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DBR mirror reflectivity,Y and’Y , respectively. The refractive index of the cav
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condition between the optical mode and the DBR stopband center as a func
the caviy thickness and the DBR period layer thickness, respectively. (c) ar
Room temperature si mul at i odga)sanddahk quality
factor (Q) as a function of the DBR stopband center and the peak emission
cavity mode, resgctively. The white dashedbtted line represents the resonal
case between the optical cavity mode and the DBR stopband center.

Figure 5.4: (a) Experimental transmission spectra of the 13 pairs DBR mirror:
K and 300 K. (b) Temperature coefficieffitioe lattice constants for the DBR laye
(c) Temperature dependence of the INAsSb and GaSb DBR layers. (d) Temp
coefficient of the refractive index of the InAsSb and GaSb layers. (e) Simt
transmission spectra of the 13 pairs DBR mirrors AtK7and 300 K. (f) Our
experimental results of the DBR stopband center compared to the fitted |
calculated from the values of da/dT and dn/dT].

Figure 5.5: (a) A schematic diagram of the Ga8bed 4.3 pm bulk INAsSb R
structure showing the detaitd the InAsSh/pInAsSb in the active region of th
p-i-n diode within the AIAsSb/GaSh DBRs, which form the microcavity, (b)
energy band diagram of the cavity layers calculated using nextnano, showi
electronblocking barrier.

Figure 5.6: (a) Asschematic diagram of the GaBhsed 4.5 pm MQWs RC structu
showing the details of the AllnAs/InAsSb MQW in the active region of tha |
diode within the AIAsSb/GaSh DBRs, which form the microcavity, (b) The en
band diagram of the cavity layers@alated using nextnano, showing the electr
blocking barrier. Details of the type | band alignment in the MQW are highlic
in the inset.

Figure 5.7: (a) A schematic diagram of the Ga8bed 4.0 um MQWs RC structu
showing the details of the AllnAsisSb MQW in the active region of theim
diode within the AIAsSb/GaSh DBRs, which form the microcavity, (b) The en
band diagram of the cavity layers calculated using nextnano, showing the el
blocking barrier. Details of the type | band alignmienthe MQW are highlightec
in the inset.

Figure 5.8: (a) A schematic diagram of the IA#esed 4.6 um SLs RC structu
showing the details of the InAs/GaAsSbSSh the active region of the-ipn diode
within the AlAsSb/GaAsSb DBRs, which form the micagity, (b) The energ)
band diagram of the cavity layers calculated using nextnano, showing the el
blocking barrier. Details of the broken type Il band alignment in the MQW
highlighted in the inset.

Figure 5.9: (a) Temperature dependence of @restmission spectra of the Gas
based 4.3 um bulk InAsSb RC sample. (b) Temperature dependence of the
mode transmission. (c) The position of the optical cavity mode and the
stopband center of the sample as a function of temperature. (d) Teamgp:
dependence of the transmission spectra of the GaSéd 4.5 pm MQWSs R(
sample. (e) Temperature dependence of the optical mode transmission.

position of the optical cavity mode and the DBR stopband center of the samg
function of temperaire.
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Figure 5.10: (a) Temperature dependence of the transmission spectra of the
based 4.0 pm MQWs RC sample. (b) Temperature dependence of the optice
transmission. (c) The position of the optical cavity mode and the DBR stoy
center of the saple as a function of temperature.

Figure 5.11: (a) Temperature dependence of the transmission spectra of th
based SLs RC sample. (b) Temperature dependence of the optical
transmission. (c) The position of the optical cavity mode and the DBfbamnd
center of the sample as a function of temperature.

Figure 5.12: The position of the optical cavity mode for all RC samples as a fu
of temperature.

Figure 5.14: Temperature dependence of the detuning values for all RC sarr

Figure 5.15: Roontemperature simulations of (a) the resonance emis¥raqd
(b) the integrated emissiof{)( ) enhancement factor, as a function of the D
stopband center and the peak emission of the cavity mode, respectively. Th
dashed line represts the resonance case between the optical cavity mode a
DBR stopband center. Square (Gd&ised 4.0 um MQWs RC), Diamond (Gas
based 4.3 um bulk RC), triangle (GaBéased 4.5 um MQWSs RC), circle (InA:
based 4.6 um SLs RC).

Figure 5.16: SEM crossection of the (a) bulk RCLED and (b) MQWs RCLED.

Table 5. 1: Room temperature optica

Figure 6.1: Schematic structure of the (a) bulk RCH&ED (b) bulk RCLEDM2.

Figure 6.2: (a) Temperature dependence of the EL spectra bigheletuning
RCLED, (b) The peak intensity of the main resonance mode and the side mo
function of temperature. The open triangles represent the relative intensi
Temperature dependence of the peak position of the side modes (at 3.8 um
pum).

Figure 6.3: (a) Temperature dependence of the EL spectra of the high de
RCLED without top DBR mirror, () The electroluminescence spectra of
RCLED with top DBR compared to that of the RCLED without top DBR at var
temperature, (f) Pé&aintensity of the emission of the RCLED with top DE
compared to that of the RCLED without top DBR. Ddsh line represents th
relative intensity, (g) Optical output power of the emission of the RCLED witt
DBR compared to that of the RCLED withooptDBR. Daskdot line represent:
the relative output power.

Figure 6.4: (a) Experimentally measured transmittance spectrum of the RC st
at room temperature, showing tlhia¢ optical cavity mode occursét. 2 95 ¢
the DBR stopband is centred atMl4solid
line), RCLEDMZ2 (dashed line), and the reference LED (dotted Ii
electroluminescence emission spectra at 300 K using the isggngon current
(100 mA at 1 kHz with 20% duty cycle). The dip in the reference LED spec
originates from atmospheric CO2 absorption in the optical path. Also shown ¢
fundamental fingerprint absorptions of CO2 gas.

Figure 6.5: (a) and (b) Rooremperature electroluminescence spectra of
RCLED-M1 and RCLEDM2 at various duty cycle using 100 mA injection curre
respectively. (c) Peak intensity of the RCLBI and RCLEDM2 emission as ¢
function of duty cycle. (d) Total integrated emissiontbé RCLEDM1 and
RCLED-M2 as a function of duty cycle.
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Figure 6.6: Integrated emission of the main resonance mode for RGUE
compared to that of the RCLEMZ2 as a function of duty cycle using 100 n
injection current.

Figure 6.7: (a) Peak intensity ¢fe RCLEDM1 emission as a function of injectic
current. (b) Optical output power of the RCLBIL emission as a function ¢
injection current.

Figure 6.8: Far field angular profile of the RCLED emission, which shows &
power solid angle of 600.

Figure6.9: Temperature dependence of the EL spectra for (a) the RGLE&Nd
(b) the reference LED. (c) Intensity peak values of the EL spectra for the R(
and reference LED. The dashedtted line represents the relative intensity. (d)
position of the Elpeaks as a function of the temperature. The dashed line repr
the theoretical results of the EL intensity peak of the RCLED.

Figure 6.10: (a) Temperature dependence of the EL spectra for the RGRED)
and (c) Peak emission intensity and the ougpmwer for the RCLEEM1 and
RCLED-M2 as a function of temperature, respectively. The dadbédd line
represents the relative values.

Figure 6.11: (alc) CurrentVoltage (FV) characteristics of the RCLEM1,
RCLED-M2, and the reference LED measured aagunction of temperature
respectively. (d) Temperature dependence of the series resistance of the-k
M1, RCLED-M2, and the reference LED.

Figure 6.12: (a) Room temperature photeponse spectra of the RCLBLL at
various bias voltage. (b) Peakensity of the photoesponse spectra as a functi
of the bias voltage measured at 300 K.

Figure 6.13: (a) Photesponse spectra of the RCLEBML measured at 200 K ¢
various bias voltage. (b) and (c) Spectral phresponse at 300 K compared to tl
at 2@ K at 0 bias anek00 mV, respectively.

Figure 6.14: (a) Photresponse spectra of the RCLBML measured at 260 K ¢
various reverse bias voltage.

Figure 6.15: (a) Transmission spectra of the high detuning RC sample at 77
300 K.

Figure 7.1: Schematistructure of the (a) AllnAs/InAsSb QWs RCLED. (
reference LED.

Figure 7.2: (a) Experimentally measured transmittance spectrum and EL en
spectrum of the RCLED structure, showing that the wavelength of the ma
emission peak at room temperatoeeurs att . 4 6 2 & m, whi ch
cavity resonance wavelength. (b) Comparison of the RCLED (solid line) ar
reference LED (dashed line) electroluminescence emission spectra at 300 |
the same injection current (100 mA at 1 kHz with 3@3y cycle). The dip in the
reference LED spectrum originates from atmospheric CO2 absorption in the
path. Also shown are the fundamental fingerprint absorptions of greenhouse
of interest in this spectral range.

Figure 7.3: The spectral emsity of two RCLEDs of different diameter vs curre
density, measured at room temperature using a 1 kHz injection current with 1¢
cycle. The MQW reference LED is also shown (x30) together with other re
from the literature measured under simiéanditions. The ICLED made in ot
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laboratory is 400 um x 400 um [1]. The conventional 4.6 um LED spectral inte
was estimated from the peak power given in the Roithner Lasertechnik data

Figure 7.4: Far field angular profile of the RCLED enussiwhich shows a hal
power solid angle of 450.

Figure 7.5: Temperature dependence of the EL spectra for (a) the RCLED ¢
the reference LED. (c) Intensity peak values of the EL spectra for the RCLE
reference LED. The dashelbtted line represerthe relative intensity. (d) Th
position of the EL peaks as a function of the temperature. The dashed line re
the theoretical results of the EL intensity peak of the RCLED.

Figure 7.6: Temperature dependence of (a) The linewidth of the EL spect
RCLED and reference LED, (b) the Quality factor (Q) of the RCLED, (c)
internal angle and solid angle of the RCLED.

Figure 7.7: (a) Peak energy of the EL emission for the reference LED and the
using Varshni equation. (b) Arrhenius plot of théegrated EL intensity for th
reference LED indicating an activation energy of 52 meV.

Figure 7.8: (a) Temperature dependence of the intensity peak for the res
emission spectra of RCLED and the emission spectra of LED. (b) Tempe
dependencef the output power for the emission spectra of the RCLED and |
(c) The difference between the peak wavelengths (spectral detuning) as a fi
of temperatureg(d)-(g) EL spectra of the RCLED and LED at different temperat
140 K, 200 K, 240 and 3, respectively.

Figure 7.9: (a) Room temperature electroluminescence emission spectra
RCLED as a function of the wavelength at different duty cycles using 10(
injection current. (b) The peak intensity and the output power of the RCLEL
function of duty cycle. (¢) The peak position of the electroluminescence emi
vs the duty cycle. (d) The linewidth (FWHM) and thefa&@tor of the
electroluminescence spectra as a function of the duty cycle.

Figure 7.10: (a) Rooftemperature power depestite of the electroluminescen
emission spectra of the RCLED using different injection currents at 30% duty
The inset is the peak position of the electroluminescence versus injection ¢
(b) The linewidth and the quality factor of the RCLEDpdedence on injectio
current. (c) Output power of the RCLED and reference LED as a functic
injection current. The dashatbtted line represents the power enhancement f:
(the relative power). (d) Peak intensity of the RCLED and the reference LEI
function of injection current. The dashddtted line represents the intens
enhancement factor (the relative intensity).

Figure 7.11: (a) and (b) The forward and reverse cukr@ithge characteristics ¢
the RCLED and the reference LED over the terafure range 2000 K. (c) The
series resistance of the RCLED and reference LED as a function of temperat
Forward currentoltage characteristic of the RCLED against the tempera
There is a clear trend afecreasing the turn on voltage wiihcreasing the
temperature. (e) Schematic diagram illustrates the path of the current throt
DBR and cavity layers.

Figure 7.12(a) Room temperature EL emission spectra of the RCLED as a fur
of the wavelength at different mesa size using 100imp&ction current. (b) The
emission intensity of the RCLED as a function of mesa area. (c) The intensit
position of the emission spectra of the RCLED as a function of mesa are
Measured forward-V/ characteristics of the RCLED at three differemtsa size
(e) Measured forwardV curves for devices with different mesa width. The cun
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was normalized to the mesa area. (f) The current density valugssat ¥V are
extracted and plotted against the mesa area. A log dependence over theem
is shown for comparison.

Figure 7.13: Schematic diagram of the RCLED device structure without top
mirror.

Figure 7.14: (a) Temperature dependence of the EL spectra for the RCLED v
top DBR. (b) Room temperature electroluminescence emissibe &ELEDs with
and without the top DBR mirror, and the reference LED. (c) Peak position ¢
EL emission spectra of the RCLED without top DBR versus temperature. (d
linewidth and the quality factor of the EL spectra of the RCLED without top [
as afunction of temperature.

Figure 7.15: (a) and (d) Room temperature EL emission spectra of the R
without top DBR as a function of the wavelength at different injection curren
at different duty cycle, respectively. (b) and (e) The emission ityguesak of the
RCLED with and without top DBR as a function of the current and duty ¢
respectively. (c) and (f) The integrated emission of the RCLED with and wi
top DBR as a function of the current and duty cycle, respectively.

Figure 7.16(a) Room temperature EL emission spectra of the RCLED withou
DBR as a function of the wavelength at different mesa size using 100 mA inji
current. (b) The emission peak intensity and the integrated emission of t
spectra as a function of the mesaa. (c) The peak intensity position of the emis:
spectra as a function of mesa area. (d) Measured forwdrdudves for devices
with different mesa width. (e) The current density values at Vbias = 1 \
extracted and plotted against the mesa #@d#.1.3 dependence over the mesa ¢
is shown for comparison.

Figure 7.17: Room temperature external efficiency of the MQWs RCLED
reference LED as a function of current density.

Figure 7.18: The calculated variation in RCLED wavelength and emisg@sity
dependence on cavity thickness or DBR period thickness. Also shown a
absorption spectra of key greenhouse gases to illustrate the accessible tunin
which encompasses CO2, N20 and CO.

Figure 7.19: Photoluminescence spectra of theAdImAsSb MQWs at variou:
Sb composition.

Table 7.1: Room temperature optical properties of the RCLEDs samples cor
to that of the reference LED.

Table 7.2: Room temperature optical properties of the RCLED full stru
comparedtothai f t hewRChBEDt top DBR for d

Figure 8.1: Room temperature electroluminescence spectra of the four RC
We grow and fabricate these devices at physics department in Lancaster Uni
The emission spectra were underspCW condition sing 100 mA injection
current and 30% Duty Cycle.
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Chapterl

Introduction
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Figure 1.1:Normalized intensity of thebsorption bands of relevant gas species in il& | #n range

(data from SpectralCalc.com based on HITRAN database)
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In this thesis we designed and fabricated-mfcared RCLEDs, consisting of laottomhigh
reflectivity (>98%) DBR mirror and top DBR mirror with reflectivity of >82%. The structures

were designed to emit thght from the top surface and were grown by molecular beam epitaxy
(MBE). In chapter two, we demonstrate the fundamentals and theoretical concepts of
semiconductors, light emitting diodes (LEDs), and resonant cavity LEDs (RCLEDSs). An up to
date literaturaeview about the mighfrared LEDs, RCLEDs, and VCSELSs is presented in
chapter three. Then the experimental tools and technigues which are used to carry out the study
in this thesis as well as the fabrication processes of the devemisscribed in deths in chapter

four. Our results and discussion are demonstrated in three chapters. The design, growth and
characterization of the resonance cavity (RC) samples are investigated in the chapter five,
including the results of the temperature dependence triathemission spectra of four samples
grown on GaSb and InAs substrates using molecular beam epitaxy (MBE). Two of those
samples were fabricated, having bulk and MQWs RCLED® optical and electrical
properties of the bulk INnAsSb RCLEDs and the AllnA8488b MQWs RCLEDs are discussed

in details in chapters six and seven, respectively. The electroluminescence spectra of the bulk
and MQWs RCLEDs are compared to that of the reference LEDs, exhibiting high emission
enhancement factors, superior temperatagilitly and narrow emission linewidth. Finally, the

conclusion of our results and the future work are included in chapter eight.



Chapter 2

Background heory and fundamental concepts

2.1 Fundamental concepts of semiconductor materials

2.1.1 Band structure

Conduction band

1]
c
= Conduction band
(8]
()
© Conduction band
g . Band
& Overlap gap
(O]
LIC.I Valenceband
Valenceband
Valenceband
Conductor Semiconductor Insulator

Figure 2.1: Schematic diagram of the band structure in conductors, semiconductors, and ifsLjators

When atoms and molecules form solid materials, the discrete energy levels of these atoms and
molecules combine to form enerbgnds.These bands are form&then N number of atoms

are brought very close and then the electrons in the orbits of these atoms interact and give N
number of discrete band of allowed energy levEle highest filled energy band is known as

the valence bath) and the next highest (empty) energy band is known as the conduction band.
In the case of a conductor the valence band and conduction band overlap, while in the insulator
materials there is a wide energy spacing (band gap) between the two bands drismonwith
insulators, semiconductors hawesignificantly narrower energy band gap. The schematic
diagram of the energy bands of the inductors, insulators, and semiconductors are illustrated in
Figure 2.1At 0 K, the semiconductor valence band is foltgupied and when the temperature
increases the thermal energy increases, enabling a small portion of the electrons to be excited

to the conduction band. The density of conduction electrons could be significantly increased



when an external excitation soarfe.g. optical or electrical source) is applied, causing many

changes in the physical properties of the semiconductor.

2.1.2 Temperature dependence of band gap

As temperature increases the lattice spacing of semiconductor material expands, resulting in
reduced binding energy of the electrons. This means that the required energy to excite the
electrons from valence band to conduction band decreases with increasing temperature, i.e.
decrease in the energy band gap. The temperature dependence of thgamdi{y)) can be

described using the Varshni equatjég]:
%4 %N O — (2.1)

whereg( 0) i s the energy gap at 0 K, and the coe
are related to the thermal expansion of the lattice and to the Derinperature in the Debye

theory, respectively.

2.1.3 1I}V band gap alignment

Different types of band alignment occur when wemniconductor materials come into caoit
inahetera nt erface. The two materials Bdefinedi f f er e
as the separation between the vacuum level and the conduction band, and/or in band gap energy.
Consequently, the <c¢onductainodn, catbaelcaleuatedeusinrge b an
the formulag53]:
3% ? ? (2.2
3% ? % 7% 2.3

Where Eis the eergy band gap of the semiconductor material.

2.1.3.1 Type | band alignment

In this band alignment, the valence bang (& the material B is higher than that of the material
A, and the conduction band JEof the material B is lower timathat of the material A, as

illustrated in Figure 2.2 In other words, theonduction band offset{E) is negativeand the



valenceband offset @ E) is positive. Therefore, the electrons drmalesare confined in the

conduction and valence bands of the material A and their recombination occurs via direct

transitions.
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Figure 2.2: Schematic diagreof type | band alignment.

2.1.3.2 Type Il band alignment

Type Il band alignment occurs whére band offset¥% andY% are both negative, where

the conduction band and valence band of the material B is lower than that of the material A as
shown in Figure 2.3(a)or both positive, where the conduction band and valence band of the
material B is higher than that of the material A as showkidnre 2.3(b) Thus, the electrons

and holes are confined in separate materials and the recombinatiomvaapatially indirect

transitions, but still direct in-kpace.
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Figure 2.3: (a) and (b) Schematic diagrams illustrating the type Il band alignments.

Whenthevalenceband of one material is higher than the conduction band of the otherahat
(e.g. InSb/InAs and InAs/GaSb), a broken type Il band alignment is foasdblistrated in

the schematic diagram Figure2.4.
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Figure 2.4: Schematic diagram of broken type Il band alignment.

2.1.4 Band gap of HV semiconductor materials
Most of the 11}V semiconductor structures are zinc blende crystals and thetesoperature
band gap energy of the zinc blende binaryMisemiconductors are plotted as a function of

their lattice constant iRigure 2.5
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Figure 2.5Di r ewalley eilergy gap as a function of lattice constant for the zinc blende form of 12
1TV binary compound semiconductors (points), and some of their ternary alloys (curves) at zero

temperaturg54].



In the case of the ternary and quaternary akyiconductor materials which are comprised of
binary IllI-V semiconductors, the band gap energy of these alloys is varied by changing the
composition of groupll or groupV elements and by changing the layer thickness. Using
Vegard's law, the compositiatependent band gap energy of the ternary allpgdn be
estimated agb5]:

%1 " p B%! ! Dp O# (2.4)
where E(A) and E(B) are the band gap energies of the binary materials, x is the composition

(percentage) of the element, angithe bowing parameter.

2.1.5 Strained layers

Tensile strain Lattice match Compressive strain

@ @ @ as
% % |
Figure 2.6: Schematic diagram of tensile strain, lattice matched, and compressive strain heteroepitaxial

layers wherea ¢ aa aralthe lattice constant of the grown material in the direction of growth for the
tensile and copressive strain, respectively.

Before growth

&

Pseudomorphic heterostructure

When a layer of semiconductor material with lattice constastdeposited on a substrate of
different lattice constant,ahe deposited layer is deformed to fit the underlying lattice structure

as shown irFigure (2.6 and this deformation introduces strain into the epitaxial layer. If the
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lattice constant of the deposited layer is greater than the substrate lattice corst@)ttfen
the layer must compress perpendicular to the growth direction and it increétseslirection
of growth. In this case the layer is compressively strained.<4f#), then the converse occurs

and it is denoted dasnsile strain.

2.1.5.1 Critical thickness

When a thin strained layer of semiconductor material is grown heteroefjtaxial substrate
(which is not lattice matched), misfit dislocaticar®formed until the layer grosto a certain
thickness (critical thicknesdhncreasing the thickness of this layer abovedtitical thickness
leads to generation of dislocations. Wedue of the critical thickness dependstbe lattice
mismatch between the ¢gxial layer and the substrate. Two main types of dislocations, the
screw dislocation and edge dislocation, are illustratgéidnre 2.7 These defectaegativéy
effect electonic, electrical and optical properties of the materialdegreasinghe carrier
mobility due toincreased scattering6], and adhg as norradiative recombination cenre

where undesirable energy levels are genelf&dd

I screw
| dislocation

Burgers
vector

edge |
, dislocation ;

|
i
L 4

]

1

|

Figure 2.7: Example oht Burgers vector of edge and screw dislocatipk

The modelmostused to calculate the critical thickness) (flas been developed by Mathews
and Blakesled58]. In this model, the hvalue is reached if there is a mechanical balance
between the two faes: the stress due to the film strain and the tension in dislocation. The

Mathews and Blakeslee critical thicknesg €br zinc blende (001) substrate is given by

10



E _ (2.59

E — (2.59

4 — (2.59

where/Es the layer strain when on the substrdteis the substrate latécconstantA is the

layer lattice constang is Poisson's ratig¢ and # are the elastic constants of the layer.

Inthe case ofaquantumwélat t hews and Bl a&duldselagpmdnsatecas:pr e s s |
[59]

E - (2.6)
Another method for callatingthe critical thickness for single layers on zinc blende (001)

substrates is given IBeople & Bea using only energy consideratiomsstead of mechanical

forces, as[60]

E - (2.7)

2.1.5.2 Effect of strain on the energy levels

Theeffect of the ten& and compressive strain on the energy levels of the epilayer is illustrated
in Figure (28). The conduction band shifts up for layers under tensile strain and down for layers
under compressivetrain[61]. On the other hand, in the case of compressive strain, the heavy
hole hh) band moves up and the light hdlg) (noves down, whiléor tensile strain the opposite

happens and thus the light hole band bexothe highest band.
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Figure 2.8: The effect of strain on the energy levels of a semiconductbingaained (b) compressive

strain, (c) tensile straif6l]. In the case of theiéxial tension, the band gap is reduced due to the
hydrostatic component of strain. Whilst the axial component of strain splits the valance band, creating
an anistropic valence band structure where the light hole band (LH) becombmtiest band. In biaxial
compression the opposite occurs where the band gap is increased and the heavy hole band (HH) becomes

the highest band.

LetA be the lattice constant of the epilayer in its unstrained staté dedthe lattice constant

of the substratdn a pseudontphic epitaxial growth, the strained layes two different lattice
parametergi) the lattice parameter parallel to the growth surface, A A A, which

is the same in the-glirection @ ) and the ydirection A ) andequalto the lattice parameter

of the substrateX( , (ii) the lattice parameter perpendicular to the growth surface (in-the z
direction)y A A ,itis A or A depending on whether thdrain is tensile or
compressie. The paralle(biaxial) (R ) and perpendiculgiuniaxial) (R ) strains are related to

the lattice mismatchYgs andY ) by therelations[62]:

|
<

R S S (2.8)
R L 2.9)
A Ap $r (2.10)

The constan$ depends on elastic constanis of the epitaxial layer,and on the interface

orientation, where

12



$ Cc— (2.11)

$ (——— (2.12)
Foran unstrained layethe valence band &tpoint @6 ) is calculated fronthe vacuum valence
band level of the valence bat¥; ) andthe spirorbit splitting ¢/ ):

% %y = (2.13)
The effect of strain on energy levels can be decomposethiatoontributionshydrostatic ad
shear component$he shift in the coduction bandY% ) is then given by

Y% A cr R (2.14)

whereA is the conduction band hydrostatic deformation potential. The valembs e
shifted by botha hydrostatic strain component

Y%: A ¢rR R (2.15)
whereA s the valence band hydrostatic deformatioteptial, as well as a shr contribution

which gives an additional splittqof the valence band energigs3]

Y% -1% (2.16a)
o o o o T
Y%, V9% -Y V1% - 1% (2.16b)
o o o o T
Y%, Yo% -Y V1% - 1% (2.16c)

The strairdependent shify % ) depends on the interface orientat{fpa. 001 and 11]1where
1% ¢"R R (2.17a)
1% -VocAR R (2.17b)
The quantities B and d are the tetragonal and rhombohedra shear deformation potentials,

respectively Conduction bands at o point are not af

Thus, he equations describing thetal shifts in thevalence band edgese given by:
Y%n Y% Y%y (2.18a)
Y%n Y%y Y% (2.18b)
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Y%r Y%  Y%j (2.18c)

From equations (2.13), (2.14), (2.15), and (2-@pthe valencéband and conductieband

edge energie® and% of the strained layer can be written as

%r %y -Y Y% (2.19a)
%L %y -Y Y% (2.19b)
%r %y -Y Y% (2.19c)
% %r  Y%r, %y -Y % Y% (2.20)

2.1.6 Radiative and nomadiative recombination

In semiconductor materials and under gguilibrium conditions, lectronsin the conduction
bandand holesn the valence band recombine either radiativglponradiatively(seeFigure
2.9). The former is the required recombination processlifgt-emitting deviceswhere
photons are generated. There are a numbgradidtive and nomadiative mechanisms which

can occur in semiconductomshich will be discussed in the next sections.

© ﬁ
© (C] © cB
Tnon-rad Tnon-rad Trad
| | - — - - Eg;
Er —Y
V.B
® ® $ ® ®
(@) (b) (c)

Figure 2.9: Schematic of the recombination processes (a) Shdr&bkgHall (SRH) nonradiative
recombination. (b) nonadiative Auger recombination. (c) radiative recombinatiaf]
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2.1.6.1 Radiative electrochole recombination

Under equilibrium condiions, at a given temperature, the intrinsic carrier concentratisran
constant and is defined as the product ofriéxe carrierselectrons (g and holes (§), in doped
or undoped semiconductor mateyes:

I B | (2.21)
Using external excitation sources, optical or electrical, excess holes and eleotrons
semiconductors can be generafEdus, the total carrier ngentration is given by:

I 1T ¥ and ® P ¥D (2.22)

where e@p and &n are the excess hole and el ect

There are different mechanisms of radiative recombination which are, band to band
recombination, donor to valencband recombination, conduction band to acceptor

recombination, donor to acceptor recombination, and exciton recombination, as illustrated in

Figure 2.10
] & ul CB
T % VB
% > 5

(a) ® (© @ (e)

Figure 2.10: Schematic of the radiative recombination processes (ajdsbadd, (b) donor to vahce
band, (c) conduction band to acceptor, (d) donor to acceptor and (e) excitonic. The solid arrows and

dashed lines indicate radiative processes andaiative processes, respectively.

In the case of the band to band recombination process, whemrdettteon in the conduction
band recombines with a hole in the valence band, the energy of the emitted photon is related to
the band gap energy {Bby the relation:

Ee % 4 E 41 (2.23)
where h3 i s t eratepohthetband to mandaecanpination id)proportional
to the product of electron and hole concentratiamsch can be written as:
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2 — — "1 b (2.24)
Where B is thdimolecular recombination coeffimt, ittypicdly hasvalues of 16% 10° cm®/s
for direct bandyap Illi V semiconductorgs4].
The donor to valencdeand recombination process occurs when the electron in the donor level
recombines with a hole in the valence band, while the acceptor to the conduction band occurs
when the electron in the conduction band recombines with hole in the acceptor level. This
process can be obviously observed attemperaturés5]. If E; is the donor or acceptor binding
energy, then the photon energy is given by the formula:

Ee % 4 % E 41c (2.25)

When an electron from a donor level recombines with a hole in an acceptor level, the donor
acceptor recombination process can occur if there is a sufficiently high density of both acceptor
and donors. The energy of the emitted photon in this process is related to the donor binding

energy (ko) and the acceptor binding energydby the relation:

Bk %4 % % — (2.26)
where e is electron charge, is the static dielectric constants of the free spacas relative
permeability ofthe semiconductor material, and r is the accegomor separation. This
recombination pcess is also obviously observed at tewiperaturé6s].
In the exciton recombination process, which is formed due to Coulomb interactions, the emitted
photon energy can be written as:

Be % 4 % (2.27)

where Eycis the free binding energy of théngoair in the exciton which is typically the range

of only a few meV in narrow gap semiconductors.

2.1.6.2 Nonradiative recombination

In nonradiative recombinationthe photon is not generated when the eleeti@e pair

recombines, but instead of that the electron energy is transferkédrational energy othe
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lattice atoms, i.e. the energy is transferred heat (phonons) Therefore, nonradiative
recombination is an unwanted process in light emitting devicesratbative recombination
processes are usually formed due to defects in the crystal structure, such as dislocations,
impurity atoms and native lattice defects, where enefgyels are generated within the
forbidden gap of the semiconductor which work as deep traps (knolwmimescence killers

or recombination centres). In this section, the two most commomauative mechanisms

ShockleyReadHall (SRH) recombination anduger recombinationare described.

2.1.6.2.1 ShocklejreadHall (SRH) recombination

ShockleyReadHall recombination occurs when the electron and hole recomiiineeep
energylevelswithin the band gap which are formed due to the defects or itigsuin the
crystal structure. If the semiconductor isype, then holes are in the majority and the minority

carrier lifetime g ) can be written as:
— . 2K (2.28)

whereA is capture cross section of the electron trapis the electron thermal velocity and
Nt is the trap concentration. Similarly, whelectronsare themajority carriers, theninority

carrierlifetime t+ can be given by:

— . 2K (2.29)
whereA is capture cross section of the hole trgpss the thermal velocity of hole. When the
conditions are close to equilibrium and holes are in majority, the lifetime of the SRH
recombinatior(z ) can be determined by assumihg t, =andf t

z z p — (2.30)

whereb is thehole concentratioif the Fermi energy is positioneat the trap leveMWe can
alsoestimatez, when the electrons are the majority carri@r the particulacase of intrinsic

material, i.e. = po = n, equation (2.30) can be rewritten as:
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z z p Al OFE— (2.31)
WherekEr is the energy level of the trap, a#d is the intrinsic Fermi level, which is typically

close to he middle of the gapt % % , thenthe SRH lifetimes minimized g Cz),

i.e. the traps can act as effective SRH recombination centres wheretigggy levels are
locatedat or close to theiddle of the band gap. Equation (2.31) indicates that the SRH lifetime
decreases as temperature increases. Consequea#ificiency of theradiative bandto-band

recombination decreases with increasing temper&idie

2.1.6.2.2 Auger recombination

(a) CHCC (b) CHLH (c) CHSH

E

CB

SO

)\
T A

Figure 2.11: Schematic diagram of the three commonrradiative Auger recombination processes (a)

CHCC, (b) CHLH, (c) CHSH [66]

In Auger recombinatioprocesses, the energy released bydbhembinatiorof an electron and
holeis notused togenerate a photon but éacite another carrieDepending upon the excited
carriers, here are severatechanismsf Auger recombinationThe three most comom Auger
recombination mechanismase CHCC, CHSH and CHLtthich are shown in thieigure (2.11)

The CHCC processnvolves two electronsone recombines with a hole atite erergy of
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recombination excites anothellectronup in the conduction bandhus it is most dominari

n-type semiconductor materials. this process the activation enefgy is given by:[67]

z

% — % (2.32)

Wherel “ andi * are the effective masses of the electron and hole in the heavy hole band,
respectively.The CHLH process occurs when an electron recombines with anhible heavy
hole band anthe energy excites a hole from the light hole band to heavy hole band. Whilst in
the CHSH process, theecombination of aelectronwith a heavy hole provides the energy to
excite a hole from the split offand taheheavy hole Bnd. The activation energy tife CHSH
process is given by:

% —_— % Y (2.33)
whereY s the spin orbit splitting energy, ahd is the holeeffective mass in the split off
band If Y is close to i, the CHSH process is dominant, vehiif Y is much greatethan

the band gapenergy B, the CHSHprocesscan k& negligibly small compared to CHLH

transition[66]. It can be determined if CHSH is the dominant process by using the formula:

% — (2.39

where Eis the transition energy (electrdmole recombination). If this condition in equation

(2.34) is satisfied, then the CHCC procissdominant.

2.2 Light emitting diodes

In this section, the electrical and optical properties of light emitting diodes (LEDs) are

described.

2.2.1 Electrical properties

The electrical characteristics ofrpjunctions will besummarizedconsideing an drupt pn

junction with a donor concentration ofpNind an acceptor concentration of.Nt can be
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assumed that all dopants are fully ionized therefoeeree electron concentration is given by

n = Nb and the free hole concentration is given by p & N can be als@assumed that no
compensation of the dopants occurs by unintentide&tcts and impurities. In casé an
unbiased m junction and due to the large difference in the carrier concentrations between n
type region and {ype region, electrons ane from the rype sideto the ptype side where

the electronhole recombinéion occurs Additionally, a corresponding process occurs with
holes that diffuséo the ntype region. Consequentls region near thep junctioninterface is

formed, which ikknown as a depletion region, \Ahdis depletedf free carriers.

_F-l_:[-;-‘-: f ......... i_ ........ i p-type rHype
N n-lvpe
: E | +
|l
U evinoy .
A A P
Er, EI':""- i
e e = =R T ..... E p-type rrtype
\: E\;

Figure 2.12: m junction under (a) zero bias and (b) forward bias. Under forias conditions,
minority carriers diffuse into the neutral regions where they recomléifpe

The dopants donors in the #ype region and acceptor intype region, form a space charge
region which produces a potential known as the diffusion valtadge diffusion voltage/p,

shown in the band diagram Bigure2.12, can be calculated from the retat [54]

6 —I (2.39
wheren; is the intrinsic carrier concentration of the semmductor.The diffusion volage
represents theequired energy for free carrieis reach theoppositdy charged region on the

other side moving across the depletion regidre diffusion voltage and the width of depletion

region ( ) are related by the Poisson egoat
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7 —6 6 — — (2.36

whereUis the dielectric permittivity of the semiconductnaterial, and V is thbias voltagef

the diode

Under forwardbias conditionsan electrical current is applied ametectrons and holes are
injectedin the ntype and ptype, respectively. The carriers move across the depletion region
into the oppositely charged regions where they eventually reconibipeoduce photons.
According to the Shockley diode equation (2.37), the electric current increases when the bias

voltage increases, due to the exponential term shown in this eqgiistjon

y Al —  — AT (2.37)

where$ and$ are the electron and hole diffusion constants, respectiaetlz, andz are
the electron and holeole minority-carrier lifetimes, respectively, and i& the crossectional
area Equation (2.37) can be rewritten #84]

Yy YAT p (2.38a)

with ) Al ——  —— (2.38b)

where lis the reverse bias saturation current. Under typical forbiasiconditions, the diode
voltage isw| "Q7KQ and therefore§ ¥  p] A&T . Based on this condition and from

equations (2.3kand (2.37)the Shockley equation can be reveritas

y Aro—. —. A 7 (2.39)

From equation (2.39) it can be found that when the diode voltage (V) approaches the diffusion
voltage (\b), the current strongly increaseBhe voltage at whicl® 6 is defined as
thresholdvoltage ¥1).

Figure 2.12also shows the separation of the band edges of the conduction band and valence
band from the Fermi level.heenergy differencéetween te Fermi level and the conduction

band in the ftype region can be investigatiEdm Boltzmann statistics and determined using

the formula/54],
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% % E4d T— (2.40)

and for the gtype region, the energy difference between the valence band and Fermi level can

be calculated using the relation:

% % E4d 1— (2.41)
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Figure 2.13: Effect of series and parallel (shunt) resistance/orhbracteristic[54]

Equation (2.38) e Shockley equatioulescribs the expected theoredil i V characteristic of
the ideal diodeExperimentally, the formula given tBquation (2.42)an be usetb describe
the measuredV characteristicsj54]

)y YA T 7 (2.42)
Assuming that the recombinatipnocess happens via band to béod level injection)or via
traps, diode ideality facton(nisea) has a value of unityniceas = 1.0) and the ideal diode is
dominated byliffusion current transport.he recombinatioprocessouldalsooccurvia other
ways and other ares giving ideality factorvaluesof areal diode in the ramgrom 1.1 t02.0.
However, ideality factor values as high asis = 2.0 are obtained, depeimdj on the

semiconductor material and the fabricatiooqarss
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Figure 2.13presentshe effect of a series resistance and a parallétaese on the-Y
characteristic of the real diodehese two unwanted resistances are not considered in the current
equation of the ideal diod@&. series resistandés) can becreated due to thexcesie contact
resistance othe neutral regio®s resistance A parallel resistancéRy) is created when the
currentbypasses the-n junction causely surface imperfectias ordamaged regions of the p

n jundion. Taking into account the effect of these two resistancd] Ytheharacteristiof the

ideal diode (Shockley equation)risodified and thus the equation (2.42) can be rewritten as

[54]:
)y —— D)A r T (2.43)

when2 © Hband2 © 1 equation (2.43)educes to the Shockley equatafrthe ideal diode

2.2.2 Optical properties

2.2.2.1 Eficiency

In the ideal LED, the active region emits one photon for every electron and thus the LED has
an internal quantum efficiency of unity. However, not all electrole recombinatiamproduce
photons and not all generated photons are emitted fromEBeihto free space. The reason

that some photons cannot escape from the LED is attributed partly to reabsorption within the
device or by the metallic contact surface. Therefore the internal and extraction efficiency of the
real LED are not the same. Theéamal efficiencys  of the LED can be determined using the

relation [54]

e
s = (2.44)

wherenpnin) is the number of photons emitted from active region per secgnglisthe number
of electrons injected into LED per secod, is the optical power emitted from the active
region and) is the injection current. The light extraction efficiergcy is defined as

[54]:
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T
s - (2.45)

wherenpnex) IS the number of photons emitted into free space per secon@,iaride optical
power emitted into free space. The extraction efficieiscylso limited by total internal
reflection which decreases the ability of the generated photons to escapecisfafre, where
the photons emit in different angl@he external quantum efficiencg ( ) gives the ratio of
the numler of emitted photons into free spaoethe number of injected electrons into LED,

which can be calculated from the equatidit]

S — TT (2.46a)
S s ° (2.46b)

The power efficiencg , whichis also called wallplug efficiency, is given by:
s — (2.47)

where) s the eéctrical power supplietb the LED.

2.2.2.2 Emission spectrum

The mechanism of the light emission in LEDslisctrori holespontaneous recombinatiand
simultaneous emission of photons, while in lasers and dupgnescent LED, the devices emit
light by stimulated emission. The optical projestof LEDs are determined by timositaneous
recombinatiorprocessAssuming that the electrons in conduction band and holes in the valence
band have a parabolic dispersion relation (see the schematic elealitorecombination

process shown iRigure 214), then:[54]

% % Z (2.48a)

% % 1 (2.48b)

whereoi s Pl ancko6s c¢ o magEistnetcarrdri wave duenber. b y 27,
The emission intensity of the bulk LEDs as a function of energy can be defined as:

Y%® % % A 7 (2.49)
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E = E¢ + h?k%/(2m})

E = Ey — h?k?/(2my,)

Figure 2.14: Parabolic dispersion relations of electrons and holes, shele@tigrhole recombination

and the resulting photon emissi¢s4]

From equation (2.49) the lineshape of the LED emission is illustratédune 2.15where the

maximum intensity occurs at EgiksT/2.

The fullwidth at halfmaximum(the spectral linewdth Y1) of theLED emission igjiven by:

v . v 8
Y% p8E Yor VI (2.50)
Boltzmann *\ i ) Density of states
~ | distribution - x (E-Ep)'?
£ |oc exp(-EXT) , 7\,
C|
z
L7}
# Theoretical
g emission spectrum
1
= ;
1
1
1

kT2 Energy E

Figure 2.15: Theoretical emission spectrum of an LbB]

2.3 Resonant cavity light emitting diodes (RCLEDS)
2.3.2 Spontaneous emission

The transitions of electrons from an initial quantum state to a final quantun(reiditgive

transition) followed by the simultaneous emission of a light quanta, are one of tee mo
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fundamental processes in optoelectronic deviths.emission of a photon can occur tvie
physical processes, knovay spontaneous and stimulated emission. Thes@tagesses were
first investigatedby Einstein in 1917. Stimulated emission is emptbin superluminescent
LEDs andsemiconductordsers[68,69]. The first experimental realisation was in the 1960s
where the stimulated emission mode was used in semiconductors to drastically change their
radiative emission characteristids. pontaneougmission the recombination process occurs
spontaneously, thad without a means to affetttis process. In fact, spontaneous emission has
long been believed to bacontrollable. However, the studi@smicroscopic optial resonators,
where opticamodesare confined to the order tife light wavelength, exhibitatie possibility

of controlling thephysical properties of the spontaneous emission of adiglitting material

The changes of thgpontaneousmission properties include tbenission patterrgpontaneous
emission rateandspectal purity. These changes can be used to actiggbter, faster, and

more efficient optoelectronsemicaductor devices.

Before During After emission
2
Atom in excited state Photon
.I.
AN
1

Atom in ground state

Figure 2.16: Schematic illustration of a spontaneous emission process.

Figure 2.16 showthe spontaneous emission process, wheratmber of fiht sources in the

excited energy levelt timeQs given by. O, the rate at which decayss: [70]
— 1 .0 (2.52)
O . mA . mA (2.53)

where. TU is the initial number of light sources in thgcited energy levelThe rate of the

spontaneous emissigh ) isinversely proportionaio the lifetimet by the relation:
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| 5 _ (2.54)

Thespontaneous emissioate(3 ) depends on two factors$ first is the atomic part which
describers the matrix elements of the initial and final electron state, while the second is the field

part which describes the density of electromagnetic modes of the medium.

2.3.2 FabryPerot resonator

The simplest degn of optical cavity consists of two coplanar mirreeparated by a distance

, . The first optical cavities with coplanar reflectors were investigated by Fabry and Perot in
1899, having a large separation between the two reflegtorsl( 1). However,new physical
phenomena occur when ttsstance between the two reflectors is of the order oéthission
wavelength, including the enhanceminthe emission of thactiveregion materia) which is
locatedinside the cavity.These resonate which have ery small cavies are knowras
microcavitiesln general, the structure abplanar microcavitiesra simpler than thaif optical

microcavities.

R, R,

Allowed
mode

Disallowed

Figure 2.17: Schematic of a FaHPgrot cavity consisting of two reflectors. Allowed moded

disallowed mode is also illustratgé4]

Figure 2.17presents a Fabiferot cavity which consists of two reflectors with reflectivities

2 and2 . Stable (allowed) optical modes and attenuated (disallowed) optical modes are
formed when the ptee waves propagating inside the cavityerfere constructively and
dedructively, respetively. For nonabsorbingreflectors, the transmittae through the two

reflectors can be determindty 4 p 2 and4 p 2 . Considering thanultiple
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reflections within the cavity, the tramittance through theavity can be written in terms of a

geometric series.le transmittance of the FabiRerot cavityis then given byhe formula[54]

4 _ (2.55)

wherels is the phase change of the optical wave for a single pass between the two reflectors

which is given by:

B ¢~ [ (2.56)
wherel is the refractive index of the cavity materials, is the cavity thickness, is the
wavelength of light in vacuum, is the frequency of light, anis the speed dight in vacuum.

The maximum valueof the transmittance takes place if the condition of constructive
interference is fulfilled, which means the tic A8 (¢ B ¢ Iahwith | a positive
integer)

The cavity finessef] is defined to be the ratio of theahsmittance peak separatidn () to

the transmittance fullvidth at halfmaximum ¢-_), which is written as[54]

& ——M — —— (2.57)

It is often that the cavity quality factét) is used rather than thevity finesse. The quality
factor(1) is defined as the ratio of the transmittance peak frequ@ncy ) to the peak width

(3 % Using ths definition and equation (2.570ne obtain$s4]

1 — (2.58)

I n addition, atd et hcea vd a wi) dfniearelsrsledlrh e( mnt er nal

axis [l obe)and i nt ezmpbly dtahlreimih T:&aisgl e

/ pj &l (2.59)
am Aj&l (2.60)
2.3.3 Optical mode density in a orgimensional resonator
In this section and based on the changes of optical mode density irdar@mesional (1D)

resonator(coplanar FabrPerot microcavity)the theory of the enhancement of spontaneous
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emission will bepresented. We initially demonstrates basicphysics resulting in the changes
of the spontaeous emission of thactiveregion (material) placethside a mgrocavity and
present analytical relatiorigr the spectrahntensityand integrated emission enhancement. The

rate of spontaneous radiative transitioran active homogeneous region is defibgd[70]

7 4 7 My Au (2.61)
where7 is identified as theate of spontaneous transitiorto the optical mode and

Mt s the optical mode densityhélifetime of spontaneous emissi¢n ) is the inverse
of the spontaneous emission rate, assuming that the optical medium is homogentwus.
case of a cavity structure, where the density of the optical mode depends on the spatial direction,

theemission ate which isgiven in equation (2.61) depends the direction.
The rate of the spontaneous emission is not changed by locating the active region inside

the cavity. This is because the emission rate into the optical medetains the igole matrix
element of the two electronic states involuedhetransition[70]. However, the optical mode
density,m & , can bestrongly modified by the presence of the cavity.
In thecase of a 1D homogeneous meditine density of optical modesgipunit lengh per unit
frequency fn # ) is defined as:

m 4 — (2.62)
Using a similar formalism commonlysed to derive the density of the optical mode in free
space, Equation (2.52Zan be derivedThe optical mode density of a 1D planar microcavity
and of homogeneous 1D free space is illustratédgnre 2.18
In planar microcavities, the opticzadvitymodes are discrete and the frequencies of these modes
are integer multiples of the fregncy of the fundamental optical modée fundamental nde
and first excited mode are positiorstdrequencies andcg 4, respectively. Acavity withtwo
metallic reflectorqtypically the reflector is made from a tH@wer ofgold material) and a
phase shift of the optical wave upon reflectiore fandamental frequency is defineg

v Arcl,
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Figure 2.18: A onalimensional optical mode density of a planar microcavity (solid I[6d).

For a resonant microcavity, the emission frequency aifctine region placed insidbe cavity
equals the frequency of one of thptical cavity modes. Thalensity ofoptical cavity modes
along the axis of the cavity can be derived using the relation betweeptited mode density
in the cavity and the opticalansmittance of the cavify 4 ):
mg + 44 (2.63)
where+ is a constantThe value of this constant can be calculabgda normalization
condition (single optical mode). From equation (2.58d (2.56), the cavity transmittance has
a maximum value at the frequencies Tiu ey é and a minimum value
u 4 Tchou Tchow ¢ é . By expanding the cosine term in eqoati (2.56) using
Al ® p @jc ,the Lorentzian approximation of a transmittance atrtis obtained.

Thus,4 & can be written as:

4 4 (B}

Integratingw & over all frequencies and the cavity length yields a single optical mode, i.e.
+ . muAgA, p (B85
From Equations (2.63) and (2.p4andusingthe integration formula @® @ Qw

ATA the constant can be calculated from the agbn:

30



—p 22 (Bp

By substituting equations (2.5 equation (2.63)the density ofoptical cavity modesof a

onedimensional cavity for emission alotiie cavity axis can be rewritten as:

Mmu

—p 22 4w (BYy

The maximum and minimum values of the optical mode density can be calculated using

equation (2.67)At the maxma, the mode density is definad

T
M —_—— (B3

Using 2 2 7  pand the expression derived for tevity finesse(F), it can be obtained

anapproximate expression for the density of the optical cavity modes at the maxatuen v

M — (BY
At the minima, the density of optical modes i
. -
M — — (2P

Using 2 2 7  pand the expression derived for tevity finesse(F), it can be obtained

anapproximae expression for the density of the optical cavity modes at the minimum value

M A— (21}

2.3.4 Spectral emissn enhancement

The emission t@ enhancement spectrum is defined by the ratio of the 1D apiockd density
to the 1D free space mode dendigcausehe emission rate at a given wavelength is directly
proportional to thalensity ofoptical cavity modesAs mentionedearlier, thdineshape of the
cavity enhancement spectrum is a Lorentzian, therdiererthancement factor hetresonance
wavelength can be defindyy the ratio of the optical mode densities with and without a cavity

[54], i.e.

L — e —— (27

31



Equation (2.72represents the average enuoasrate enhancement out of the tvaflectos.

Thus, and in order to calculate the enhancement for a single direction, the enhancement factor
given in equation (2.72) must be multiplied thy fraction of theransmittedight leaving the

mirror with reflectivity2 ,i.e.p 2 , divided by theaverage loss of the both reflectdos

one round trip inside the cavitye. pi¢ p Y p Y .Forlarge2 and2 ,the

spectral intensity enhancement factor can be rewritten as:

L — —— - (23

wherethe approximatiom 22 & pfc ¢ 2 2 isusedinequation (2.73).

The standing wee effect must be also considered, i.e. the active regiative to the nodes
and antinodes of thdistribution of the electromagnetic field (the optical wave) inside the
cavity. If the active region is positioned exactly at the antinode, theeantinadle enhancement
factor (U has avalue of 2.The value ofsis zero if the active region is positioned at the node.

Thereforethe spectral intensity enhancement factor is given by
' - - ( 2 ;I'

where2 is the reflectivity of the lightexiting the mirror and thug 2 . In addition,
equation (2.74) considers tlwhanges in thdifetime of the spontanesuemission %), the

lifetime without cavity, and the lifetime with caviy . If the value of the cavity lifetime is

larger than that of the lifetime without cavity, then the enhancement factor increases due to the

factorz 7z

2.3.5 Integratel emission enhancement

The total enhancement factor obtained by integrating over the watlebgegtrum, instead of
the emission enhancementla resonance wavelength, is relevant for many practical devices.
On resonance, the emission is enhanced alloagaxis of thecavity, while at wavelengths
sufficiently far off resonance, the emission ipptessed. Because thmisson spectrum of the

active region without a cavitis typically much broader than thresonant cavity, it is not
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obviouswhether thentegrated emission is enhanced at all. In otdealculate théentegrated
emissionenhancement, the spectliaewidth of the resonant cavity atite spectralinewidth
of the emission spectrum of the active region must be taken in to acc®bet resonace
spectrallinewidth can be determingidom thecavity finesseor the cavity qudity factor. By
assuming a Gaussian natural emission spectrum, the integnaitessionenhancemat ratiocan
be calculated analytically. For semiconductors at 306 Kie @se of higkhquality cavitiesthe
linewidth of the natural emissi@pectrum of the active regiosl( ) islarger than thénewidth
of theresonant cavity3l ). Thelinewidth of a Gaussiaremission spectrum can be defined

as 3l ¢ £¢ 1 T 7%. In addition, the Gaussian emission spectrum &g=eak value of

Aca” , wheref is the standard de@tion of the Gaussian functiorhen the integrated

emission enhancement factor cargbeen by[72]:

: - 3= " UAT Te— (25

HPodc S5AA0GNAOdzESR . NI} 33 wSHbSOGiI2NI 65. wo

A distributed Bragg reflector (DBR) is a muléiyer reflector consisting of typicallyi 50 pairs
of two materials Because the refractive indices of these two materials are différeshel
reflection occurs at each of the interfacse magnitude of the Fresnel reflection is very small
owing to the small difference between the refractive indetheftwo materialsHowever,
DBRs consist of many interfaces stacked next to each dthermportant to determine the
thickness of the two materials of the DBR in such a way thardfiected waves are in
constructive interfererc For normal incidencethis condition can be achievadhen both
materials have a thickness of a quarter wavelength of the fight.e.
Q _Tt _jtE 2.a&)
Q _ Tt _jte 2.1

wherel is the vacuum Bragg wavelength of the light,andA are tre thicknesssof the

materials withow-index { ) and of the material withigh-index { ). For an obliqueangle
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of incidence[  , the optimum thickesses for high reflectivity can be calculated from the
relations:
A 1TtAIfG 11 AlfO 2. 77a
A 1 TtATfO6 1j 11 AlJo 2.37b
The DBR stop banddepends on the difference in refractive index of the two constituent

materials] 1 Y1 . The spectral width of the idand is givemy [73]:

% — 2.)8

Ther e p e cdf thenDBR can bealculated using a transfer matriaethod[74] which isa
standard technique used to analyse light propagatidghenmaterial layetrsbased on the
continuity of the electric yeld across the in

of light of a given wavelengtte- Yhrough a single layer of thickneg&) can be written in a

matrix for m, whi ch r epr es erras sfunttibneof trelineidertt r i ¢y
one:
. Ao -odl 2.9
oI Airo
where
r —1AATfO P 1 AIJO (2)80
E K

For normal incidencgé 1, then

r —TA, D 1 (2)81

A multilayer usually consist of a succession of homogeneous layers of alternately low and high
refractive indiced and1 and of thicknes& andA , placedbetween two homogenous
media withrefractive indiced andl as illustrated irFigure 2.19 Assuming that the media

is nonmagnetic,the propagation tlough a layer stack is definday the productof the

individual layer matrices:

i i (2)82



i ATfOATIO —OKI1OKI 5 A 5 A

A
i E—ATfO00FT —ORFIAI[O 5 A
i ED OFTAG D AIfOOKT 5 A

i ATfOATfO —OKIORT 5 A 5 A

where5 A are the Chebyshev polynomials of the second, kirfdch is defird as

5 A

— (2)83
A -0 1 RIfORI0 - — — ORIOgI

m\

The rdlection coefficient of the DBRs thengiven bythe formula

O

(24) 8
In terms ofQ the reflectivity is

Figure 2.19 Schematic afdistributed Bragg reflectdiDBR) consisting of geriodic multilayer
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2.3.7 RCLED design rules

The basic struare of an RCLED consists of a microcavity sandwichetiveentwo DBR
mirrorswith reflectivity 2 and2 , as shown in Figure 2.2The two mirrors are designed so
that their reflectivities aranequal thereforethe lightexits the cavitythrough mly one of the
mirrors which is called théght-exit mirror (designated here with reflectivi® ). An active
region is placedhside the cavitypetween the mirrors rgferably at the antinode positiarf the

standing optical wave of the cavity

Top DBR
(2

Cav'rty{ } Active region

r Bottom DBR
(2

Substrate

Figure 2.20: Schematic illustration of a resonant cavity structumsisting of two DBR mirrors with
repec2 anda t y

There areseveral design rules that can be used to maximize the spontaneous emission
enhancement in resonatdvity structureg75,76]. These rules will provide further insight into
the fundarental operating principles of RCLEDs and the differences of these devices with
respect to VCSELs.
Thefirst criteria for the dsign of RCLEDs is that the reflegtiy of the lightexit mirror (Ry),
should bemuch lower than that of the back mirrae.

2 L2 (2)85
This condition ensures that light exits the device mainly through the reflectorefi@btivity

R1.
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Thesecond criteria for the design of RCLERquires that the cavity length is reduced to
a minimum. To derive this criterion, the integratdissionenhancement, discussed in the
previous section, can be rewritteising the expressions for the cavity fine@Seand cavity

guality factor(1). One obtains

 ——

— A T-e—— (2)86

where_ and_  are the active region emission wavelengths in vacuum and inside the cavity,
respectively. Sine the emission wavelength ) and the natutdinewidth of the active region
(3_ ) are given quantities, equation (2.88ows thathe integrated emission maximizes when

the cavity lengtl{, ) is reduced to a minimum
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Figure2.21: Density of optical cavity modes for (a) short cavity and (b) long cavity with same cavity

finesse (F). (c) Spontaneous emission spectrum (natural emission) of the active[sdgjion.

The reason for the importance of a shortitydength is illustréed byFigure 2.21 The optical
mode densities of a short and a long cavity, are showhigares 2.21(ajand 2.21(b)

respectively. Both cavities have the same mirror reflectivities @adty finesse. The
spontaneous emission spectrum of the active megicshown inFigure 2.21 (c) The best

overlap between themission of the active region and ttesonanbptical mode is observed

for the shortest cavitiength
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The maximum enhancements candohieved with the shortest cavities, which are obtained
when the fundamental cavity mode is in resonance withethiession spectrum of the active
region In addition, using a high contrast refractive index DBR layers leads to reduce the cavity
length.
The third criteria for the design of an RCLED cavity is thaumegnent for the minimization of
selfabsorption in the active region. This criterion can be stated as follows: the probability for
photons emitted from the active region into the cavity mode to be reabsorbed should be much
smaller than the probability ghotons to escape through one of the reflectors. Assutning
p, this criterion can be definexs

Cu p 2 (2)87
where| and, are the absorption coefficient and the thicknesshef active region,
respectively. In thease where the criterion of equation (2.87not fulfilled, photons would
probably be reabsorbed by the active region. Subsequen#ynission will, with a certain
probability, occur alonghie lateral directionwaveguidemodes), i.e. not into the cavity mode.
A second possibility is that the electidile pairs generated by reabsorption may recombine
nonradiatively. In either case, reabsorption processes occurring iFfihagse cavities can
reduce theemissionof the cavity modeout of the cavity. Thereforayhen the condition of
equation (2.8Yis not fulfilled, the emission intensity of resonant cavities is reduced rather than

enhanced.
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Chapter 3

Literature review

3.1 Introduction

In this chager, the review of different types of electrically pumped light emitting devices such
as light emitting diodes (LEDSs), interband cascade light emitting diodes (ICLEDs), resonant
cavity light emitting diodes (RCLEDSs) and vertical cavity surface emittirey$a®/CSELS) in

the midinfrared range will be presented.

3.2 Mid infrared light emitting diodes (MIR LEB)

Various Mid-infrared LED structures have bednvestigatedfor gas monitoring such as,
methane (N at [2,3,87,7830n propane (NkB) at 34  ¢[81], hydrogen sulphide

(HS) at [Z&BL77 sulphur dioxide (S€) at 3.9[87], carbon dioxide (Cg) at 4.2em
[2,784-14],(N.O) at 4.5 em, car bo R9nmdmlg,andditicokidO) a't

(NO) at[215883. & m

3.2.1 Bulk MIRLEDs

In 1966, the first bulk LED was investigated by Melangailis ef&]. The device structure
included bulk I nAs used as an emitter mater:.
temperature. Similarly, Dobbelaere et al. (1993) demonstratetetticofiminescence of bulk

INAsSb (Sh=15%) LEDs grown on GaAs substrate using Molecular beam epitaxy (MBE)
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The emi ssion spectra exhibit ed:;,absorgtionpnt@Eet 4. 25
atmosphere (sekigure 3.1(a) In 1998, Popov etal. [10] investigated and studied the
characteristics of the bulk INASSbP/INAsSb/INASSbP heterostructure LEDs grown on InAs
substrate usindiquid phaseepitaxy (LPE). The room temperature electroluminescence
spectrum of the LED emission exhibited a peakveélength of 4 m and a broadb
linewidth of 800 nm (se€&igure 3.1(b) . An optical power of 850 ¢

pul sed operation (1.2 A, 1 kHz in 5 gs).

’ - -
(a)  Bulk InAsSb LED on GaAs substrate (b) InAsSbP/InAsSb/InAsSbP
2ok /;s:. A heterostructure LED
A
-y & ) E
= E 15 £
=15 2 'l it 2l ¥
g F A &
'n ! |‘ ] \‘ =
Z .08 h; t o\ e
8 f z
7 ] e N 9
o F; v\ z
! A \ 3%
0.5 /! v \ .
/ CO2 absorption N
,// i L \\-.___ CO2 absorplion
0.0 — - . - 3.0 35 40 4.5 S0
3.5 4.0 45 5.0 :
Wavelength [jun] Wavelength [pum]

Figure 3.1 (a) Demonstration of the application of an InAsSb light emitting diode as,&&301{85].
The emission spectrum of the LED contained a single emission band with a pealeat @ 3oom

temperaturgl10].

One year laterlnAsSbP/INAsSK(Sb =11% in InAsSb layerouble heterostructure LEDs

grown on InAs substrate were also reported by Blo @t. al[9]. At room temperature, the

linewidth of the emission spectrum was measured to be 507 nm with a peak wavelength of 4.6

e m (Fgea3.2(a). The device exhibitedrootne mper at ure output power
pulsed operation (1 A, 1% duty dgat 1 kHz). Using rarearth ion gettering, the active region

(InAsSb layer) was purified, leading to improved performance of the dgifiteBased on

that, an output power of about 1 mW under pulsed operation (2 A, 1 kHz in 2js) was achieved.
Temperatte dependence of the electroluminescence spectra from bulk InAsSb (Sb=9%) LED

grown on GaSb substrate using LPE were presented by Krier et al. (20D7Broadband

room temperature emission spectra were obser:

CO, absorptionsuggestig using this device for C£jas sensin@seeFigure 3.2(b).
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Figure 3.2: (a) 300 K electroluminescence spectrum measuredfierof the InAsSbP/InAsSb LEDs

[9]. (b) Room temperature electroluminescesypectraof the LED measured at different currefits].

In QinetiQ Malvern technology centre, the emission characteristics of the bulk AlinSb LEDs
were demonstrated as a funct@iSh composition between 0% and 8.8% (Sigeire 3.3(a)

[21]. The structures were grown on GaAs substrate by MBE. Five devices show room
temperature emission centred at 3.4 um (Sb=0%), 4.2 um (Sb=2.5%), 4.6 um (Sb=5.2%), 5.3
um (6.1%), and 5.7 (8.8%) diproduced emittance of approximately 7.5 m\W/@id mW/c,

15 mWi/cnd, 12.5 mW/cm, and 3.4 mW/c respectively. Recently, in 2019, bulk InAsSb
LEDs grown on Si substrate using MBE were investigated by Delli Gl(see the structure

in Figure 3.3(h). Over the temperature range 6285 K, the electroluminescence spectra of

the LEDs were measured (see Fig. 3.3c), showing a broadband emission peaking at 4.5 ym at

room temperature with output power of 6 (AL.2 mW/cr).

; ' — cm' 1=190 mA
—8.8% Al £ = Peak |
O Al AN M) Metal 2 Peak IL_A)
meem 5.200 Al Z AlAsSb == N 260KK
_ —=25% Al g o 4 barrier 4= = 2 I== __._./.4.N_ 20K
£ 1sg=— O%Al p7g4 2% ] L 2 | —— A\ 50K
§ {1 E - “pInAsSh £ ~ \ oK
! R8s 08 & £
I8 300K { 175 Alnminmm (%) - o —‘-“"/\ 90 K
© ! H i-InAsSh o = _ 120K
2 = f\ 150 K]
£ n-InAsSh 81— — 180K
g = Y v
| e |- —/' q\—-zm K
GaSb buffer 5 | — 240K
z ’/\\\270 K
295 K|
2 3 4 5 6 7 8 9 0.24 0.28 0.32 0.36 0.40
(a) Wavelength §m] (b) (© Energy [eV]

Figure 3.3: (a) Ta room temperature electroluminescence emission of the QinetiQ LEDs measured at
various Sb compositiof21]. (b) Schematic diagram of the InAsSb LED structure grown on Si, and (c)
Temperature dependent normalized EL emission spectra obtained using 19kkAand 50% duty

cycle.[86]
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3.2.2 Single quantum well (SQW), multi quantum well (MQWSs), and super lattice (SL)

MIR LEDs

Mid infrared LEDs based on InAs/InAsSb single quantum wells (SQW) containing two
different Sb composition (16.6% and 26%) were riggbby Tang et al. and Hardaway et al.

(1998 and 1999)13,87]. The two structures were singly grown on InAs substrate by MBE.

16. 6% Sb LED show room temper at-GWaitpgmowes si on

of 50 eW, whil e ttieemigsiensakd the auasiM oatpugpovier ob the
26% Sb LED were measured to be 8 e&m and 24
SQW LEDs exhibiting room temperature broadband emission (about 40 meV (~640nm))
centred at ar oudndo udt.p2ute np ownetrh opfulnsoer e t han
Heber et al[88]. The structure was grown grinAs substrate using MBE and included an
InAIAs barrier to improve the electron confinement in the active region. In comparison with

LEDs grown without tkb barrier, the efficiency was enhanced by a factor of more than 6x.

Light emitting diodes based on multi quantum wells (MQWS) and strained layer superlattices
(SLS) were extensively studied for mid infrared applicatidrsl4,24-26,8392]. InAs/InAs.

xShe SLS LEDs grown on GaAs substrate using MBE were reported in 1995 by Tang et. al.
[12]. The devices exhibited emission within the range idto 11 um corresponding to the

Sb composition in the InAsSb layer. For the structure with Sb=9.5%, the teumperat
dependence of electroluminescence spectra of the device were measufreduiseés(a)),
showing room temperature emission extended beyond 5 um with output power of 200 nW at
100 mA injection current. In 1998, Allerman et.[&l9] reported multistag INnASP/InAsSb SLS

LEDs grown on InAs substrate. At room temperature, the electroluminescencerapscii

stage5 period SLS LEDs show a broadband emission with a peak wavelength at 4.2 um and a

tot al out put specigeadby.f 100 W (
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Figure 3.4:(a) Temperaturglependent EL spectra bt 40 mA reported irf12]. (b) LED emission &
80K and 300K from a 10 stag® period SLSLED reported in89.

One year later, Imperial college London research group investigated InAs/InAsSb (Sb~8%)

SLS LED grown onp-InAs substrate using MBEL4]. Two structures were grown, one

included a strainedISb barrier to improve electron confinement in the SLS active region (see

Figure 35(a)) and the other was grown without barrier. The device with AlSb barrier showed

an improvement in the emission spectrum at room temperaturgi¢see 35(b)), producig

an output power of more than 100 €W using a p
et. al. (in 2006)25] also reported InAs/InAsSb (Sb=13%) MQWSs LEDs grownpanAs

substrate using MBE. In this study, temperature dependence of theletattescence spectra

of the device were measured, observing a br o
power of 1.4 eW at room temperature. I n that
QWs based on LEDs grown singly on InAs substrate aa8bGsubstrate using MBE were
investigated by Kuznetsov et &8.0]. Room temperature emission spectra of the device grown

on InAs show a broadband emission with a peak wavelength of 4.4 um with output power of

~5 uW, exhibiting better performance compatedhat of the device grown on GaSb (which

emitted output power of ~2 pW).

43



® @) 20 rm p-AlSb (b) Wavelength [pm]
L - 5 s 4 3.5 ! 2.5
g Be:5x10° cm® 0.39em % 0. rmerrer—— 32 1
@ g /) 300 K, 100 mA|
2 = 06F
S . 18 3 = 7 es pulses
£ Sk50cm :—L 0.5 14% dutv cvelg
< =2
£ g 04 Sample A
S g (with barrier)
— ARy 5 0.3
U N é_ﬁ ‘ ==== Sample B
5 Eo g (without barrier
o lem ‘i 2
< psLs %00
‘o 18 1 em undoped P
Be:5x10 SLS 5 250 300 30 400 450 500

I{—DI Emission Energy [meV]

Figure 3.5: (a) Schematic diagram of SLS LED, a(it) Roonmitemperature electroluminescence spectra
of samples A (with a barrier) and B (without a barrier) showingpapheric C@~4.2 pm andC-H ~3.5

pm absorption features causegd@1.1 m unevacuated beam paghorted in14].

Temperature dependence of electroluminescence spectra of InAs/InAsSb (Sbh=8%) MQW
LEDs were presented by Carrington et. al. (20@9). The structure was grown arlnAs
substrate using MBE (see the insefafure 36(a)). The device exhibited room temperature

el ectroluminescence pe akeHigurg 36@)with&an opticad output 0. 3 3 ¢

power of 12 yW under quasiW operation (100 mA and 50% duty cycle at 1 kHz).
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Figure 3.6: (a) Room temperaturemission spectra at various injection currents from the InAsSb/InAs
LED. The inset is the schematic diagram of the InAsSb/InAs MQW LRH. (b) The temperature
dependent electroluminescence emission spectra measured using 100mA and 1 kHz, 50% duty cycle.

[91]

Furthermore, two years later, Carrington et[all] demonstrated the electroluminescence

spectra of the type | INnAsSbN/InAs (Sb=5%, N=0.8%) MQWSs LEDs grown on InAs substrate

44



by MBE as a function of temperature over the range from 4 K to 300 K-(gee= 36(b)). At
300 K, the emission spectrum has a linewidth of about 600 nm (58 meV) and a peak wavelength

at 3.59 um (0.345 eV), producing output power of 6 uW under gh¥sioperation (100 mA,
50% duty cycle, 1 kHz).

Recently, in 2017, multispectraEDs grown on GaAs substrate by MBE were designed and
investigated by Aziz et. al92]. The structure consisted of four active regions including bulk
AlInSb and three AlInSb/InSb/AlINSb QWs with different well width. Eleatroinescencef

the LEDmeasired at room temperature, exhibited four emission spectra corresponding to the
active region emission. The peak wavelength8.40 um, 3.50um, 3.95um, and 4.18 m

were observed in the bl] 2 nm, 4 nm, and 6 nm quantumell LEDs, respectivelyMore
recently, Electroluminescence spectra of type Il InAs/InAsSb SLSs LEDs with two different
Sb compositions of 4% and 6% (see the structure and the speeimarias 37(a) and3.7(b)),

were demonstrated as a function of temperature from 7 K to 300 K by Kale[P6t. At room
temperature and under 100 mA qu@sV injection current, the results show the broadband
emission spectra peaked at 4.1 pm with output power of 8.2 pW for InAs/InAsSb (Sb=4%)

LED, and at 4.7 pm with output power of 3.3 pW for InAs/INnASb=6%) LED.
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100 mA, —7K 100 mA, —7K
Quasi-CW 40 K Quasi-CW 40 K
/\ —sok |l |7 N\ | ok
0 —— 125K} = 125K
— 150K — 150K
1.25em InAs ntype (Te doped w — 175K f:_/\\ —175K
region =3 e 200 K 5 200 K
s = —250 K} Iyi5 N\ | —250K
T ~—— —300KY} v ~ —300 K|
1.4em InAs/InAsSb SLS (50 ST N s NN T—]
pairs) active region X_\_(i//\_ X14
x10 i x20
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Figure 37: (8) Schematic of the LED structure containing the InAs/InAsSb SLS active regiorhBnd (

and p2) normalised (7300 K) electroluminescence spectra of the InAs/InAsSb SLS LEDs with Sb
composition of 4% and 6%, respeety.[26]
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3.3Inter-band cascade md infrared light emitting diodes (MIRICLED)

Recently, research groups extensively developed cascade mid infrared light emitting diodes
[36, 9397]. In 2015, InAs/GaSb SLS based cascade LEDs grown on GaAs and Ga&liesibs
using MBE were reported by Provence e{@k|. The schematic diagram of the structures are
illustrated inFigures 38(a) and 3.8(b). The both devices show 77 K emission spectra with a

peak wavelength at 4.7 um, producingpgradiances of 0.69 Wia?-sr for the device grown

on GaStand 1.06 W/crhsr for the device grown on GaAs (sEgure 38(c)).

(a) Anode (b) Anode
p-GaSb  (8x10' em®) 100 nm p-GaSh  (8x10" emr®) 100 nm
p-GaSb  (5x10'% cm®) 40 nm p-GaSb  (5x10%f em®) 40 nm ©
C
GaSh 16 ML 19x GaSb 16 ML 10%
i sL i SL 77K GaAs substrate
Lo ALl Ings S 50% Duty Cycle _am=====
p-GaSb  (2x10% cm?) 30mm p-GaSb  (2x10% cm®) 30 nm ‘ = 7
n-AllnAsSb (2x10% cm?) 30 nm 3x | |n-AllnAsSb (2x10% cm) 30 nm | "B v .
3x E oF GaSh substrate
stages | | GaSp 16ML | 19% 2| | Gasp I6ML || 19x ) e
SL rsL 8 /o ,
lnds ML || cathoge ds 2TML | Cathoge % ,',/ j 3 50 n':\
n-GaSh (107 em®) 1000 nm n-GaSh (x10% cm®) 3000 nm E i 4
AlAsSh 30nm n-GaSh 12nm r,’ 3| A
’ Wa
GaSb 150 nm Gahs 200 nm A v
n--GaSh substrate (< 2x10"7 cm?) GaAs substrate (undoped) Current Density [A/crd

Figure 38: Stack diagrams of SLED devices developed on (a)doped (100) GaSb substrate, and (b)
on a seminsulating (100) GaAs substrafe) Radiance vs. current density for SLED devices grown on
GaAs and GaSh substrates collected at 77 K and a 50% duty cycle. The 77 K electroluminescence

spectrum of the devices measured at 50 mA is in the [9s&t.

Two years later, Ricker et 484] demonstrated an InAs/GaSb SL cascade LED grown on GaSb
substrate. The active region consisted of 20 periods of InAs/GaSb SLs each sepanated by
AllnAsSb/p-GaSb tunnel junction. The device presented 77 K emission peaked at 3.68 um and
exhibited spectral diances of up to 1.04 W/casr. In this type of cascade LED, Muhowski et

al. [95] reported 77 K emission spectra with peak wavelength of 4.6 um and obtained a room
temperature spectral radiance of 0.5 Wksmunder pulsed operation (0.1% duty cycle). Type

| GalnAsSb/AlGalnAsSb QWs cascade LEDs emitting at ~3.1 pm grown on GaSb substrate
were investigated by Ermolaev et al. in 20%8]. Output powers of more than 6 mW and 2
mW were measured at 77 K and 290 K, respectively. In addition, interband ca&dasle L
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based on O6W6 QWs active region wWeAtrodesi gned
temperature, the device emitted emission showing peak wavelength at ~3.1 um and produced
an output power of 2.9 mW (0.73 W/é&sr). More recently, in 2019, Zhou eat. [36]
demonstrated the temperature dependencestddge and Stage intetband cascade LEDs
grown on InAs substrate using MBE. The structure consisted of INAs/GaAsSh SLs active region
(for generating photons)GaAsSb/AlAsSb tunnelling regionsnd InAsAIASSD injection
regionswhich are designed to efficiently transfer the electrons and holes into active region,
respectively(seeFigure 39(a)). Room temperature electroluminescence spectra of the devices
show a broadband linewidth of about 600 nm peaiteti47 um and 4.39 um forage and
5-stage ICLEDs, respectively-diage ICLEDs exhibited output power of approximately 300

MW corresponding to wallpulg efficiency of ~0.05% using pulsed operation (400 mA, 1% duty

cycle at 1 kHz) (seEigure 39(b)).

I p-GaSb cap | 64 —n—£218 E "ICLED-5 stages o i
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Figure3.9: (a) Schematic illustration of the ICLED structure, abfdutput power and WPE dependence

on current injection at ZB00 K for the 5stage ICLED with a mesa size of 400x400 i8]
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3.4 Infraredresonant cavity light emting diode (FRCLED)

3.4.1 Near-Infrared 850 -980 nm RCLEDs

The first neadinfrared resonant cavity light emitting diode (RCLED) was reported by Schubert

et al. in 1991/41]. It was grown on (001)-type GaAs substrate usidgBE. The structure
consists of1 thin GaAs active regmplaced inside the cavity at antinode position of the electric
field. The cavity sandwi ched bet wavave a
AlAs/Al 0.14Ga s6As distributed Bragg reflector (DBR) used as a subsiated (bottom) mirror

and a low refledtity Ag and Ag/CdSnQused as a top mirror (s€egure 3.D(a)). At room
temperature, the results exhibited that the emission intensity of the RCLED was enhanced by a
factor of 1.7 compared to a reference LEPoducing an optical output power of ~220 |atV

20 °C as shown irFigure 3.0(b). Furthermore, the experimental emission linewidth was

narrower tharthatof the reference LED whiclwasfound to be 17 meV.

(@) / Transparent contacl 250 (b)
PR v - Resonant cavity LED
F——=1 _-1— Contact layer = TR
n-Al Ga_As Active region. _:-_ 200 F
Phase matching 2
n_Aleal-xAS / Iayer 05. 150
/ DBR &
% 5 10O}
7 g
/ B 50
: 0
n - GaSb substrate - ’ 0 10 20 30 40 50
Current [mA |

Figure 3.10: (a) Schematic layer sequence of the resonant cavity-digiitting diode RCLED). (b)
Optical output power vs injection current of a resonant cavity-kghitting diode at room temperature
[41]

Top emitting RCLEDs, exhibiting emission peaked at aroundn®g0nvere investigated with
and without selectively oxidised curré®B]. The device consisted of thra& ;Gay sAs/GaAs
QWs placed in the antinode of the cavity which is sandwiched betwedX dwGa ssAS/AIAS

DBRs. The oxidised devices show an optical power of ~750 pW and overall quantum efficiency

of about 14%.Dumitrescu et al.[99] used the transfer matrix based modelling with-self
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consistent model to optimize the performance of two RCLEDSs structures operating at 660 nm
and 880 nm. The structure of the nadrared (880 nm) QWs RCLED consisted efthick

cavity plaed between a 20 pairs AGa sAs/AlodGay.1As bottom DBR mirror and a 5to 7
pairs AboGa1As/ AloGasgAs top DBR mirror. Three GadnoAs QWs separated by
AloGaygAs barriers were usad theactive region and positioned inside the cavity. Géece

had a significant performance showing narrow linewidth below 15 nm angbluglefficiency

of 14.1% corresponding to output pove¢i22.5 m\W (se&igure 3.1(a)). One year later, Kato

et al.[100 used two single quantum wells of different well thichs active region to improve

the performance of RCLED epating at 850 nm (see the structuré-igures 3.1(b)). Two
structures were demonstrated, one contained two single GaApQ@aMened in the cavity A

with thickness 10 and 7 nm , while the thieks of the two single QWs placed in the cavity B
were 10 nm for eachThe wells were separated by.a -As barriers and positioned at
separate antinodes of the electric field. Both cavities were surrounded by a 30 pairs
Al Gay sAs/GaAsbottom DBR miror with reflectivity 98% and 10 pairdlo  Gay sAs/GaAs

top DBR mirror with reflectivity 89%At low injection current (I=50 mA), the results presented
that the measured output power of the structure with cavity A increased by 24% to be 2.2 mW

and by 46%o0 be 2.7 mW at high injection current (I=100 mA).
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0.029 . +“—> ,
cw RCLED (circle) o 2N Difiused
RCLED vs LED Commercial LED (cross ]:f— n-Cladding
0.02( I : .
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= :
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3] I ——
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Figure 3.11:(a) Comparison between the emission spectrum of a 880 nm range RCLED and a
commercial LED in the same wavelengémge for two bias current®9] (b) Schematic illustrations of

the falyicated resonarntavity light emitting dioded.100]
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An980nm t op emi tti ng R Gthigkiess cavity sandwished betyeemtivo a 1 o
high contrast DBRs, was demonstrated and the device show a narrow linewidth emission of 5

nm with an external defential quantum efficiency as high as 27%W1]. In this study, the

structure of the top DBR wasZ2lperiod of Si@ZnSe layers and of a bottom DBR was 6.5

period of AIO/GaAs layers.

Additionally, several neainfrared RCLED structures operating at wawngiid of 1300 nm and
1550 nm were reported [102108. Some of these structures were designed to emit the light
from the substrate using top gold mirror with reflectivity of ~95% and low reflectivity bottom
DBR mirror [102103. Top emitting RCLEDs are sb investigated by placing the cavity

between high reflectivity bottom DBR mirror and low reflectivity top DBR miftdi4-10§].

3.4.2 Mid-infrared 2.5 -4.3 um RCLEDs

Hadji et al. (1995) [43] demonstrated mithfrared RCLED emitting at 3.2 pm using
CdosiHgoaoTe/HgTe pseudo alloy athe active region. The structure consdtof a half
wavelength cavity sandwiched between a bottongsEtt) asTe/Cch.7sHgo2sTe DBR with
reflectivity of 86% and a top gold mirror withflectivity of 95% (see-igure 3.2). At room
temperature, hie full width at hakmaximum (FWHM) of the electroluminescence (EL)
spectrum of the RCLED was found to be 8 meV at 300 K, lesstttamof the reference
structure (without cavity) by a factor of B addition the results exhibited #h the external
quantum efficiency of the RCLED was 0.2x1énd the directivity of the emission spectrum

was improved to be 35
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Figure 3.12Schematic diagram of thHedy siHgo.4eTe/HgTeRCLED devicereported inf43].

A 4.0 pm bottom emithg InAs/INAsSb SLs RCLED grown on GaAs substrate was
demonstrated by Green et al. (2004)] . T hthick tasity included an InAs/InAsSb SL
active region sandwiched between top CrAu mirror with ~95% reflectance and low reflectance
bottom GaAs/AlGaAs DB (see Figure 3.B(a)). Temperature dependence of the
electroluminescence spectra of the device were measured as Bapnard13(b). The output

power of the RCLED was enhanced by a factor of 2.2 compared to that of the reference LED,
which is lower tha the theoretical measurements due to the phase change from CrAu mirror

and the uncertainty in the growth rate of InAs/InAsSb SLs.

CrAu mirror/contact Wavelength [um]
Lo g3l ks a0 35 3.0
13 period pSLs InAs/InAsSb SLs RCLE[
21period iSLs nsp
29 period RSLs ry 4!l Increasing
= 0sf +\ temperature 1
DBR Z
5 04r
i * i g
i . |
* 0 !-\
GaAs substrate g ¢
Photon Energy [meV]
(@) MIR Output (b)

Figure 3.13: (a) Schematic of thelnAs/InAsyeiShhos SLS RCLED, and (b) Measured

electroluminescence spectra from tievice, at various temperaturé$4]
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GaShbbased RCLEDs operating near 2.3 um were investigated with and withitbut n
INAsSb/g*-GaSb tunnel junctioft5]. Two series of 4 compressively strained GalnAsSb QWs
separated by AlGaAsSb barriers were used asaaa¢ r egi on which are pl a
thick cavity at two different antinodes of the electric field (Berire 314). The active region

was sandwiched between two AlAsSb/GaSb DBRs. The devices with tunnel junction show an
optical output power of 0.hW operating under CW (800 mA) and for similar device without

tunnel junction, the optical output power is limited to 0.15 mW.

Cavity without TJ
Top three pairs doped 4 QWs
DBR
Cavity with N
8 QWS (4+4) Cavity with TJ
TJ
4 QWs

Bottom five pairs
doped DBR

Te-doped GaSb substrate

Figure 3.14Schematic of thé&IGaAsSb/GalnAsSIRCLED structure with and without tunnel junction

reported inN45]

Grasse et al]46] designed and fabricated mid infrared RCLEDs, the structure shown in

Figure 315a), emitting at 2.8 um, 3.3 um, and 3.5 um grown on InP substrate using
metalorganic vapour phase epitaxy (MOVPE). Two different active regions were used,

Gal nAs/ Ga As S kshapeyg QWs ahdl SLso AWAQ, the optical output power was

measured under CW operation (J=500 Ajcamd found to be 125 uW for 3.3 um SLs RCLED

and 86 OW for 3.5 Om 6W6 QWs RCLED. Bul k Al
grown on GaAs substrate was reported4f]|. The cavity surrounded by the bottom 5 pairs
AlSb/GaSh DBR and top agemiconductor interface reflector. Room temperature emission of

the RCLED was enhanced by a factor of ~3 compared to that of the referen¢sddeure

3.15(b)).
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Figure 3.15(a) Sketch of conduction and valemband alignment and the layructure of the 3.fm
InP-based RCED device. The bottom Au contact serves alsbes sink and pseudo substrgté] (b)
Measured spectrah@ssion froma bulk AInSb RCLED, showing 3fold enhancement compared to a

reference nomesonant devicg49|

3.5 Mid-Infrared vertical-cavity surfaceemitting lasers MIR-VCSELDs

Several research groups have investigated-infiedred IV semiconducto VCSELs
operating in the range from 2 um to 4 |1kh7,48,50,109123. Mid-infrared VCSELSs emitting
at 2.3 um, 2.4 um, 2.5 um, and 2.6 um were demonstidféd09119. The active regions of
these structurearelocated between two high reflectivity DBR mars. Many of these devices
exhibit room temperature output power under CW conditions. TheEV€$perating at the

wavel en g arédeséribeBin nibre detail in the next stdection.

3.5.1 MidInfrared VCSELSs emitting at 3 um, 3.4 um, and 4 um

Type | GalnAsSb QWs VCSEL, consisting of AIAsSb/GaSb DBR used as bottom mirror and
Ge/ZnS dielectd DBR used as a top mirror, have recently achieved lasing to Bifih{see

the structure irrigure 316(a)). The device emitted up to°® under CW operation and up to
50°C under pulsed mode. Optical output powers under CW operation were measure@ to be 7
MW at-40°C and ~10 pW at C (sed-igure 316(b)). However, when themissiorwavelength

is extended further, the performance of the type | GalnASb QWs terfall off dramatically.
Therefore, Bewley et a[12( investigated interband cascade VCSHb achieve emission

wavelength at 3.4 um. The structure included three groups of five stages similar to those which
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are used previously for edgenitting interband cascade lasers (IC[5}]] (the structure of
3.4um ICVCSEL shown inFigure 316(c)). Under pulsed operation and at room temperature,

the device with a large aperture diameter of 40 um produced an optical output power of ~500

MW (seeFigure 316(d)).
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Figure 3.16:(a) Schematic structure of the GaBased VGEL with undoped bottom DBR and
intracavity contact, ah(b) Powercurrentvoltage characteristic of a VCSEL at different temperatures in
CW reported in[48]. (c) Schematic of the interband cascade VCSEL structure, dnélsed output

power at various taperature reported {i120.

Although there are some mindfrared leagsalt QWs VCSELs emitting at 4 um and 4.4 ym,
these devices are only optisapumped 122123]. In 2017, Veerabathran et &0] reported

electricaly pumped type Il Wshape QWs VCSEemitting at 4 um. the device with an aperture
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diameter of 7 um exhibited optical output power up/ttC under CW operation, and up to 45
°C under pulsed mode (ségyures 31L7(a) and3.17b)). The maximum pulsed output power

was measured to be 750 paw-40 °C, higher than that of CW operation by a factor of ~4. At

room temperature, the device show pulsed output power of ~120 uW.
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Figure 3.17(a) Powercurrentvoltage charactéstics of a 4 um VCSELn (a) CW operation, and (b)
pulsed operatioreported in50].

3.6 Summary

Mid-infrared LEDs operating at wavelength 3 e m have received si

gn
many research groups to develop the structures and optimize the active region. This is attributed

to themanymid-infrared applicationgspecially, gas sensing. Different-Yl semiconductor

materials such as bulk semiconductor, quantum dots (QDs), quantum wells (QWSs) and
superlattices (SLs) were used as active regions in these LEDs. However, most of these devices
exhibit roomtemperaturdroadband spectral linewidtivi t h opt i c al out put pc
under qasiCW conditions, giving low spectral brightness in the target wavelength. Mid

infrared ICLEDs were investigated and developed to optimize the optical output power and
external efficiency. High output power IEDs were reported at 77 K, exhibitirsgectral

radiances of up to 1 W/crsr under pulsed condition. Recently, rodemperature output

power was also investigated in the | CLED wit
linewidth of the midinfrared ICLEDs is still broadband, showing no improving emission

linewidth compared to that of the LED.
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Several research groups have investigated RCLEDs in the infrared region to improve the output
power and the external efficiency as well as the spectral linewldibst of these deviceme

designed to ematwavelengtls in thenearinfraredand mid nf r ar ed (&<3 em) sp
results exhibihigh brightness peak emission, high efficiency and narrower linewidth compared

to that of the reference LEDs. Few RCLEDs we
the structures wer designed to emit light through the substrate, showing relatively low

enhancement factors (<5) due to the limitation in the reflectivity of the top gold mirror.

In addition, electrical pumped midfrared VCSEL are also reported. To date, these devices

were designed to ematwavelengtsup t o 4 & m. The VCSELss oper :
<3 e&em exhtiedbmperradame out put power of hundr e
However, when the wavelength emissismextended further, the output power of the devices

tend to decrease and th&V@peration is not achieved atrodme mp er at ur e . Recent
VCSEL exhibit output power up to & under pulsed operation and up-7C under CW

operation. At room temperature and under pulsed conditions, the devices exhibit output power

of 1 2 Dable 3N showthe summary of the literature review on the fimftared LEDs,

RCLEDs and VCSELSs.

Table 3.1: Summary of the literature review on LEDs, RCLEDs and VCSEL

Author(s) | Date Structure > [ g oo Power /
(nm) Emittance

Mid -Infrared LED s

Melangailis | 1966 | Bulk InAs LEDs ~3.7

et al. (300 K)

Dobbelaere| 1993 | Bulk InAsSb (Sb=15%) LEDs| ~ 4.25

et al.

Popov et. | 1998 | Bulk 4.3 800 |850 ¢eW
al. INAsSbP/INAsSb/INAsSbP (300 K) A)

heterostructure LEDs
Gao et. al. | 1999 | INAsSSbP/INAsSKSb =11% in 4.6 507 |50 e W (

INAsSh layer)double (300 K)
heterostructure LEDs

Krier et al. | 2007 | Bulk InAsSb (Sb=9%) ~4.25 1 mw (I=2 A)

(300 K)

Haigh et al.| 2007 | Bulk AlInSb LEDs (300 K)
Sb=0% 3.4 7.5 mw/cm
Sb=2.5% 4.2 27 mW/cm
Sb=5.2% 4.6
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Sb=6.1% 5.3 15 mwWi/cr
Sbh=8.8% 5.7 12.5 mW/cm
3.4 mWi/cn
Dellietal. | 2019 | Bulk InAsSb LEDs on Si 4.5 6 eW (I
(295 K)
Tang et al. | 1998 | InAs/InAsSb single quantum 5 50 e&W
wells (SQW) (Sh=16.6%) (300 K)
Hardaway | 1999 | InAs/InAsSb single quantum 8 24 g W
et al. wells (SQW) (Sh=26%) (300 K)
Heber et al.| 2001 | InAs/InAsSb SQW LEDs 42(300| 640 |110 & W/
included an InAlAs barrier K)
Tang et al. | 1995 | InAs/InAs;«Sh, SLS LEDs 5 0.2 e&W
(Sb=9.5%) (300 K) A)
Allerman et| 1998 | 10 gage5 period 4.2 100 eW
al. INASP/InAsSb SLS LEDs (300 K)
Pullin et al. | 1999 | InAs/InAsSb (Sb~8%) SLS 4.2 100 eW
LED included a strained AlSh| (300 K) A)
barrier
Krier et. al. | 2006 | INAs/INAsSb (Sb=13%) 4.0 1.4 W
MQWs LEDs (300 K)
Kuznetsov | 2006 | InAs/InGaSb/InAs/AlGaAsSb| 4.4 ~5 uW
etal. O6Wd QWs based]| (300K)
grown on InAs substrate
Carrington | 2009 | InAs/InAsSb (Sh=8%) MQW 3.7 12 pW (1=0.1
et. al. LEDs (300 K) A)
Carrington | 2011 | INAsSSbN/InAs (Sb=5%, 3.59 600 | 6 pW (I=0.1 A)
et. al. N=0.8%) MQWs LEDs
Aziz et. al. | 2017 | Four active regions including| 3.40
bulk AlinSb and three 3.50
AlInSb/InSb/AlINSb QW's 3.95
with different well width 4.18
Keen et al. | 2018 | InAs/InAsSb MQWs LEDs (300 K) (I=0.1 A)
Sb=4% 4.1 8.2 yW
Sb=6% 4.7 3.3 uyW
Mid -Infr ared Interband cascade LEDs
Provence ef 2015 | InAs/GaSh SLS based casca{ (77 K)
al. LEDs grown on
GaAs substrate 4.7 ~3.33 W/cm
GaSb substrate 4.7 ~2.16 W/cn
Ricker et 2017 | InAs/GaSb SL cascade LED 3.68 ~3.27 W/cn
al. (77 K)
Muhowski | 2017 | InAs/GaSb SL cascade LED ~1.57 W/cn
et al. (pulsed)
Ermolaev | 2018 | GalnAsSb/AlGalnAsSb QWs 3.1 6 mW (77 K)
et al. cascade LEDs 2 mW (290 K)
Kimetal. | 2018 | Interband cascade LEDs bas¢ 3.1 2.9 mw
on OWO6 QWs (300 K)
Zhou et al. | 2019 | Inter-band cascaslLEDs (300K) | 600 | Pulsed (1=0.4
based on InAs/GaAsSb SLs A)
2-stages 4.47
5-stages 4.39 300 pwW
Mid -Infrared RCLED s
Hadji et al. | 1995 | CdysiHQo.4oT€/HgTEeRCLED 3.2 ~67
(300 K)
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Green et al.| 2004 | InAs/InAsSb SLs RCLED 4.0
(300 K)
Grasseet [2012 | Gal nAs/ GaAs Sb| 3.3SLs 125 pw
al. shaped QWs and SLs RCLEL] 3.5 86 pw
QWs

Meriggi et | 2015 | Bulk AlinSb based on RCLED
al.
Al-Saymari| 2019 | Bulk InAsSb RCLED 4.3 ~88 5.5 &gW
et al.[124] (300 K) (quasiCW)
Al-Saymari| 2020 | AllnAs/InAsSb QWs RCLED 4.5 ~70 | 140mW/cn?
et al.[125] (300 K) (pulsed)

10 mWcn?

(quasiCW)

Mid -Infrared VCSEL s

Andrejew | 2016 | Type | GalnAsSb QWs 3.0 ~10 pW at 5°C
et al VCSEL
Bewley et | 2016 | Interbandcascade VCSELs 3.4 500w
al. (300 K) (pulsed)
Veerabathr | 2017 | Type Il W-shape QWs VCSEL ~4.0 120w
an et al. (300 K) (pulsed)
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Chapter 4

Experimental procedures

The experimental methods that were used to grow, fabricate and measureitbacector

materials and the devices are discussed in this chapter.

4.1 Molecular beam epitaxy (MBE)

Outgas station

1 I1 I

[Cyropumﬂ[lon—pump] Iil “a1n || Holder with sample
1 1
= ”
1
- =

Transfer rod

— Sample holders
=il

Turbo-pump

Ga Al As

Effusion cells Loading chamber

Figure 4.1: Simplified schematic diagram of the MBE system used in this work.

Molecular beam epitaxy is an epitaxial technique used to growceaductor materials on a
crystalline substrate under ulinigh vacuum (typically ~1& mbar). Using this technique,

high quality structures can be produced with good control over doping concentration, thickness,
and composition. The MBE system, whislas used to grow the structures in this work, is a

Veeco Explor MBE system and the simplified schematic diagram of this system is shown in
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Figure 4.1 The system consssbf three chambers, the loading chamber, preparation (outgas)
chamber, and growth chdar. A cyrepump together with ion pump are used to pump each of

the preparation and growth chambers. The substrate was first placed into the loading chamber,
which is evacuated using a turpamp, and then transferred into the preparation chamber
where tle substrate is baked inside the outgassing station to remove surface contamination.
After that, the sample is moved into the growth chamber which contains the effusion cells. The
thermal effusion lcells are used to provide the flux of the group Il elemdmdium (In),

gallium (Ga), aluminium (Al)) and the elements for doping (beryllipatype) and GaTenf

type). Whilst, the cracker cells are used to provide the flux of the group V elements, arsenic
(As) and antimony (Sb). During growth, the samplevtated to improve the uniformity in the

epitaxial layers.

In-situ reflection high energy electron diffraction (RHEED) is a technique used for monitoring
the surface construction of the sample during growth. In this technique, a beam of high energy
electrons produced from electron gun is incident on the sample surface at a grazing angle of <
2°. The electrons are diffracted from the surface and then hit a fluorescent screen forming a
diffraction pattern. Therefore, the surface morphology of the leaogn be identified from

these patterns. A smooth surface is represented by observing a streaky pattern on the screen,
whilst a spotty pattern indicates a rough surfa@é,127]. No pattern is observed if the material

is contaminated or if an oxide isgzent. During the deposition of a monolayer and in addition

to the change in the pattern, the intensity of the pattern is also varied. Initially, the RHEED
pattern is bright if the surface is smooth. As more material is deposited, the surface becomes
roughand the intensity of the pattern reduces, (spotty pattern). After further material deposition,
the surface becomes smooth again and the pattern transforms from spotty to streaky, indicating

that the monolayer is deposited.
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4.2 Xray diffraction

Incident xray beam Diffracted xray beam

Figure 4.2: Schematic diagram showing the represe

The characterization of the resulting MBE grown semiconductor structure can be determinead/by x
diffraction, which provides information about the crystalline structuregrghicompositions, strain, and
the layer thickness. These characterizations can be investigated from the diffraction patterns of the
monochromatic xay beam, provided the wavelength is on the order of the atomic spacing of the
semiconductorAccording toBragg's law, the lattice plane spacing (d) is related tevtheslength of x
ray (&) by the formul a

I ¢ OFEM (41)
where n is an integégert s liBrhaeg go radnegrl eo f( trhef laencgtli

i nci dearyt asmd the normal to the reflecting | at

Br awgl aw i s Hilgl4urset rated in

Beam conditioner

Detector

X-ray source Plate

Figure 4.3: Schematic diagram ofrdy diffraction system.
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4.3 Photoluminescence experimental setup

Beam splitte

ﬂ InSb detector

FTIR Electronics

OPUS Laser diode
software ° 785 nm

. Sample Window
Cryostat
10q

Oscilloscope Pulse generator

LCooMoooooall

\4

Lock-in amplifier

Figure 4.4: Schematic diagram of the FTIR photoluminescence system, the red dashed line is the laser

beam and grey line is the phatolinescence emission from the sample.
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Figure 4.4shows a schematic diagram of tHeoluminescencepectroscopy measurement.

A 785 nmlaserdiodewith a drive current of 100 mA at 50% duty cycle was used to excite the
samples, at an angle of 45 degreethe laser beam. The samplasplaced inside the inner
chamber of a cryostat (Oxforbhstrumenty which can be cooled down to 4 K using a
continuoudlow of liquid helium. The temperature of the sample chamber can be chosen in the
range from 4 K to 300 Kising a temperature controller. The laser beam was focassethe

sample surface with a spot size diameter of about 1 mm, resulting in an excitation power of
about 2.5 W/crh When the laser beam hit the sample, the photoluminescence emitted from the
sample together with the laser beam reflected from the sample surface and they are focused
using a concave lens which is positioned between the cryostat and the FTIR spectrometer. The
laser diode and lens could be moved in X, y, z directions to align greédkeam and the sample
emission, giving a maximum signal that is received into the FTIR system. The
photoluminescence emission of the sample was analysed aiingker Vertex 70 Fourier
Transform Infrared (FTIR) spectrometer with a resolution of 0.5 and the laser beam was
blocked out using an optical edge filter. The resultant photoluminescence emission was detected
by a liquid nitrogen cooled 77 K InSb photodetector. The signal is sent to the computer by the
Stanford SR830 DSIdck-in amplifier, andt is analysed using OPUS software to convert the
received signal to the spectrum of emission intensity as a function of wavenumber

corresponding to the photoluminescence emission of the sample.

4.4 Transmission setup

The transmission spectra of the sdegpwere measured usirggBruker Vertex 70 Fourier
Transform Infrared (FTIR) spectrometer and the setup of this system is shévwguia 45.

The samplevasplaced inside the sample chamber of a liquid nitrogen cooled 77 K cryostat.
Using a temperature ntroller, the temperature of the sample chamber can be chosen in the
range from 77 K to 300 K. The cryostat was positioned in the path of the light beam between
the (FTIR) Michelson interferometer and the InSb detector. Using a beam splittesil{leatid
mirror), the broadband infrared light is split into two beams, one reflected back towards the
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beam splitter by a fixed mirror and one reflected back by a moveable mirror. The two light
beams recombine on the other side of the beam splitter and thendhdbiged beam hits the
sample. The transmitted light from the sample is detected by a 77 K InSb detector. In the step
scan mode of the FTIR system, the detected signal (transmitted light from the sample) is
recorded as a function of the wavelength, cowadmg to the change in the optical path

difference caused by the change in the position of the moving mirror.

_ _ A | Michelson
Moving mirTor ¥ » { interferometer

Beam splitter Cryostat
InSb detector

B
»

Fixed mirror
y

Light source @ FTIR
Electronics
OPUS
software

Lock-in —

amplifier
p_ 4

Temperature control

Figure 4.5: Schematic diagram of the FTIR system configured to measure the transmission of the
samples.

4.5 Scanning electron microspyg (SEM)

Scanning electron microscopy (SEM) is a powenfalgnification tool, which is used to
produce high resolution images from the sample by scanning the surface with a beam of focused
electrons in higlvacuum. These electrons are emitted using tylpieéther a thermionic source

or field emission source. The electron beam is then focused using electromagnetic lenses. The
interaction between the electron beam and the atoms of the sample produces various signals
recorded by different detectors, showindgprmation about the sample composition and the

surface topography. Resolution better than 1 nm and magnification more than 1,000,000x can
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be achieved using the SEM instrument. In our workylaahighresolution JEOL JSM 800F
Field Emission SEMseeFigure 46) was used to produce the crasxtion and the surface
images of the samplel$ has accelerating voltagethe rangef 10 V to 30 k\, a magnification
range of 25x to 1,000,000x%, a resolution of 0.8atib kV, andprobe current range of a few

pA to 200 nA

Figure 4.6: Scanning electron microscope (SEM) tool.

4.6 Device Fabrication

After MBE growth the devices that are presented in this work were processedlasth&000
and 100 cleanrooms at the Quantichnology Centre of Lancaster Weisity Physics
DepartmentAll the devices were fabricated using the mask No.1 sgere 4.7(a), except

one used the mask No.2 (seégure 47(b)). Both masks contain different mesa sizes, for mask

No. 1, the circle mesas echmv e ntdh € 0ddi acmme. t elTrhse,

the mask No2 have the di mensions, 600 &m,
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(b)

Figure 4.7: Device patterns of varying mesa dimension of (a) mask No.1 and (b) Mask No.2.

The fabrication steps of the device processinggusiask No.1 are illustrated Figure 4.8

Typically,t heopessing

et chants f

processing

ol |

ar &

owed

was <carri

by Ti

destobbewsi

/ Au
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Substrate
(a) Sample cleaning

(b) Photaesist (LOR 3A) spinning (c) Photoresist (S1813) spinning

UV light
¢¢¢¢¢¢¢¢¢¢¢¢mask

(d) Expose photoresist using
UV lamp and mask

Figure 4.8: Schematic illustration of the fabrication steps for the definition of RCI(&fsg mask

(e) Photoresist development

(f) p-type metal contact

st andae

.meTihed | szaps oof f OF

No.1). (a) Cleaning sample using acetone and IPAd)(b-irst photolithograph process, applied
photoresist LOR 3A and S1813 orethample surface and then the sample with photoresist layers was

exposed using UV light and the mask. (e) Photoresist development usi&pME developer. (f) Au/Ti
metalp-type contact deposited on the surface of the sample using thermal evaporator.
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(9) Photoresistitt-off (h) Photoresist (S1813) spinning (i) Expose photoresist using
UV lamp and mask
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(j) Photoresist development (k) Mesa wet etch (I) Photoresist removal
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(m) Photoresistl(OR 3A) spinning (n) Photoresist (S1813) spinning (o) Expose photoresist using
UV lamp and mask

S A s

(p) Photoresist development (g) n-type metal contact (r) Photoresistift-off

Figure 4.8: (Continue) Schematic illustration of the fabrication steps for the definition of RCLEDs. (g)
Photoresist liftoff using acetone. () second photolithography process, applied photoresist (S1813) on

the sample surtae and then the sample with photoresist was exposed. (j) Photoresist development using
MF-SD-26 developer. (k) Mesa etching, etch the top layers and stopping withpe layer using. (1)
Photoresist removal usinilicroposit 1165 remover(m-o) third phoblithograph process, applied
photoresist LOR 3A and S1813 on the sample surface and then the sample with photoresist layers was
exposed using UV light and mask. (p) Photoresist development usirgDvV#6 developer. (q) Au/Ti
metaln-type contact depositazh the surface of thetype layer. (r) Photoresist liiff using acetone.
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Sample preparation:In this step, the sample surface is cleaned of any undesirable particles by
immersing the samples in the acetone and isopropyl alcohol (IPA) for 4 minutesAétach

that, the samples are dried from the remaining liquid using compressed nitrogen gas.

Photolithography 1. In this step, using a spin coating method, a thin uniform thickness of an
optically sensitive polymer (photoresist) is applied on the samgdicsu Using a clean pipette,

a few drops of LOR 3B photoresist is distributed on the sample surface, and spun at 3000 rpm
for 30 seconds. Then the sample was baked atd88ing a hotplate for 5 minutes, providing

a thickness of about 350 nm of LOR 3Aypically, the thickness of the photoresist is
determined by the parameters: time, speed and acceleration. After that, S1813 photoresist was
applied on the sample surface and spun at 4000 rpm for 60 seconds. Then the sample was baked
at 120°C for 2 minuts, resulting in a thickness of about 1um of S1813 photoresist layer. After
that, the mesa patterns of the mask (given in the figure) were developed on the photoresist layers
usinga Suss Microtec MJB4 mask aligneith a 260 W ultraviolet (UV) lamprhe mask was

aligned with the sample, where the top contact features are clear and the background is solid
chrome. The sample surface were exposed to UV light (365 nm) for 2.5 secamsiagca
photochemical reaction between incident light and photorémigrs. The area of the
photoresist layers that has been exposed by UV light is removed by rinsing the sample in
Micoroposit MFSD-26 developer for about 90 seconds. The sample is then rinsed in deionized

water and dried using compressed nitrogen gas.

Metallization and lift-off (p-type contact} In this step, the metal top contaptdontact) is
applied using a Moorfield thermal evaporator. The samples with photoresist patterns are fixed
on an aluminium plate using Kapton tape and then the plate with saimptes into the
evaporator chamber by inserting it on its holder at the top of the evaporator. This means that
the sample surface is facing the Au and Ti coils. The metals, Au wire and Ti pellets, are cleaned
using acetone and IPA and then are placedth@ respective coils. The pressure inside the
chamber was pumped down to the ordet@f mbar to prevent oxidation. The shutter of the

samples is closed before the Ti colil is heated by gradually increasing the current to about 70 A,
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then the shutterauld be opened to start the deposition of Ti on the sample surface. The
deposition rate was approximatelyA&'s, resulting in a thickness of about 20 nm of Ti layer.

The shutter is closed and the current is gradually decreased to 0 and then the Asiltedted

by gradually increasing the current through the coil to Z@llawed by opeimg the shutter to

start the deposition of Au on the sample surfade shutter is closed again and the current is
gradually decreased to 0. About 150 nmthick was deositedon top of Ti at a rate of B\/s.

The metal is demitedon the samples surface, covering all the area that is with or without
photoresist. After metal deposition, the sample was rinsed in acetone to dissolve the photoresist
mask and liftoff the netal that was deposited on top of the photoresist, leaving only the metal
contact the samples surface. Then the samples rinsed in IPA and dried using compressed

nitrogen gas.

Photolithography 2: In this step, after the top contact deposition, S1813 plsisbre/as

applied on the sample and spun using the same parameters of speed, acceleration and time that
wereused before in photolithography 1, followed by baking the sample &C1f0 2 minutes.

Using the mask aligner, the sample is first aligned thidmask, where the background is clear

and the top mesa features are solid chrome. The sample surface was then exposed to UV light
using the same parameters of the power and exposure timeettgaised before. After that,

the sample with photoresist waarmersed in the developer to remove the photoresist that is
exposed by the UV light, following by riimg) the sample in deionized water and then dried

using nitrogen gas gun. The Photoresist patterns were viewed using the optical microscope to
ensure thathte top contact features on the sample surface were covered by the photoresist and

the sample is readpr thewet etching process.

Mesaetching: In order to produce the individual devices, the upper pap@ cladding layers

and the urdoped active regio layer which are not covered by photoresist should be etched

down to stop within the-type claddinglayeilGa Sb an d BAR Asayhee set ched wus
a dilute ammoai aabraieed EoftetcBirtydhe InAaSbriayen, 200f

citric acid (CeHsOr) wasdissolved in 20 ml deionized water afén the solution mixed with
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hydrogen peroxidgH:O,) in rafthe gt2chl)rate of the 1 nAs

100 nnfunipntachi idgdr ogen peroxi 56 WeHQ 1l z@8d8 Gvat €

0y

solutionfrowast chsendy t he Al I nAs/ I nAsSb QWs at

each etch step, the sample was directly rimn
compressed nitrogen gas. theoetdehetdol mgasura
was used after each etching step. All the et
Photoresi saf treemomeasda et ching, the sample wit

Mi croposit 1165 removert hfeorp hbo tnoirneustiesst tfoo |l dios

sample in the deionized water and then dried

Photolithography 3: In this process, after apjihg the photoresists (S1813 and LOR 3A) on

the sample surface, the mask patterns ohthype contact were developed on the photoresist
layers. The mask was aligned with the sample, where the contact patterns is clear and all other
features and background is solid chrome. In this process, the samasstephotolithography

1 were performd, where the same parameters of the photoresist spinning and baking were used
to apply the S1813 and LOR 3A on the sample surface. In addition, the same parameters of the
UV power and the exposure time were used to expose the photoresist layers. Theagtdimpl

photoresist is then rinsed in the developer to remove the exposed photoresist layers.

Metallization and lift-off (n-type contacty Au/Ti metal contact is deposited on the sample
using the thermal evaporation angifprming the same procedure useddeposit the-type
contact. The sample is then immersed in acetone to dissolve the photoresist layerofind lift
the metal which is deposited on top of the photoresist, leaving the metal contact dgpgbe n

layer. After that, the fabricated samples&ensed in IPA and dried using nitrogen gas gun.

Thefaw i cati on steps of the dewsvwihoevApmgocehsésti. g u
processahgawased out u siti mayg rsat pahnyd aa rdd pvheott od h e n
foll owed bll iTi dtAiuo meft ar utshhen gOhrhiec scaofmet tapcatrsa m
fabri ca,t iwhni csht egprse used in the previous fabri
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(a) Sample cleaning (b) Photoresist (S1813) spinning (c) Expose photoresist using UV
lamp and mask

(d) Photoresist development (e) Mesa wet etch (f) Photoresist removal
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(9) Photoresist (LOR 3A) (h) Photoresist (S1813) spinning (i) Expose photoresist using UV

spinning lamp and mask

(i) Photoresist development  (K) p-type metal contact () Photoresistift-off

Figure 4.9: Schematic illustration of the fabrication steps for the definition of RCLEDEldaning

sample using acetone and IPA:dpFirst photolithograph process, applied photoresist S1813 on the

sample surface and then the sample with photoresist layers was exposed using UV light and the mask

that is given in Figure 4.8 (b) using the saraegmeters which are used in the previous fabricated device.

(d) Photoresist development using MIB-26 developer. (e) Mesa etching, etch the top DBR layers and

stopping withinp-type cavity layer. (f) Photoresist removal usifhi c r op osi t G 65 rem
Second photolithograph process, applied photoresist LOR 3A and S1813 on the sample surface and then

the sample with photoresist layers was exposed. (j) Photoresist development ustikleveloper.

(K) Au/Ti metal p-type contact deposited on the swd of the sample using thermal evaporator. (1)

Photoresistift-off using acetone.
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(m) Photoresist (S1813) spinning (n) Expose photoresist using Uv  (0) Photoresist development
lamp and mask

R il il

(p) Mesa wet etch (g) Photoresist removal (r) Photoresist (LOR 3A) spinning
UV light
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(s) Photoresist (S1813) spinning (t) Expose photoresist using U\ (u) Photoresist development
lamp and mask
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(v) n-type metal contact (w) Photoresistift-off

Figure 4.9: (Continued) Schematic illustration of the fabrication steps for the definition of RCLEDs. (m

n) Third photolithography process, amaliphotoresist S1813 on the sample surface and then the sample
with photoresist layers was exposed (0) Photoresist development ust&ipMBE developer. (p) Mesa
etching, etch the-type cavity and wuloped active region layers and stopping wittiype @vity layer.

(g) Photoresist removal usifdi cr o posi t (&t)lF6rth photobthographeprocess, applied
photoresist LOR 3A and S1813 on the sample surface and then the sample with photoresist layers was
exposed. (u) Photoresist development using-3D-26 developer. (v) Au/Ti metah-type contact
deposited on the surface of thdayer using thermal evaporator. (w) Photoresfstdff using acetone.
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Wire bonding: Using a diamond scriber, the wafer of the fabricated sample is divided into

individud chips and then the chip was attached to the header using Ag conducting paste. A

Accelonix TPT HBO5 manual wire bonder was uselddnd the contact pad to the header pins

with25 e m t hi c lOnegsiod oflwiravis acorenacted to the header pirtlandther side

is connected to the contact pad of the devibera a ball bond is formed betwebem.

4.7 Electroluminescence setup

Fixed mirror
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software
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Moving L + {interferometer
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Figure 4.10: Schematic diagram of FTIR electroluminescence sy$temed dashed arrow represent

the eleatoluminescence emission of the device.

The schematic diagram setup of the Eldatronescencespectroscopy measurement is shown

in Figure 4.10 The current setup is similar to that which is used for measuring the

photoluminescence, except the laser soisroeplaced by pulse generaégilent B114A)and

thelaser filterwas removedrom the FTIR systenf he pul se generator

resistor, and also the reference signal of the pulse generator is sent to-ihealoghkifier. The

deviceand h e

osci ||

oscope
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setup, the oscilloscope isagsto measure the exact current. The electroluminescence emission
spectra of the sample were measured over the temperature range froto 20KK, and at

various currents and duty cycle.

4.8 Photoresponse experimental setup
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Figure 4.11: Schematic diagram of FTIR photsponse system.

Figure 4.11shows the schematic diagram of the FTIR pfre&ponse system used to measure
the spectral photoesponse of the device at different temperatufdie devicewas placed
inside the chamber of the OptistatBfR cryostat (Oxfordnstrument¥ which can be cooled
down to 77 K using liquid nitrogen. In this setup, the broadband infraretddigam that is
transmitted from the FTIR is used as a light source. A concave mirror is carefully aligned with
the light beam of the FTIR to hit the device. A Stanford Research System SR&fapsifeer

is connected to the device, providing a biasOdf V to measure the spectral response of the
device. The photoesponse signal is sent from the device to the computer by a Bruker digitiser

and it is analysed using OPUS software to convert the received signal to the spectrum of photo
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response (in A/V) aa function of wavenumber. The results is obtained over the temperature

range from 77 K to 300 K, where the temperature is controlled using a temperature controller.

4.9 Currentvoltage (FV) experimental setup

Cryostat
Keithley | Device
LabView SourceMeter EB
software
J
Temperature
control

Figure 4.12: Experimental setup of th¥ measurements.

The experimental setup of the currepitage measurements at different temperature is
illustrated inFigure 4.12 The device is placed inside the inner chamber of the liquid helium
cooled 4 K cryostat. The temperature of the inner dlen{the device temperature) is
controlled over the temperature range from the 4 K to 300 K using the temperature controller.
Using aKeithley 2400LV SourceMeterwhich is controlled by LabView software, the applied
voltage through the device can be coléd and recorded in small increasing steps. The current

is measured corresponding to the voltage recorded, setting to an upper limit value of 200 mA
to avoid damaging the deviceVicharacteristics are measured over the temperature range from

20 Kto 3@ K.
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Chapter 5

Resonant cavity structures for mid infrared applications: theoretical

and experimental study

5.1 Introduction

I n this chapter, the opadwiatly c(hRC)a,ctiemrdlsudicrsg
of theedldedtnsiicdefithe cavity, cavity quality f
mo d(epd ., and the resonance emission and the i
were i nvédetoir gldhtiecdrlelsyul t s wer e si mualnagtee df roovre r7
K to 300 K. Al so studied was the reflectivity
and the number of periods of the DBwasl ayer s
evaluated. Based on that, ghedr asdmpglresnwene C
Il nAs saulsstnrgatMBE. The 4trhd actkurceasy i don siamntd wd fc he
peri odsDBMlRotntiomor anRBR npierrrioords Diofpf er ent act
bul k I nAsSb, Al I nAs/ I nAsSb MQWs and I nAs/ GaAs

peitioned at the antinode of the electric fi

symmetric cavity). The temperature dependenc
measured experimentally over theetPBhBRestuopbaer
center, the optical mode position, the | inewi
resonance cavity are evaluated for all sampl

of the RC samples stpowidn onptdi @al 4c dv idtmy mMa B
Om. The results exhibit narrow | inewidth (<1
nm/ K), and a high qualityafacabtrasuggesthang.
LEDs svuithabdevébopment SG CQ exN gagaLOsennor

i nstrumentation.
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5.2 Theoretical analysis

5.2.1 Faby-Perot transmission

The transmission spectra of the FaPwgrot cavity were calculated according to equation
(2.55). At various refectivity values (Rand R), the transmission spectra of the cavity with
thickness of 1a are pl ocFigure 8lajaltcande skanthatwheron o f
the reflectivity of the mirrors increases, the linewidth of the optical modes amciismission

intensity decrease.
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Figure 5.1: Transmission sptrum of FabryPerot cavity, (a) adifferent reflectivities ofY and’Y (for

cavity thickness p_), and (b)at different cavity thicknessThe cavity refractive indext ~ o&.

On the other hand, the FaHPgrot cavities at different thickness were also investigated and the
results are plotted iRigure 5.1(b) The linewidth of the optical modes decreased as the cavity
thickness increases, while the number of opticaflesoincreased with increasing thickness.

There is no noticeable change observed in the peak transmission intensity.
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5.2.2 Optical parameters of the Fabigerot cavity
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Figure 5.2:Room temperature simulation results of Hadory-Perotcavity parameterqa) the distribution

of the electric field inside the cavity. (b) Quality factor, Q,t{® internal angle (on axis lob¢), ,

(d) Linewidth of the optical mode emission, (e) and (d§ Tesonant emissiof)) enhancement factor,
and the integrated emissioi®( ) enhancement factor as a function of the top and bottom DBR mirror
reflectivity,"Y and'Y , respectively. The refractive indexof the cavity is¢ o& and the cavity

thickness p_. Theparameters in this wonkeresimulated usingATLABsoftware.

TheabRer ot cavity parameters such asfather el e

(Q), the interna+ a)ngltehe olni mexwisd tlho boef) t(he
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( pav, the intensity Opmi sasdon henhanegmanted( em
(0 ) wer e investigatd@25%)2,i. B8 ) t hé2emB)ati ¢2s 7
respedesuviet §. wer e labhtiaci kn ecdarpH obry ttahdddi anse nas it ompa |
pl ane (cormrt gur(eishAo®t ¢ x phaec t kidst rti buti on of t he
the cawamantsmowe | ocated inFihe rae mtsaing geefs ttim
that the active region (emitter material ) shc
As s efeing uirfels,) 5i.t2 was found that the acsawihtey q
reflectivity(toofp tnhier,fnmor)rtoarmsdnRRr r or ) i ncreases
of the optical mode emission and the internal
mirr é&r gur(eps abR2)show the emtitesiemhancement at
wavel ength and the integrated emission enha
reflectivity. The highes™©O )i nitse garcahfYeedweeltmiwshseino t
andmnbkP Y Y. Furtheroonder to obtain a hiOyh emis

of more thaNaandpghdl i mesvgrRradgt errebprctivel y

I n order to design successful resonant cavi
suunded by two DBR mirrors, RabodotaomopPBRBRI ®
refl ecR.iThiet v eo ftehcatsievri drys owas model |l ed using a
[7h with the re&fradpogtorneAliRdSEgesomd f GaSb. The
advantage of this |l ayer combi na¥imn, iwhitchhe |
requfiateasi i ng onl yatahifckw | qyanmrt eprai rs t o achi ey
simul ation r eps@uddrsi ddsdi dofat eovipleBBR dasndf t he t
are sufficient toYaoghkhaede Ylwipglasr erhloga@o(th ni t y,
(The half period is necessary for Jlph)lasanadnat ct
the optpoeailt modendvitthye dgmiecrrorel ated to the per

the DBRAMANDr amd( t he cAvV)i,t yr etshpieccktnievses|1yd, vi a t

] ¢cT A 1A (5)1
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Figure(a)3The reflectivity peak of thH&)DBRhaesi ast
shows simulations of the DBR r efpl@ypcaiirvs t(yb catst cam fDul
angdpairs (top DBR). (b) The resonance condition b
center as a funcesonawond the DBRipgritbddckayer thic
Room temperat ur eo pstiinoid la t miodag.dodtnheapdniad i t ¢ Qafsaca or
function of the DBR stopband center anTdhet hweh ipteea k
dasdedted | ine represents the resonance case betw
center.
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Wecal cul at ed tlheanidd laute sr eossfontainece as a functio
thickineSys 4dnd the cAv)ityreqpekomesslt . aTre pl o
Figu(ée)A 3mall chandle aidn Atrhiel ¢ dd € kthn@ s ®hHange
anld |, respectively, cauasndthg diédneunninggbies weens
t heor etFiigallrley S5i.BWkri)chRh nmap . Bhe effpewi odf hdet u
opal ccavi(tqegy momiee t he quraddpectfiavcettdyn.t t(T&dde, | d ansel
represents the r esoamnadnc e whaesree IoreatxW émeugms f act o
achieved. Our results showhtfhafdsttoery ¢ nsimiafy mtt lae me
val ues over a wiadhedawasv eslteiniglt hnarrarnogne ,( <100 nm)

enhancement factors are also achieved.

5.2.3Temperaturedependent transmission of the DBR mirror

Thexperimentall améstuhesr efsipdefce r & r @i s mihses | DBF
consistipgi oAl AGISb/ Ga, Qe rdeeanyoenrssh $ ahe doufnctt h ® n

temperature over tha RrignugedsTibemMmsampKet wa804Qr
GaSb subsWMBBRteThesiaxyperi ment al measurements
DBR mirror akFiegypmadsedt7ed iamd 300 K, showing

the DBR at 3.205 Om and 3.252 Om, respecti v
depdeemt transmission of the DBR mirror theore:

and the reflective index of the DBR | ayers as

of the DBR |l ayers can bf 9determined using t he

A PR WLWKC P 4 OMNT (5.)3a
A VB QpEBT PT 4 oTmh 5.3b
A pPpouvwdnpn 4 onh (53%
Based on equations (5.3a) and (5.43), the | at
by interpolation from the formul a:
A GBA P WA (5.)5
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wherde, anAd are the lattice IcloGBAt hayerd, Ga

respectively. The theoretical results of the
are shHowmnrben Adéfpog to these equations, the th
calculated and plottedFaguaef dnd{ccapnn boef steeemmy
thickness of the GEHBnlcayearseamwd tthhe nAlrARsasi nc
facaforl.®@sl'Kdd 13AM@IKOrespectTihiesl xhange in th
the DBR | agsehlrisf tl eiand st teo DBR stopband center |
wavel ength shift. Therefore, thgemapotheomnar.i
in the reflective index of thé ghBdRs Hbmawl€ rtsh e s
temperature dependence of the refractive i nde

measur ed t%K'odred 3408 eBpectively, usi[fBgD t he fc

-—— " A3A® pmo (5.)5
-— 1 1G3A & pniP ppwpm p DU (5.6
Based on that, the transmissigrRrtepecthreraref it

are plFoitgtuergde i3nt 4 was found that the spectra sh
the temperature increases, showing a stopban
3.251 Om (300 K) whegbhawepbpae (&l &yl alThd ubiolr
index in this equation are functions of temp:¢
The shift in the spectrum is attributed to c
the DBR | ayer as tempeirtogueeamB.rigk@Oeer as hiel
temperature range from 77 K to 300 K, t he
wavel ength of the DBR were plotted Fiogetder

5. ( exhibiting vaf i at0i.dB 4 atnm/aK r@nemeri cal)
(exper iFuerntthad rymor e, and as temperature incre
spectra of the DBR mirror show that the side
towards the hoagea WwanygbEengate compared to

si de.
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experi mant sl ofethe DBR stopband center compared t
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5.3 Mid-infrared resonant cavity (RC) structures: Design and growth
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Using mol ecul ar bthe ra &eC seapmi pt | aexsyi w@Nf BeEv)nn-Ga 5 b

substrates wagr cawmeomthreAs onEwst samel esbaosfed he (
resonvaintty csat ructures wused | nAsSb faosr at hcea vc a vyi
while I nAs was used asaaseadaVviC ystmautcetruirael. iTrh e
cavitilessomwreepondi nge=t20 dawi temeomggetbamd di ag
|l ayers of t he RC str uncetxutrneash lowe rgeg o svit mu Isd tegds

structures are discussed in detail in the fol

5.3.1Growth of GaSkbased 4.3um bulk RC structure with INAsSb cavity

(@)

p-AlAsSb (57 nm)

e p-InAsSb (144 nm)

<«— P-INAsSSb

<— "InAsSb i-INAsSb (144 nm)
_______________________
I
S —— (b)
I E I = —CB.
————————— 20 :  active region ——\/,B.
—— : ! i .
 Botfom DBR ; : : p-AlAsSb barrier
S R — S — ; 'UQ) : ¥
| H ! 1
% a - S 7
— Y 7 ) = 2
& < s L A £
2os] I A | &
@ i Al v
0.0 el 8] b
L — I
- 0.5 T E T : T ' : T
GasSb (285 nm) 200 400 600 800 1000
[_]AlAsSb (340 nm) Distance [nm]

FigureA@3bBbhematic GlaiSthgsath df 3t DRChtartdur en A Swi ng t
det ai li$ ndfpbtmia Ibt he activie degdenwdbf ht het pe Al As S
which form t hehemiemnreorcgayv ibtayn d (dbi)agl laoru lodnt edxdt equacnaovg t vy
showi ng t-thleo eHlriertigerrman

ThienAsSb bul kwi RG ss asniprluec,t urkFei gausr eiwdlgussitwema taesd i
foll owsypteap( © m) GaSb b wfafgegro winNaOybed)o ped GaShb

substrate,p®&paiosiedabhiede undoppSdShHI BBBR om
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mirror. The growth temper@€tand othetgeo®BR | a
ML/ s and 0.75 ML/ s for GaSb and Al AsSb | ayer s
op_-t hi ck-cavict pndwoapse da.iB8dn Aty er f o-l h A S donfey

I nASDH (tused as aotpinubipdegpednPb darrier | ayer t
the flow of maj ority carrpeopedonddthsey arcti oe
comptbhbeewmiavi 6y structure. The growth rate of
region | ayers) was ~0.4 ML/ s, except the bar
temperature of t hde wud@,i teyx d eap/terfsorwatsh & i lxar r i
gr ownv ocatiC. Final I-BR trierrbop vcpaipr $ g ioopfeg dp

Al ASdH bhGaSh uwmrdbelwre s ame c ontdhbdoit @ msn DBRA-l fagrer s .
type -taynpde pdopant sreepecTévahg. Be,

Fi gur es hbotwdseb)ener gy band di agArsans ecefn tfhreo nc a vhiits
we designed the cavity conlsiAleS p-lnagh stShba ts htohuel c
be | ocated at the <centoedre ooff tthhee cealve cttyr iwh efrie
positioned. This is attributed t@priolkesfsactout |

occurptiynpe hleayer modeaybhran that in the i

5.3.2Growth of GaSkbased 4.5um MQW RC structure wit INAsSb cavity
The schematic structure of thiegMQ&WN F e6o0masti s

of a singlpetiwaek] eogvhfy which is sandwiched
reflectors (DBRs). Ther aqgohfnvasl/ rliengPseh rao meai n
|l ayer QWs, placed at the center of the cavi't
electric field intensity i mMher cdarrertgy dhatnai i
t he MQWs st rhuactt utrhee sbhaonwds atl i gnment i s type 1,
5.6wbhere -bhbhe) (gdhound state transiTthieoneneaoaguwr ¢
transition and the conduction band offset W ¢
respegdtyipeell band alignment and compressive s

eh over | ap arnaddiraetdiuvcee Awuogner r ecombination res
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Ab hdAs barri e®dbagpudanitruars wel | | ayer s awdr d7appr
nm, accordingly.

Af ter gr owi-DnBgR tlhaey-€EbacStbtoosn Ipatthriactkec amvictr y was gr o
as f ol l-doowpse:do &t s Vit § n As/ | n Apsns it hQprdsk; p ead Al Sb

barrier Ipalyopre;do. Sdndona er . The Al Sb barrier | a
el ectron confinemeAsSbnbMQWse t bhgi Ahl bAsAuse of
band offset at the heter oi nrtierufrac e foif(elrt) hteh aatc,t
t c@BR mirrorvgampgd ople dogdbdb ASaSb was grown to f
resonarstt raudvhiatrygr owt h t edn2f& rfactru rtelse W@WrPe@l ayer s
for the InAsSb cavity layers. Al growth rat e

ML/ s for GaShb, 0.25 ML/ s for | nAsSb and 0. 75

Alo.14Nn0.88As/INAS0.855 k.15
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FigurmeeAB@gchemati c GhiSbgs adh MGBR@m r uct ure showing t
of the AlIl nAs/ 1 nAsSb MQW idn otdhee waictthiivne trheeg iAd nA soSfb /t

form the microcavity, (b)c alvheey perasb c gy aheac doanagr a
showi ng t-thleo ®Kiercg rtoaar ri er . Details of the type | |
in the inset.
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5.3.3Growth of GaSkoased 4.0um MQWSs RC structure with GaSb cavity

(a) Alo.14Nn0.88AS/INAS.87S .13
e 10 nm
<4— 6 nm
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FigureA@y dahteint di a@a $oa sefd MPWBRGm r uct ure showing t
of the All nAs/ I nAsSb MQW idni otdhee waictthiivne trheeg iAd nA soSfb /t
form the microcavity, ( b)c alvhiet ye al kacyigeynashienagd,n adn @ g r a
showi ng t-thleo®Kierrdg rtoaar ri er . Details of the type | l

in the inset.

Thestructur e ofMQASrienshosn/al mtAsdSapwnietdy f or emi tting
i s demoingt gat(ed 5c.o/n s i PLti migec ko f GaaSabv i miyc rsour r oun

bet ween two Al AsSb/ GaSb DBRs wused as top anoco

conditions that are used in the | ast two str.L
nnGaSb sub%$heataevity | ayers, included the MQWs
annGasShb |l ayer gr own on t he bot4.obm PaBIiRr s mia

Ab hd As | longMs sst r alianyeedr ( USWsd as actai vidh ipgdygpieo n)
Al Sb Usaggderas barrier to confi nepdsatSihe tol dd tnrad 1
the qwmiawi 6y structure. The growth te¥@pamature

the growth rates were 1.4 ML/s for AlIl nAs | a\
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The energy band -daagrywmsbrfudcther eni wabi gvaé uat
5.bf,( showing also type | band alignment with
band off seTtheo ft h+d5c6kancensi.sv eo fr etghen nlma yaemiso ~FwieSr e

Ab . hnAs barriebbdbasudnltruhmywerl d, .respectively

5.3.4Growth of InAsbased 4.6um InAs/GaAsSb SLs RC structure

I n this section, a | attice matched Al AsSb/ G
coadtgdO0O.wka)s designed to inveasiagcgiave RE€gksoONSCQY.

Il nAs subalt rodt € hien GtaeSb substrate.
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form the microcavity, ( b)c alvhiet ye a kacygeyrash @ oh d, o &l ag r a
showi ng t-hleoeKiercg rlbarrbeokgioédtaaid al ognmbat i n the
highlighted in the inset.

An I-mdAsed resonant c-awiftrwredleeimgnecrfsompmirdt i
oml nAs substrate was al soFiignuvreed thieg8att edica mda ei
a tlylpel nAs/ GaAsSb strained | ayer superlattice
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of the InAs cavity where the antinodtthioékt he
cavity is sandwi chedpddaetmnad cthiedl®d T Casathbos un
botD®M mirror andmabt quhheydd b A S kLGes Hhote @PpB R
mirror. The growth temper@Gtamd tolfe tdireo DIBIR rl aat
ML/ s and 0.8 ML/ s fos, Ar As Bb c & halaeviG stAys Blhaey earyse r
grown as folMl ows: | faiyrest lwasamgrown on the bott
the active region | ayeptsydel 45 pmairrss $undAesd IGARMA/s
as blocking redefctmainl y atylee scawai t yplwdds ¢t¢amele
The growth temperatureCoffon hlenAavang thgeacscti
and °G0fo(or the electron blocking | ayers. The g
except the GaSb in the el ect rMcdre blha ckiimdgs sl aye
an@aAsSb | ayewsr énaphRoBilnBained 5ir espe.ctAfvted ry

t hatpt ytphe€pBR mi rror wasnpbbeemesosanudbevety
energy band di acgavaimt yo fa sf ihsehi ofimcarso® 6 bt ai ned u:

nextsiamol ati on, showing that the band al i gnme

5.4 Optical characteristics of the resonant cavity (RC) structures

In this section, temperature dependence of the transmission spectra of the resonant cavity
structures were carried out using the FTIR system describmztiion (4.4)For all samples,
the position of the optical cavity mode, DBR stopband centre, linewidth afptiieal mode,

and the cavity quality factor were evaluated.

5.4.1GaShbased RC structures with InAsSb active region

Because botthe 4.3 um bulk InAsSb and 4.5 um MQWs BQave the same DBR structure
and the same InAsSb cavity, the transmission restiltse two structures were demonstrated
together in this section. Over the temperature range from 77 K to 300 K, the transmission

spectra were measured and plotte#igures 5.94) and5.9(d).
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The position of the optical cavity mode of the bulk RC and MQW RC samples is shown in
Figure 5.90). There is a shift to longer wavelength @sddft) when the temperature increases
from 77 Kto 300 K at a rate of ~0.381 nm/K and ~0.388qfor bulk and MQWs RC samples

(see Figure 59(), r espectively. The cavity mode of
K) and 4.317 em (300 K), while the QWs RC

and 4.467 em (300 K).

The DBR stopband centre is also shifted towards longer wavelengttatat af 0.276 nm/K

and 0.287 nm/K for bulk and MQWs RC samples, respectivelyHseee 5.9()). The shift in

the resonant optical mode position is attributed to the variation in thickness and refractive index
of the micrecavity active region layers asfanction of temperature, whereas the shift in the
DBR stopband centre is due to the temperature dependence of the refractive index and the
thickness of the AlAsSb/GaSb DBR layers. Furthermore, the room temperature quality factor
(Q) of the bulk and MQWs R structure were determined to be approximately 60 and 79,

respectively, increasing with decreasing temperature to be ~132 and ~129 at 20 K, respectively.

5.4.2GaShbased RC structure with GaSb material cavity

The transmission spectra of the GaSh cavdged MQWs RC sample were measured as a
function of temperature over the temperature form 77 K to 300 K and are plotfteglLine

5.10@). The spectra of the optical cavity mode, showrigure 5.10), shift to longer
wavelength from 3.940 em at 77 K to 4.0 &m
mode was determined to be 31 nm and 37 nm at 77 K and 300 K, respectively. Based on the
results of the position and the linewidth of the cavityde, and according to the equation
(2.59),the quality factor was evaluated and found to be 127 at 77 K and 108 at 300 K. The
position of the optical mode and the DBR stopband centres were calculated and plotted as a
function of temperature iRigure 5.10¢), showing a shift at a rate of 0.268 nm/K and 0.276

nm/K, respectively.
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Figure 5.114) presents the temperatetiependentransmission spectra of the InAased RC

sample illustrated ifigure 5.8(a)Areds hi ft i n the cavity mode was
at 77 k to 4.578 FEigure allf) a0 tbe cirrespandirg hnewidth wasn

found to be 34 nm and 45 nrespectively. Based on these results, the quality factors of the

cavity were obtained as 132 at 77 K and 101 at 300 K. In addition, the temperature dependence

of the DBR stopband centre and the position of the cavity mode are plotted togétinenen

11(c), changing at a rate of 0.322 nm/K and 0.363 nm/K, respectively.

5.5Comparison between the experimental and simulated results

In order to evaluate the agreement between the experimental and the numerical results of the
optical mode positions for ahmples, the refractive index and the thickness of the cavity layers
including the active region layers should be determined as a function of temperature. The
temperature coefficient of the refr aShkxi ve i nc

Al nAs, andb&aAs gi[lBelM3by :

- — ) 1G3A PR pTM@ oM pT p D+ (5.7
-— D, d O p& pn@ & pm p B+ (5.8
- — ' A®3A ® pnN@ & pmm p D+ (5).9

The temperature coefficient of the refractiwv

for I nAs is given accdrding to the following
¢l—) T 1 &cpypmo (5.)10
To investigate the wvariation of the thicknes:c
coefficient of the lattice censieaer momned her
foll owing equations:
A GBA P W8 G.)11
A GBA P 8 G.)L2
A GBA p W& 5.)013

93



The formul as f-dbep drmde nte mpeetrthit mea ecyo mmatt eenrti ad fs

b y[1 9]
A vuvocoPY pm 4 oM (5.)14
A P3TL YT P 4 OTNT (5.)15
A @8 X wto8 Y pTT 4 OTIT 5.)16
The temperature coefficient of the |l attice cc

equations (5(8a3c¢c) (5TRB® N exrkd d eerthénbi bebwee

experi menamd  peirmismg rtisc aldioltltuesdtFrilaitneeds )iSnak 2

4.6
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Figure 5.12: The position of the opticalureavity m

5.6Discussion

Because of the different temperature dependence of the refractive index (n) and the thickness
(d) of the DBR layers (see Figures 5.4 (b) and (c)), it is difficult to maintain a typical DBR
design at all measured temperatures. As seéordy the wavelength of the DBR stopband
centre was typically determined at 300 K, where the quaftiyen of the Ga(As)Sb layer

should be equal to that of the AIAsSb layer. When the temperature decreases/increases, the two
guantities become unequal.

A A 5.)017
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To design our RC structures (as mentioned 1in
corresponding to caty order m=2, because for low valuesofm hi gh extracti on
should be achieved owing to the greater overlap between the cavity response and the underlying

emission spectrunii4,71].

Due to the change in the band gap of the semiconductor taytbes micracavity and the DBR

mirror with temperature, the refractive index of these layers increases as temperature increases
[133], causing a reghift in the position of the optical cavity mode and the DBR stopband
centre. Furthermore, the transmiss@pectra of the RC samples show that the transmission of

the optical cavity mode decreases as temperature increases. This is attributed to an increase in

the absorption coefficient of the active region material as the temperature in¢té&dkes

Basedon the results of the position of the optical cavity mode and the DBR stopband centre,

the detuning, which is defined as a difference t we eann_d , was evaluated ar
in Figures 5.14The results indicate that all the sampdadibit detuning and the bulk RC

sampl e ( 4 -b3sedeRG) sGoavs the highastative detuning compared to other

samples, while the MQWs RC with InNAsSb cavity shows the lowest detuning. The detuning
valuesoftheGaSbased 4. 3 & m b uhldulat®i@ bs el8mm at 77sedr e ¢
~155 nm at 300 K, while the detuning ofthe GdiShsed 4.5 em MQWs RC s
determined to be 3 nm at 77 K and ~ 24 nm at 300 K. At 300 K, thedindAs ed 4. 6 em S
RCsampleand GaS8hased 4. 0 e&m MQWeturing vakies of®3 nen arsd b

nm, respectivelydecreasing to 86 nm and 51 nm at 77 K, respectively. In general, even if we
designed perfect matching at temperatutgnd increase/decrease in the temperature leads to

some detuning. This Isecausette shift in the position of the optical cavity mode and the DBR

stopband centre do not/ 0T eddldat the same rat
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The transmission spestrahbbit heptRiCcaslt raua\tiut
linewidth (<100 nm) and high quality factor
the fabricated RCLED structures. This origine
and high acnd¢ metroide peonshiaani on of the active regi
field. The structures were grown successfull
section of the bulk RCLED and MQWs RCLED wh
5. 16 (ppectirveesl y. The optical properties of the
®
e —
P ———
TOP DB R | |
———————————
Cavity 1
'
Bottom DB R | [ —
he———
————
W
_
—
———
?
GaSb Substrate GaSb Substrate
SEM WD 1 ‘; w:?(r:r
Figure 5. 16ectSEdMncofosshe (a) bul k RCLED and (b) M
Table 5.1: Room temperature optical propertie
Cavity mode DBR stopbi{Det uf
Sampl §Posi|Linew Qual {dea/dT |[Posi fdgsdl|Nm
Om N m f act o nmK N m nm/K
Bul k Inl4.31|72 79 0.38|4.16]0.27¢~1514
RC
MQWs RC|4. 46|56 60 0.38|4.4410.281~24
Il nAsShb
MQWs RC|4. 0 37 108 0.26|4.0530. 27¢~53
GaSavit
SLs RC|4.57]45 101 0.36|4.48]0.323~95
Il nAs ca
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Chapter 6
Bulk INnAsSb resonant cavity light emitting diode for mid  -infrared

applications

6.1 Introduction

I n ¢ ha peerd e monsi mdetde mae smmindant cavity | ight el
operatt@®Eemna@arr oom t empe rmattwcrhee,d @rno van JdaaStbt iscu
mol ecul ar Baamadbpigtadrow,e COHCt i on. Tipe-t liewk ce
mi caoavi ty c¢ dutlldnMmMdngctai ve region sandwiched
cont rabmattd teed 5\ IGaSb di stri buted Bragworefl e
resonant cavities (RC) with different detuni:H
stopband center and the optical cavity mode)
The elaeaminescence emhbghodRGIpER bhwar @ f mda daeur e
the temper atgwuroenl, aegdi bi dimng significant sid
were compared to that of (The RGLEDBI wentllsaguetc t tr
detuning RCLED were also measuradstarsormg famicd d
enhancement in compari sare wiot t htthe ecomitnt ica
room t enpe rmdiadkseeotn ande mihesfi diiChéefpiDln e efdound t o
be enthancaedfxaxcmaoxdppofr especti vel y, while the t
enhancemaoi6 uwasher more, the RCLED®@I| sarentvebi
spectralypimheawndtbuperiiolrim@w mp &1 a wdl i ed¢shssaina b
that of the reference LED.

Our results inditscaetnei stditadtir atlchhes vVRCLcENDar act er i s

enabl e such devices to begeg developed for the
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6.2 Fabrication of the GaSbased tulk INASSIRCLED

l— p-contact

(@) (b)

p-contact

Top DBR e n-contact

>
(@]
o
>
4 =
QD
Q
—

|

Bottom DBR|

GasSb substrate GasSb substrate

Il
ll

Figure6.1: Schematic structure of the fa)lk RCLED-M1 (b) bulk RCLED-M2. The two devices were
fabricated using two different masfdifferent mesa) to test theaprovement in the optical and electrical
properties.

—

Procgegswasn carried ou using standard photol it
by Ti/ Au met al |l i zataison |floasrstdrirdetoebdhmptar tontubhat s
|l ayers were et cHh@®@ddousiGmdgbce iatnrdi tAd BAesiBdu sviemr g @& ¢
ammoni a babBwad &dwiha:ms .were fabricated using t
( RCL-HD) , whi ch has t he sc hreimauri e  Gtthrduaht ur e
photolithography st epq¢uwamns cdeiryrpieed oputmett@al d em
Ti /A t DBRt ond rAosecond photolithography step
sample for subsequent wet etching of the mes
withimhnAB&b | ayeAu mwmenhall gonwaadt / walsn AshSEbn de
|l ayer to provide asni doehrmitch e odhaMeigdhei icCIlsbb @n n
i Aigure @he(d)rst | ithography sOBeR nwarsr ocrasr rain

stoppi mgp ooffl tkheSb | apteype Thie/nAu amet al contact
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t hpd NAsSb | ayer. The next I ithography step wa

stoppingnwnAhSim Itdeer follnawepd Oy /aetparstt.ail ng

6.3 Optical Characterisation

After f alkmpeatitamne doepp e ncdad n cteaf aotfhmi h@Bide a mel e
el ectrol uniEln)esmeaxser ementweref obh ati Re€Ed £PsSti enrgs

i Il ustsreatte d nisnrde.sdp eacrtd vie.l i

6.3.1 Electroluminescence emission of the high detuning RCLED device with

and without top DBR

In this section, we have demonstrated the te
spectra of the RCLED wiwhi ahdwwsttdesctcribedDBF
As we mentioned in that section, the structu
mode and the DBR stopband centre (~155 nm).
observed, appearnihreg DBR Idtolpbaindes Thhfe el ectro
t he RCLED with top DBR mi rkiogu niesanse6 anmifausnucrtei do n:
temperature over the ranfgiegdir®lmowv Ot &Kkmp eor a8BtOWr e
K), it ilsy sfiogunnidf itchaantt t he si de peak emission
compared to that of the main resonant peak wk
side peak emission has a | ow detunivegrbkbgtit waer
emi ssi on, compared to that of the mean reson
the relative intensityiigngm®e &sads tthee b entneonrsda tt

resonant peak (4.3 Om) diecompsakbi ghed8 ©O&man T

decrease in detuning between the emission of
mode . I n addition, ot her side peaks |l ocated
with increasing the temperature.
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The el ectroluminescence spectra of the RCLED
emi ssion and the side peaks emission) shift

increases, showing that the tsehmpfetr aotfurteh ec ored
peaks are |l ess than that of the active regio
shifts at a rate of 0. 3FbgomEgKa hwh ishi ddte gpreda kas

at ~3.8 Om and ~4ft500MmM95hnmtKbgndhe. 8a9%enm/ K,

(a) (b)
— - 4
100 mA = 5 O Main resonance peak (@ ~4.3 umj -
0, - =
20% Duty Cycle 300 K S, 4 Side resonance peak (@ ~3.8 um} 3 ‘©
x18 > o
2 3 st Boey, 2 =
9 A, e o
260K| £, | A A«-a-.A.X >
o & kS
(xﬁ 0“0'0'-8'-. F1l o
o1 Radn: ST @
— 220K| o AetreoA O o
=) | 0 20D e D 0
5, 10 60 110 160 210 260 310
> 180 K
£ Temperature [K]
@ |
§)
£ 140 K (c)
1 4.6
L
100 K ‘E4.4 daldT=3.6%10* nm/K
e
42|
c O Side resonance peak (@ ~3.8 um)
()
60 K o 4 Side resonance peak (@ ~4.5 um)
>
®
; 3.8 |3..g..D..E|-.B--D-G--E"B"E"E"‘D"E"D'D
deldT=1.9510“ nm/K
x1 20 K 36
32 36 4 44 4.8 52 10 60 110 160 210 260 310
Temperature [K] Temperature [K]

FigurEeanemper at ure afeptemelelBlc spectra of htgheeakhi gh d
i ntenfsitthye main resonance mode and the side mode ¢
represent the(dlemperateuiratdependence of the peak
3.8 Om and 4.5 Om) .

The temperature dependence of the electrolum
without top DBR midriFoguwer @s@dempndier steen fro
and compared to the emission of the RCLED wi
from the RCLED struicth heeme slisé amersvi deahamoméeisbbheeae e
mode and af dtelcea emsleancement factor. This is ¢

the semiconductor/ air i infaet,the mfledivityahthednterfaaec t s a s
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between the surface of the top INAsSb layer of the device and air coul@bmaidet! according
to Fresnel's equation, which is given[Gyi:
2 1T pijl »p (6.1)

The value ofR, which represeatthe reflectivityof the InAsSb/aitop mirror, was calculated

tobe33% corresponding to the refractive index
(a)
100 mA = Without top DBR | [ ——— Without top DBR
20% Duty Cycle —— With top DBR —— With top DBR
(b) (c)
20 K 100 K
A
260 K
E —
5, S
220K '
= S| 32 38 44 532 38 44 5
2 2
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w d
I e
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= l—e.. ‘-~ QL 004 @ g
2 1 '@-.G o N < = ot~ o %
5 "o\ F4e @ o, TTesl_ 28
£ CRRS £ 502 e il
x05 o, TN 28 & ‘B, ‘o L 15
g .'O. S am o o= él:) “5‘ E"'G'-B.E‘“ ..Q'.O'B ﬂ
a CkeBe kBB 3.5, q.. _'G-.. . @) B3, @g.@ [3)
0 Boi8ge| 0 ok
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Temperature [K] Temperature [K]
Figur(ear)dd mBer at uree ofe ptenedeenlc spectra of the high de
mirrenhea(kkctroluminescence spectrmpacfedt h®e RGRAED o
RCLED without top DBR)Paetakv arnitoeunss itteympoefr atthuer ee,mi(sfs i
top DBR compared to that of -ddte IRICiLe&E Dr envp 1t hoairtt st
intensity, (g) Opemicadi outefutt hbeo wRCL BD wihteh t op DI
RCLED without -dtoap IDBIR. rkepgstesents the relative out
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The comparison between the emission spectra of the RCLEDs with top DBR and without top
DBR mirror were plotted togethett various temperature as illustrated-igures 6.2(ke). It

can be seen that the peak emission intensity of the RCLED with top DBR is higher than that of
the RCLED without top DBR. The peak intensity and the total output power of the two devices
were pldted as a function of temperature from 60 K to 300 K-igures 6.3(f) and.3(g),
respectively. As can be noticed from these figures, the relative intensity of the resonance peaks
and the relative total output power of the emission spectra are highel theer all the
temperature range, indicating that the emission intensity and the total output power of the
RCLED with top DBR mirror are higher than that of the RCLED without top DBR. It was also
found that the relative intensity and the relative outpoMvgy decrease with increasing
temperature. At T=60 K, the emission spectra of the RCLED with top DBR has a peak intensity
higher than that of the RCLED without top DBR by a factor of more than ~7, decreasing with
increasing the temperature to be ~1.7 & BO(seeFigure 6.2(f). Whilst the relative output

power decreases from 2.5 to 1.35 when the temperature increases from 60 K to 300 K.

6.3.2 Optical characterization of the low detuning resonance cavity structure

In this section, wal dpmomet riae®edoft hehept bw
resonance cavity (RC) structure grown under t
the high detuning RC structure. We redesigne:
the main rebooawceyombde and the DBR stopbant
thi ckmesoptical transmindanrcaenceecdwamtmwad RCG)h
measured at room t efmpeuraed udTbl ape afl| D&t @ dhhamn m
opal ccavity modecenobisserwleidg hattl y4 .d2edtbu ntetde f D BRn
stopbanédgmAtcdr dBAg to t he dceotnusniidregrgeraessi unl. t1s5 (vah
andhd iwas found tihantdftélel vwailtuheig® iotfeeG, hnghl eas

6% and 15% of the maximum value compared to
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Figure6.4: (a) Experimentally measured transmittance spectrum dR@structureat room temperature

showing that theptical cavity mode occurs 4205 ¢ mnd t he DBR stopband is ce
(b) Comparison of the RCLEIM1 (solid line) RCLED-M2 (dashed line)and the reference LERI¢tted

line) electroluminescence emission spectra at 300 K using the same injectiomt (100 mA at 1 kHz

with 20% duty cycle). The dip in the reference LED spectrum originates from atmospheric CO2
absorption in the optical path. Also shown are the fundamental fingerprint absorpt©0s gds.

Frotmthe same RC samples RCwWeMDldidnder-BR8tLt EARClED
fabricated usi ng t he prockeisgibnig pri ¢ smilse s at ed
el ectroluminescence emM4si RiIEM2Epnedc t rr eaf eorfe ntchee |
measured at 30dntki nnaes aqpuapatciomnh0@iumd eatt D
kHz with 20% duty cycle. As can be seen in t
intensity centred at 4.295 Om, mat ching to
overl apping ni cely wiiihgetrhper ir.& i dadbimeonrhpat i eo,C O t
el ectroluminescenc-kKll specwrawofsipei RiICLEMDt si
in the | onger wavem enmgd lem4d c&hd rtedll@ aR Gi-EBDB 60 n
shows one side pmdkicerntsr ead ht amebai4 edif2t oot i c a
modes | ocated in the sides of the DBR stopba
emi ssion of the active region.

The |l inewidth at full width aal hal f8 8maaxm munmd |

RCL END2 + 2 0nOm whi e Oaanrde ~nda.rb5rxo wer than t he r ef
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respecsto veeh gt | lsnpobrses a appH et ons f al l,awsohiphi o ihe
envelopaddition to reducing the | inewidth, t|
of significantly increasing Mhieapda-REZEeBDPssi o
~70x ~4a9v@,spectively. The tot al i ntegrat-ed emi s
M1 was <calculated to be 3BI2, bhighémctbanofha

corresponds to an?Zemittance of 2.2 mWcm

6.3.2.1 Current injection and duty cycle effeston the electroluminescence

spectra of the low detuning RCLED
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Figure6.5: (a) and (b) Room temperature electroluminescence spectra of the RRLEDd RCLED

M2 at various duty cycle using 100 mA injection current, respectively. (c) Peaisity of the RCLED

M1 and RCLEDM2 emission as a function of duty cycle. (d) Total integrated emission of the RCLED
M1 and RCLEDMZ2 as a function of duty cycle.
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Room temperature el ectr ol uwii naensdc eMPrlLeE s psesci torna
at wvaridaty cycle using quasi CW operation (!
Figur(eas) @GaPhpd respectively. The emission of t|
4. 2,5 of t ARl R&LhEDI ts higher peak int-ensity
M2 emi ssion by a factor of ~1.55x. Further mo
40%, theiem spect-MBh oDlowhien®RCd&EPe i n the peak
2.5, and -M2orbyRGL EDact or of ~2. 7. On the ot her
emi ssion of the both devices i ncoyalse,s dDhyowai n
that the total ouMbuits poiwghenft hd@ RICAEDO fact ld
of 1. 6x. -QJM doepre rgautaisoin (100 mA, 40% duty <cycl e
of the-MRChEHOEB2wer e measBre8/d atbdefhe respecti ve
However, a nFdi gaus, estedee mani n r e s onanM2 enxhdiebiotfs

out put power quite -M1oscweet ot hdadutoy ¢hel RCL&EIL
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Figure 6.6. Integrated emission of the main resonance mode for REMER:ompared to that of the

RCLED-M2 as a function of duty cycle using 100 mA injection current.
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out put power were evaluatedifguofmas)t I6&dhe s pec:
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Figure6.7: (a) Peak intensity of the RCLEM1 emission as a function of injectiaurrent. (b) Optical

output power of the RCLE1 emission as a function of injection current.

The far-field technique has been used to measure the angular emission profile of the RCLED,

where the distance between the emitter and the detector was amoulnlthis technique, the

emission intensity was measured from the top surface and the vertical Tdeetarfield

intensity profile of the RCLEEM1 at 300 K is shown itheFigure 6.8 A single lobe intensity

distribution centred at'@vith a half aigle of 60 was obtained, in good agreement with previous

work on RCLEDs at shorter waveleng{hgl,13].
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Normalized power [a.u.)

Figure 6.8:Far field angular profile of the RCLED emission, which shawhalf power solid angle of
60°.

6.3.2.2Temperature dependence of thelectroluminescencespectra

Temperature dependence of thiectroluminescence (EL) emission spectra of the InAsSb
RCLED-M1 and thereference LED are shown kigures 6.9(a) and §19), respectively. Over

the measured temperature range 80 K), the mairpeak intensity of the RCLED and the EL
emission peak of the reference LED decreased with increasing temperature by a factor of 68
and 32, respectivelyin addition, the total optical output power of the RCL-ED and the
reference LED were determined andtf#d inFigure 6.9(c) As can be seen from this figure,

the output power of the RCLED and the LED decreases with increasing temperature by a factor
of 13 and 7.5, respectively. It was also found that the output power of the RCLED emission is
higher thanhat of the reference LED by a factor of 57 at 20 K, and by a factor of 33 at 300 K.
The EL emission peak of the RCLED also shifts to longer wavelengths with increasing
temperature but much more slowly compared to the reference LED. In the conventional LED
the wavelength shift of the EL spectrum is due to the temperdggrendence of the active
region bandgap, whereas, for the RCLED, the EL peak depends on the wavelength of the
resonant cavity optical mode which is determined by the thickness and Hetivefindex of

the materials forming the cavity. With an increase in temperature, the thickness of the cavity
increases according to the thermal expansion coefficients of the cavity materials. We calculated

the variation of the cavity thickness as ~1.6. fithis represents <4% of the total wavelength
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shift and therefore the main contribution comes from the temperature variation of the refractive
index[119,120. Consequently, the main EL emission peak of the RCLEDssbifty by 100

nm at a rate of ~B85 nmK, compared with 600 nm at a rate of ~2.15 nrmKhe reference

LED [see Figure 6.9 {#l This represents more than a factor of 6 improvement in the emission
wavelength stability with temperaturehich is useful in applications such as gas detection
where wavelength stability is required to ensure that the emission peak remains within the gas

absorption envelope as the temperature varies.
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