been evaluated via reliability test.

The FP lasers with different configuration (i.e., straight and S-bend waveguide with different
widths) have been processed for the characterization of laser growth structure and process
optimization. FP ridge waveguide lasers with 25 pm width and 1 mm length operating at RT in
cw mode with good output characteristics have been obtained, i.e., maximum output power per
facet of 20 mW (without optical coating), low threshold current density of 200 A-cm2 (67
A-cm? per quantum well), internal loss of 9.83 cm’!, internal quantum efficiency of 40.6 % and
characteristic temperature of 84.3 K. The laser diodes exhibited low operation voltage of 1 V
which helped to reduce the heat generation inside the laser structure. Single mode behavior
emission with FWHM of ~ 0.1 nm and SMSR > 14 dB has been observed for 5 um wide (and
below) straight waveguide. The loss characterization in the S-bend lasers was unsuccessful due
to the inconsistency in measurement data, thus requiring further investigation.

Widely tunable Y-junction lasers have been realized in the wavelength range of 2.34 — 2.39
pum, as presented in section 5.5, to achieve the main goal of this thesis. Y-junction lasers of
different configuration with different » (bend radius) and 4L (length difference between two
cavities) have been fabricated and characterized. The Y-junction structure with large » and small
AL is preferable to maximize the output power and wavelength tunability while having
sufficient SMSR for gas detection. We demonstrated a single-mode emission tuning range as
wide as 50 nm of the Y-junction laser with an » of 1000 pm and a AL of 20 pm, of which the
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tuning regime has behaved as expected. In addition, the devices exhibited good output
performance in terms of power, FWHM and SMSR with the typical values of 2 mW, ~ 0.1 nm
and 23 dB, respectively. Together with RT operation in cw mode, the fabricated Y-junction
lasers have fulfilled the conditions of light source of TDLAS for trace-gas sensing applications

[5].

6.2. Future outlook

Though optimization of fabrication process carried out in this work can lead to the successful
operation of the Y-junction laser, it requires further research to improve its performance. Ideas
and suggestions are presented in this section.

6.2.1. Computations and simulations of laser diodes

To date, the optimal output characteristics of the diode lasers are usually the results of
experimentally optimizing the growth of laser materials and the device fabrication process,
which involves various parameters and is a very complicated, costly and time-consuming
process. Therefore, it would be more efficient to simulate the laser operation by varying the
laser structural parameters, such as number of wells, width of wells... to optimize the output
characteristics of the diode lasers prior to fabricating the devices. Whereas numerous
experimental research works have been performed for strained GalnAsSb/AlGaAsSb QW
diode lasers, theoretical studies of this laser system have received much less attention. With the
development of advanced software simulation tools, it is possible to model such complex
system prior to the growth and fabrication of devices. By integrating various models, including
spontaneous and stimulated emission, Shockley-Read-Hall (SRH) recombination, Auger
recombination, and strained zinc-blende three-band model, etc., simulation tools such as
ATLAS can be utilized to replicate the output performance of the laser diodes. Moreover,
several parameters can be also extracted from simulation results, such as near- and far-field
patterns, optical loss, radiative recombination rate, SRH recombination rate, and Auger
recombination rate. These output parameters provide a basis for a thorough analysis of the laser
performance, thus enabling optimization of the design of the laser structures and the laser
devices. For example, one could increase the compressive strain of the QW in the laser structure
in order to reduce the Auger recombination rate, especially at the longer wavelengths.

6.2.2. Improvement of index contrast for waveguiding in Y-junction structure
with high bend loss

Regardless the long-term reliability, the most straightforward approach to enhance the index
contrast for waveguiding in Y-junction structure is etching through the active region. This will
lead to pure index guiding mechanism for lateral mode confinement inside the ridge structure
with a large index contrast of more than 1.5. However, the propagation of light in Y-junction
structures could experience a high optical loss due to waveguide sidewall roughness.
Particularly along the curved sections, the light scattering becomes severe as all propagating
light hits the sidewalls and reflects back. We observed non-lasing behavior of Y-junction lasers
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with small bend radii of 300 and 500 um when etching through the active region. The working
laser with large bend radii of 750 and 1000 pm performed worse than previous study (section
5.5). Therefore, it is essential to reduce the waveguide sidewall roughness to improve the
performance of laser devices. The reduction of waveguide sidewall roughness is a result of the
optimization of mask design and manufacture, waveguide formation lithography, and etching
process. For as-etched waveguide, one can reduce the roughness of waveguide sidewalls by
applying chemical treatments, such as phosphoric acid-based wet etch [140], or oxygen-
enhanced wet thermal oxidation [141]. It should be noted that these chemical treatments were
applied for I1I-As waveguides. Therefore, the effect of chemical treatments on the reduction of
I11-AsSb waveguide sidewall roughness require further investigation.

An alternative approach to increase the index contrast for waveguiding in the ridge waveguide
structure is to engineer the laser structure. One of the factors that can affect the index contrast
is the thickness of the active region as shown in Eq. 2.21. Simulation results show that the index
contrast can increase by decreasing the thickness of the active region. As seen in Fig. A.1, the
index contrast can reach to the value of 0.14 when the thickness of the active region is 200 nm.
The tradeoff of this method is increasing of light leakage into the cladding layers as the active
region is too thin, as seen in Fig. A.2.

Another solution is to push the light toward the upper cladding by bringing the refractive index
of the upper cladding closer to that of the active region. That means the light generated in the
active region will be intentionally leaked toward the upper cladding as shown in Fig. A.3. In
that case, the propagating light will be guided inside the ridge which has a much higher
refractive index than that of the surrounding isolation layer. Again, the waveguide sidewall
roughness needs to be controlled in order to minimize the light scattering at the sidewalls.

6.2.3. Investigation of other interferometric laser structures

Interferometric tuning mechanism plays an important role for realization of tunable laser
diodes. An investigation into interferometric waveguide structures would result in further
understanding of tuning behavior and improvement of tunability and SMSR of the lasers.

For Y-junction waveguide structure, the SMSR provided by the Y-junction structure may be
not sufficient to ensure single mode operation for applications which require high spectral
purity light sources. To improve SMSR of the Y-junction laser, one can add a grating structure
similar to the DFB structure. Another solution is to use a three-branch (Y3) junction laser [55,
82]. The Y3-junction lasers improve over the conventional Y-junction lasers by simultaneously
achieving a better SMSR and a wider tuning range. However, by adding one more waveguide,
the control of currents in different waveguides becomes more complicated.

An interesting alternative is waveguide-coupling laser structures which consist of two lasers, a
straight waveguide laser and an S-bend waveguide laser, which are slightly separated at one
end of the cavities. The geometrical path difference AL creates two different mode-combs of
these two lasers. When the separation gap is small enough, the light coupling between two
lasers enables the interferometric tuning behavior when the mode-comb of one cavity is shifted
relative to the other, known as Vernier effect. Initial results in Appendix D show that the tuning

123



range can be up to 45 nm depending on the current ratio in the bend and straight lasers and the
separation gap. Further investigation in this laser structure can provide the thorough analysis
regarding the light coupling mechanism between two lasers which can lead to the understanding
of the tuning behavior of the laser devices.
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Appendix A
SIMULATION RESULTS

This chapter contains results from simulation of lateral index contrast for waveguiding and
mode confinement in ridge waveguide structure. The results may be helpful for optimization of
light confinement inside the high-loss Y -junction waveguide. Simulation results in Fig. A.1 was
achieved by ERIM, see in chapter 2, using MATLAB. The simulations in Fig. A.2 and Fig. A.3
were performed using LIGHTS — Online optical simulation software by Sarangan [142].

In Fig. A.1, the dependence of the effective refractive index contrast Aney on the thickness of
the active region, calculated by ERIM, are shown. The ERIM simulation is applied for A =2.33
WM, 12 = Reore = 3.523, N1 = Reladding = 3.25, 1o = Ninsulaion = 1.5, and the etch stop is at the interface
between the upper cladding and the active region. The maximum value of index contrast is 0.14
when the thickness of the active region is 200 nm. However, as the thickness of the active region
reduces to 200 nm, the leakage of light into the cladding layers can increase in comparison to
our current laser structure with the thickness of the active region of 366 nm, as shown in Fig.
A.2 (a) and (b).

In Fig. A.3, the light generated in the active region is intentionally leaked into the upper
cladding for better waveguiding if the refractive index of the upper cladding layer is closer to
that of the active region. Here, the simulation was applied for the refractive index of the active
region of 3.523 and the refractive index of the upper cladding of 3.55. However, it is still a
challenge to find the material composition for the upper cladding with such refractive index
while having higher bandgap than that of the active region.
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Figure A.1: The dependence of the effective refractive index contrast Any on the thickness of
the active region. The ERIM simulation is applied for A = 2.33 pm, nacrive region = 3.523, Reladding
= 3.25, Rinsulaion = 1.5, and the etch stop is at the interface between the upper cladding and the
active region. It should be noted that for our laser growth and fabrication, the index contrast is
approximately 0.09, corresponding to 366 nm thickness of the active region.
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Figure A.2: The mode confinement inside the ridge waveguide structure when etch stop is at
the interface between the upper cladding and the active region. The simulation is applied for A
= 2.33 um, naciive region = 3.523, Reladding = 3.25, Rinsutaion = 1.5. (a) Our current laser structure
with the thickness of the active region of 366 nm. (b) Laser structure with the thickness of the
active region of 200 nm.
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Figure A.3: Intentional leakage of light into the upper cladding layer for better waveguiding.
The simulation is applied for A = 2.33 pum, Racrive region = 3.523, Niower cladding = 3.25, Rupper cladding
= 3.55, and ninsulation = 1.5.
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Appendix B
LASER GROWTH STRUCTURES

This chapter contains the growth structures of Sb159, Sb176, Sb188, Sb308 and Sb309.
Sample Sb308 and Sb309 has the same growth structures.

Table B.1. Layer information for the nominal laser structure of sample Sb159 emitting at 2.23
pm. The carrier concentrations in the grading layers and superlattice layer are the carrier
concentrations that would have resulted for doped GaSb.

Layer Material composition Thickness Type of doping / Growth
(nm) Carrier concentration temp. (°C)
(em™)

Substrate GaSb 50x10°  n-type/5.0 x 10" -

Buffer GaSb 130 n-type / 5.0 x 10" 530

30xsuperlattice  AlSb/GaSb 0.1/0.3 n-type 4.1 x 107 530

Buffer GaSb 250 n-type / 5.0 x 107 530

Grading AlGaAsSb/GaSb 42 n-type / 5.0 x 1017 530
— 1.6 x 107

Lower cladding  Alo9Gao.1Aso.06Sbo.o4 2.0x10°  n-type/ 1.6 x 10V 530
— 1.0 x 107

SCL Alo35Ga0.65A50.0255b0.975 165 Intrinsic 400

MQW x 3 Gao 65Ino.35A80.1Sbo.g 10 Intrinsic 400

Barrier x 2 Alo35Gao.65A80.0255b0.975 20 Intrinsic 400

SCL Alo35Gao.65A80.0255b0.975 165 Intrinsic 400

Upper cladding  Alo.9Gao.1As0.06Sbo.o4 2.0x10°  p-type/2.0 x 10" 400
— 5.0x10'®

Grading AlGaAsSb/GaSb 42 p-type /5.0 x 108 400
—5.0x 10"

Cap GaSb 100 p-type /2.0 x 10" 400
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Table B.2. Layer information for the nominal laser structure of sample Sb176 emitting at 2.4
pm. The carrier concentrations in the grading layers and superlattice layer are the carrier
concentrations that would have resulted for doped GaSb.

Layer Material composition Thickness Type of doping / Growth
(nm) Carrier concentration temp. (°C)
(em™)

Substrate GaSb 50%x10°  n-type/5.0 x 10" -

Buffer GaSb 130 n-type / 5.0 x 1017 530

30xsuperlattice  AlSb/GaSb 0.1/0.3 n-type / 4.1 x 107 530

Buffer GaSb 250 n-type / 5.0 x 1017 530

Grading AlGaAsSb/GaSb 42 n-type / 5.0 x 107 530
— 1.6 x 10"

Lower cladding  Alo.9Gao.1A50.06Sbo.94 1.6 x10°  n-type/ 1.6 x 10" 530
— 1.0 x 107

SCL Alo35Ga0.65A50.0255b0.975 162 Intrinsic 430

MQW x 3 Gao.67In0.33A80.1Sbo.9 14 Intrinsic 430

Barrier x 2 Alo35Gao.65A80.0258b0.975 17 Intrinsic 430

SCL Alo35G20.65A80.0258b0.975 162 Intrinsic 430

Upper cladding ~ Alo.sGao.1As0.06Sbo.o4 1.4x10°  p-type/2.0 x 10" 350
— 5.0x10"

Grading AlGaAsSb/GaSb 42 p-type / 5.0 x 1013 350
— 5.0x10"

Cap GaSb 100 p-type /2.0 x 10" 350
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Table B.3. Layer information for the nominal laser structure of sample Sb188 emitting at 2.25
pm. The carrier concentrations in the grading layers and superlattice layer are the carrier
concentrations that would have resulted for doped GaSb

Layer Material composition Thickness Type of doping / Growth
(nm) Carrier concentration temp. (°C)
(em™)

Substrate GaSb 50%x10°  n-type/5.0 x 10" -

Buffer GaSb 130 n-type / 5.0 x 1017 520

30xsuperlattice  AlSb/GaSb 0.1/0.3 n-type / 4.1 x 107 520

Buffer GaSb 250 n-type / 5.0 x 1017 520

Grading AlGaAsSb/GaSb 42 n-type / 5.0 x 107 520
— 1.6 x 10"

Lower cladding  Alo.9Gao.1A50.06Sbo.94 2.0x10°  n-type/ 1.6 x 10" 520
— 1.0 x 107

SCL Alo35Ga0.65A50.0255b0.975 145 Intrinsic 430

MQW x 3 Gao.67In0.33A80.1Sbo.9 12 Intrinsic 430

Barrier x 2 Alo35Gao.65A80.0258b0.975 20 Intrinsic 430

SCL Alo35Ga0.65A80.0255b0.975 145 Intrinsic 430

Upper cladding ~ Alo.sGao.1As0.06Sbo.o4 1.4x10°  p-type/2.0 x 10" 370
— 5.0x10"

Grading AlGaAsSb/GaSb 42 p-type / 5.0 x 1013 370
— 5.0x10"

Cap GaSb 100 p-type /2.0 x 10" 370
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Table B.4. Layer information for the nominal laser structure of sample Sb308 and Sb309
emitting at 2.3 pm. The carrier concentrations in the grading layers and superlattice layer are
the carrier concentrations that would have resulted for doped GaSb.

Layer Material composition Thickness Type of doping / Growth
(nm) Carrier concentration temp. (°C)
(em™)
Substrate GaSb 50%x10°  n-type/5.0 x 10" -
Buffer GaSb 130 n-type / 5.0 x 1017 520
30xsuperlattice  AlSb/GaSb 0.1/0.3 n-type / 4.1 x 107 520
Buffer GaSb 250 n-type / 5.0 x 1017 520
Grading AlGaAsSb/GaSb 42 n-type / 5.0 x 107 520
— 1.6 x 10"
Lower cladding  Alo.9Gao.1A50.06Sbo.94 2.0x10°  n-type/ 1.6 x 10" 520
SCL Alo35Ga0.65A580.0258b0.975 165 Intrinsic 430
MQW x 3 Gag.67In0.33A80.1Sbo.9 12 Intrinsic 430
Barrier x 2 Alo35Ga0.65A50.0258b0.975 20 Intrinsic 430
SCL Al 35Ga0.65A80.0255b0.975 165 Intrinsic 430
Upper cladding ~ Alo.sGao.1As0.06Sbo.o4 20x10°  p-type/5.0x 10" 350
Grading AlGaAsSb/GaSb 4 p-type / 5.0 x 10'8 350
— 5.0x10"
Cap GaSb 100 p-type /2.0 x 101 350
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Appendix C
LASER PROCESSING RECIPE

The following pages contain the recipe used for processing of Fabry — Perot and Y-junction
lasers. These parameters in this recipe were applying under normal conditions, but they could
be changed to compensate for problems during the processing (i.e. instrument calibration,
source changes...). The process requires various instruments and typically takes several weeks
from start to finish.
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Processing Run Card for laser fabrication

Sample:

Sample nr:
Sketch of sample:

1. Ridge-waveguide Etching

Sample Clean Comments:
1. 5 min in Acetone
2. 5 min in Ethanol
3. 5 min in Isopropalnol (IPA)
4. IPA rinse
5. Deionized water (DIW) rinse + immediate N> dry
6. Dehydration bake 150 °C/ 10 min
Photolitography — Ridge formation Comments:
1. Spin AZ 5214E @ 4000 rpm for 46 s Estimated
2. Clean backside of sample carefully with a swab moisted with thickness: 1.4 pm

acetone if photoresist (PR) is present

Soft bake 110 °C /50 s

Edge bead removal with exposure dose of 700 mJ/cm?

5. Develop in AZ 726 MIF until edge bead is gone followed by spin

dry + softbake

Exposure - 150 mJ/cm?. Hard contact for better sidewall profile.

7. Develop in AZ 726 MIF for 20-25 s (Varies from run to run,
keep an eye on it, always use a test)

8. Spindry @ 1000 rpm /45 s

W

o

ICP-RIE etch Comments:
(etch depth, rates,
1. Check that it has been used for Cl-gases selectivity, etc)

1. If not, run the necessary cleaning steps
2. Do condition run w/o sample
1. Use recipe developed by Oxford.
3. Do test run with test sample (preferably cladding sample)
4. Check etch rate and etch depth from test sample
5. Etch to desired etch depth (typically 100 nm above core) using
Endpoint Detection (control etch depth with high accuracy)
6. PR removal
1. Remove PR by putting sample in acetone (5-15 min)
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1. If not removed - use acetone gun or swabs
2. Rinse immediately in IPA + N> dry
7. Rinse sample in running DIW for 5 min (Cl-removal)

2. Passivation
a. SiO2
Sample Clean Comments:

1. Acetone + IPA rinse + N> dry
2. 5 min dehydration bake @ 150 °C on hot plate

PECVD Comments:
(Deposited
1. Deposit 100 nm SiOz in PECVD thickness, dep.
rate)
b. Resist

Do for all samples
Sample Clean Comments:

1. Acetone + IPA rinse + N2 dry
2. 5 min plasma clean
3. 10 min dehydration bake 150 °C

Resist Comments:
1. Spin ma-N 440 @ 7000 rpm / 30 s (for better edge bead) Without cleaning
2. Soft bake: 60 s @ 95 °C can cause uneven
3. Do not expose the sample!! PR etchback ->
4. Place sample on 3" Si wafer on black ceramic hot plate @ 100 °C |Clean residual PR.
5. Ramp to 160 C, bake at 160 C for 5 minutes
6. Start timer for 2 minutes, ramp to 260 °C (TC)
7. Take off sample after 3 minutes (including ramp time, so approx

1 min at 260 °C)
8. Run 1% annealing step by Rapid thermal processing (RTP)

Etch Back, RIE Comments:

1. Do condition run for 10-30 minutes (plasma should be yellow not
blue)

2. Etch sample(s), recipe: "Ox resist etch 100W" for 10-12 minutes
until ridge is clean
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1. Do many etches, e.g. 1-2 minutes, and check result every
time (microscope / profilometer)
3. Inspect in microscope/profilometer to make sure ridge is
uncovered
4. Do Si3N4/SiO; etch if sample has oxide/nitride passivation
1. Recipe: CHF3 ... (33 sccm Ar, 17 sccm CHF3 or other
way around)

3. Top contact layer
Sample Clean Comments:

1. Acetone + IPA rinse + N2 dry
2. 10 min dehydration bake 150 C

Photolitograhy Comments:

1. Spin AZ 5214E @ 4000 rpm / 46 s

Softbake: 110 °C/ 50 s

Edge bead removal by flood exposure (150 x 5 mJ/cm?) the edge
of sample (sample was covered by a piece of Si except the edge).
Remove PR at the edge by developer

Align and expose: ca. 18 mJ/cm?

Image reversal bake: 115°C/ 120 s

Flood exposure: 200 mJ/cm?

Develop in AZ 726 MIF: ca. 40 s

DIW rinse

w N

P NN n s

Metallization Comments:

1. Oxide removal : Ar sputter : 16W, 1 min.
2. Metallization: Ti/Pt/Au 50nm/50nm/600nm (for bonding).

Lift-off Comments:

1. Put sample in closed acetone container for 1-2 h
2. Iflift-off is not successfull, try following (stop when lift-off is
done)
1. Spray sample with acetone gun
2. Ultrasonic in plastic beaker (max 20 min)
3. Acetone + swab
4. If nothing works, change recipe!!!
Clean sample in ethanol + IPA + N rinse
4. Inspect sample

W
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4. Bottom contact, Lapping

Done at Supporting lab

Sample mount Comments:
1. Find "slipeklokke" for mounting sample on
2. Take off metal piece in center and put on hot plate, 150 °C
3. Check sample thickness, and write it down
4. Put crystalbond 509 on metal piece, and make it flat and thin
5. Place sample, backside up on waxed metal piece and cover

sample in more wax (to protect the edges during lapping)
Mount sample on "slipeklokke" and set it to 170-200 um
1. Sample should be 100-150 um thick when done, 120-150
um is probably safer with regards to breakage. Remember
that you must account for the wax thickness

Lapping Comments:

Find some lapping sheets, the ones marked 4000

Either lap it in a fume cupboard or using a spinner with suction,
avoid breathing in the antimony particles. Use plenty of water.
Remember to throw the lapping sheet and particles into toxic
waste, e.g. use the box in the MBE lab.

Clean off the sample and remove it from the metal piece using
the hot plate again. Slide it off carefully

Put it in acetone for 1-2 h to dissolve the remaining wax

Clean sample in acetone + IPA + Nz blow (never let acetone dry
on sample)

Inspection

5. Bottom contact, Metallization

Done at nanolab.

Mounting Comments:

1.

Clean and dehydrate a piece of silicon large enough to fit all
samples

Spin ma-N 440 @ 1000 rpm /30 s

Place all samples, backside up, on the

photoresist BEFORE baking

Soft bake 110 °C / 8-10 min
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Metallization

1. Oxide removal: Ar sputter, 16W, 1 min.

2. Do n-type contact deposition: Pd/Ge/Au/Pt/Au
(87A/560A/233A/476A/1056A ) (make thicker Au layer at end,
at least 300 nm)

De-mount

1. Place samples in acetone for 1 hour in closed beaker (as always)
2. Remove and clean acetone + IPA + Nz dry
3. Inspect

6. Bottom contact, Annealing:

Done at Nanolab.
Rapid thermal annealer Comments:

1. Make or use annealing recipe in the RTP
1. Recipe made by Magnus can be used as a template. Made
for Pd/Ge/Au/Pt/Au contacts for 45 s @ 300 °C
2. For Ti/Au only, a lower temperature can be used

7. Scribing:

Supporting lab (Nanolab)

1. Mount sample on blue tape Comments:
2. Make a recipe based on the length of the laser
3. Make sure you hit the laser at the end - will be difficult!!
Machine not calibrated
1. DO NOT scribe across the ridge - the laser will not work
(just cleave)
2. Use edge scribes for scribing perpendicular to the ridge

8. Mounting and bonding:

Either nanolab or basement at IET

1. Glue laser to a laser copper plate using silver epoxy or silver glue
2. Tape the bonding pads to the copper with kapton tape (double sided)

Bonding pads must have soldered on wires BEFORE taping them to the copper

138



3. Wirebond the laser contacts to the laser bonding pads.

Bonding settings, nanolab:

T=118°C

Ultrasonic: 180 280
Time: 100 55
Force: 85 65
Tail: 300

Feed +/- 12

= Should be ready for testing! (If test setup in FTIR lab is operational)
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Appendix D
WAVEGUIDE-COUPLING LASER STRUCTURES

This chapter contains the initial results of the output performance of the waveguide-coupling
laser structures. The laser structure consists of two lasers, a straight waveguide laser and an S-
bend waveguide laser, which are slightly separated at one end of the cavities, as shown in Fig.
D.1. The separation gap s between two lasers is varied from 2 to 5 pm. The ridge waveguide
structures of these lasers are formed by etching through the active region in order to disconnect
the active region between two lasers, as seen in Fig. D.2. All lasers were fabricated and
characterized following the procedures described in section 3.2, section 3.3 and in Appendix C.

Fig. D.3 and Fig. D.4 show the tuning behavior of the waveguide-coupling laser structures as a
function of current ratio /I, for different separation gaps, where /5 is the injected current in the
S-bend waveguide laser and J; is the injected current in the straight waveguide laser. For the
case of 5 um separation gap, the tuning range can be up to 45 nm, as shown in Fig. D.3. As the
separation gap reduces, the coupling between two lasers becomes stronger which results in a
longer tuning range, as seen in Fig. D.4.

Finally, Fig. D.5 shows the output characteristics of the waveguide coupling laser structure as
a function of I, for different separation gaps when keeping /; identical.
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S-5500.30.0kV %300 SE 6/20/2016° 7 100um

Figure D.1: Top view of the waveguide-coupling laser structure with two separated lasers. The
S-bend laser has a bend radius of the curve section of 750 um, creating a length difference AL
=50 um between two lasers. The separation gap s between two lasers is varied from 2 to 5 um.

5-5600 30.0kV x8.00k SE 6/20/2016 5.00um

Figure D.2: Cross-section at the facet of the laser structures where two lasers are slightly
separated. The separation gap between two lasers is measured to be about 3 pm. The etching
was performed through the active region in order to disconnect the active region between two
lasers.
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Figure D.3: Tuning behavior of the waveguide-coupling laser structure (separation gap s = 5
pm) as a function of current ratio /5/[; when I is constant and I, is varied. The emitting
wavelength was measured from the straight waveguide laser.

1.015

—— Separation gap s = 2 ym
—— Separation gap s = 3 ym

*—Separation gap s =4 um
—— Separation gap s = 5 ym

1.01

< 1005F

0.995 : : L L
o] 0.1 0.2 0.3 0.4 05 0.6 0.7 038

/g

Figure D.4: Tuning behavior of the waveguide-coupling laser structure as a function of current
ratio I,/ for different separation gaps (/s = 200 mA). The emitting wavelength was measured
from the straight waveguide laser. The tuning rate is faster as the separation gap reduces due to
stronger coupling between two lasers.
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Figure D.5: Output characteristics of the waveguide-coupling laser structure as a function of I,
for different separation gaps (/s was kept identical and equaled to 200 mA). The output power
was measured from both lasers as they were close to each other, and the voltage was measured
across the straight waveguide laser. For the output power, as /, increases, the total output power
slightly reduces due to light coupling before the S-bend laser starts lasing at around 160 mA.
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