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Abstract

There is a growing requirement for high brightness light emitting diodes which can operate in
the technologically important mid-infrared spectral range (3-5 um), for applications such as
environmental monitoring, industrial process control and spectroscopy. To date, mid-infrared
(2> 4 um) LEDs exhibit a poor 300 K external efficiency with broadband emission spectra,
resulting in low available output power at the target wavelength. The resonant cavity structure
is an attractive solution to improve the performance of these LEDs by locating the active region
inside a Fabry-Perot cavity which is formed between two distributed Bragg reflectors (DBRs).
In this thesis, we demonstrated four novel mid-infrared resonant cavity LED (RCLED)
structures operating near 4.0 um, 4.2 um, 4.5 um, and 4.6 um at room temperature. Three
samples were grown on GaSb substrate and one on InAs substrate using molecular beam
epitaxy (MBE). Different I1I-V semiconductor materials; bulk InAsSb, AllnAs/InAsSb strained
multi quantum wells (MQWs), and InAs/GaAsSb superlattices (SLs) were used as active
regions, positioned at the antinode of the electric field inside the micro-cavity. The 1A-thick
cavities, containing the active regions, were sandwiched between two high contrast lattice-
matched AlAso.0sSbo.g2/GaSb DBR mirrors for GaSb-based RC structures and lattice-matched

AlASo.16Sbo.34/GaAs 0sSbo.o2 DBR mirrors for the InAs-based RC structure respectively. The RC



structures were first designed theoretically, where the thickness of the micro-cavity layers and
the DBR layers were evaluated corresponding to the target wavelength of RC emission spectra.
Then, the reflectivity of the top and bottom mirror were investigated to achieve high emission
enhancement as determined by the number of layers in the DBR. The simulated results show
that 13.5 pairs in the bottom DBR mirror with reflectivity (R>98%) and 5 pairs in the top DBR

mirror with reflectivity (R>83%) are sufficient to achieve very high enhancement factors.

The temperature dependence of the transmission spectra of the RC samples was measured over
the range from 77 K to 300 K. It was found that the position of the optical cavity mode and the
DBR stopband centre shift towards longer wavelength very slowly as the temperature increases
at a rate of <0.4 nm/K and <0.3 nm/K, respectively. At room temperature the optical modes
exhibit a narrow linewidth in the transmission spectrum (AA<100 nm). The room temperature
quality factors were found to be in the range from ~60 to ~100, predicting that the emission of
the RCLEDs should have a strong enhancement. Although all the RC samples exhibit some
detuning, between the wavelength of the DBR stopband centre and the position of the optical
cavity mode, the simulated results show that the spectral linewidth remains narrow and the

emission enhancement factors are still high.

Two entirely new GaSb-based mid-infrared RCLEDs were fabricated, (i) using bulk InAsSb
operating at ~4.2 um and (ii) with AllnAs/InAsSb MQWs operating at ~4.5 um. The
temperature dependence of the electroluminescence spectra and I-V characterization of both
these RCLEDs and their reference LEDs were measured experimentally over the range from
20 K to 300 K. The RCLEDs show significantly better temperature stability, narrower emission
linewidth, and high enhancement factors. The bulk InAsSb RCLED exhibits a significantly
narrower (10x) spectral linewidth, (6x) superior temperature stability, (70x) higher peak
intensity, (33x) higher integrated output power compared to that of the reference without a
resonant cavity. For the MQWs RCLED, the peak intensity and the integrated emission were
enhanced by a factor of ~85 and ~13, respectively. It also shows a superior temperature stability



of ~0.35 nm/K and a narrow emission linewidth of ~70 nm (which are less than that of the
reference LED by 7x and 16x, respectively). The optical and electrical properties of the
RCLEDs without top DBR mirror were also investigated. The results show that the intensity
and integrated enhancement are still achieved, but somewhat less than that of the full RCLED
structures, due to low reflectivity (~33%) of the interface semiconductor/air top mirror.

The high brightness, better spectral purity, narrow linewidth and superior temperature stability,
of the RCLEDs developed in this work are rather attractive features, enabling these devices to

be readily implemented in the next generation of optical gas sensor instrumentation.
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blocking barrier. Details of the type | band alignment in the MQW are highlighted
in the inset.

Figure 5.7: (a) A schematic diagram of the GaSh-based 4.0 um MQWs RC structure
showing the details of the AlInAs/InAsSb MQW in the active region of the p-i-n
diode within the AlIAsSb/GaSb DBRs, which form the microcavity, (b) The energy
band diagram of the cavity layers calculated using nextnano, showing the electron-
blocking barrier. Details of the type | band alignment in the MQW are highlighted
in the inset.

Figure 5.8: (a) A schematic diagram of the InAs-based 4.6 um SLs RC structure
showing the details of the InAs/GaAsSb SLS in the active region of the p-i-n diode
within the AlAsSb/GaAsSbh DBRs, which form the microcavity, (b) The energy
band diagram of the cavity layers calculated using nextnano, showing the electron-
blocking barrier. Details of the broken type Il band alignment in the MQW are
highlighted in the inset.

Figure 5.9: (a) Temperature dependence of the transmission spectra of the GaSb-
based 4.3 um bulk InAsSb RC sample. (b) Temperature dependence of the optical
mode transmission. (c) The position of the optical cavity mode and the DBR
stopband center of the sample as a function of temperature. (d) Temperature
dependence of the transmission spectra of the GaSb-based 4.5 pm MQWs RC
sample. (e) Temperature dependence of the optical mode transmission. (f) The
position of the optical cavity mode and the DBR stopband center of the sample as a
function of temperature.
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Figure 5.10: (a) Temperature dependence of the transmission spectra of the GaSh-
based 4.0 um MQWs RC sample. (b) Temperature dependence of the optical mode
transmission. (c) The position of the optical cavity mode and the DBR stopband
center of the sample as a function of temperature.

Figure 5.11: (a) Temperature dependence of the transmission spectra of the InAs-
based SLs RC sample. (b) Temperature dependence of the optical mode
transmission. (c) The position of the optical cavity mode and the DBR stopband
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 function
of temperature.

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

Figure 5.15: Room temperature simulations of (a) the resonance emission (G,) and
(b) the integrated emission (G;,;) enhancement factor, as a function of the DBR
stopband center and the peak emission of the cavity mode, respectively. The white
dashed line represents the resonance case between the optical cavity mode and the
DBR stopband center. Square (GaSh-based 4.0 um MQWs RC), Diamond (GaSb-
based 4.3 um bulk RC), triangle (GaSb-based 4.5 pm MQWs RC), circle (InAs-
based 4.6 um SLs RC).

Figure 5.16: SEM cross-section of the (a) bulk RCLED and (b) MQWs RCLED.

Table 5.1: Room temperature optical properties of the RC samples.

Figure 6.1: Schematic structure of the (a) bulk RCLED-M1 (b) bulk RCLED-M2.

Figure 6.2: (a) Temperature dependence of the EL spectra of the high detuning
RCLED, (b) The peak intensity of the main resonance mode and the side mode as a
function of temperature. The open triangles represent the relative intensity, (c)
Temperature dependence of the peak position of the side modes (at 3.8 um and 4.5

um).

Figure 6.3: (a) Temperature dependence of the EL spectra of the high detuning
RCLED without top DBR mirror, (b-e) The electroluminescence spectra of the
RCLED with top DBR compared to that of the RCLED without top DBR at various
temperature, (f) Peak intensity of the emission of the RCLED with top DBR
compared to that of the RCLED without top DBR. Dash-dot line represents the
relative intensity, (g) Optical output power of the emission of the RCLED with top
DBR compared to that of the RCLED without top DBR. Dash-dot line represents
the relative output power.

Figure 6.4: (a) Experimentally measured transmittance spectrum of the RC structure
at room temperature, showing that the optical cavity mode occurs at 4.295 um, and
the DBR stopband is centred at 4.180 pm. (b) Comparison of the RCLED-M1 (solid
line), RCLED-M2 (dashed line), and the reference LED (dotted line)
electroluminescence emission spectra at 300 K using the same injection current
(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 absorptions of CO2 gas.

Figure 6.5: (a) and (b) Room temperature electroluminescence spectra of the
RCLED-M1 and RCLED-M2 at various duty cycle using 100 mA injection current,
respectively. (c) Peak intensity of the RCLED-M1 and RCLED-M2 emission as a
function of duty cycle. (d) Total integrated emission of the RCLED-M1 and
RCLED-M2 as a function of duty cycle.
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Figure 6.6: Integrated emission of the main resonance mode for RCLED-M1
compared to that of the RCLED-M2 as a function of duty cycle using 100 mA
injection current.

Figure 6.7: (a) Peak intensity of the RCLED-M1 emission as a function of injection
current. (b) Optical output power of the RCLED-M1 emission as a function of
injection current.

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

Figure 6.9: Temperature dependence of the EL spectra for (a) the RCLED-M1 and
(b) the reference LED. (c) Intensity peak values of the EL spectra for the RCLED
and reference LED. The dashed-dotted line represents the relative intensity. (d) The
position of the EL peaks as a function of the temperature. The dashed line represents
the theoretical results of the EL intensity peak of the RCLED.

Figure 6.10: (a) Temperature dependence of the EL spectra for the RCLED-M2. (b)
and (c) Peak emission intensity and the output power for the RCLED-M1 and
RCLED-M2 as a function of temperature, respectively. The dashed-dotted line
represents the relative values.

Figure 6.11: (a)-(c) Current-Voltage (I-V) characteristics of the RCLED-M1,
RCLED-M2, and the reference LED measured as a function of temperature,
respectively. (d) Temperature dependence of the series resistance of the RCLED-
M1, RCLED-M2, and the reference LED.

Figure 6.12: (a) Room temperature photo-response spectra of the RCLED-M1 at
various bias voltage. (b) Peak intensity of the photo-response spectra as a function
of the bias voltage measured at 300 K.

Figure 6.13: (a) Photo-response spectra of the RCLED-M1 measured at 200 K at
various bias voltage. (b) and (c) Spectral photo-response at 300 K compared to that
at 200 K at 0 bias and -200 mV, respectively.

Figure 6.14: (a) Photo-response spectra of the RCLED-M1 measured at 260 K at
various reverse bias voltage.

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

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

Figure 7.2: (a) Experimentally measured transmittance spectrum and EL emission
spectrum of the RCLED structure, showing that the wavelength of the main EL
emission peak at room temperature occurs at 4.462 um, which corresponds to the
cavity resonance wavelength. (b) Comparison of the RCLED (solid line) and the
reference LED (dashed line) electroluminescence emission spectra at 300 K using
the same injection current (100 mA at 1 kHz with 30% duty cycle). The dip in the
reference LED spectrum originates from atmospheric CO2 absorption in the optical
path. Also shown are the fundamental fingerprint absorptions of greenhouse gases
of interest in this spectral range.

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

Figure 7.4: Far field angular profile of the RCLED emission, which shows a half
power solid angle of 450.

Figure 7.5: Temperature dependence of the EL spectra for (a) the RCLED and (b)
the reference LED. (¢) Intensity peak values of the EL spectra for the RCLED and
reference LED. The dashed-dotted line represent the relative intensity. (d) The
position of the EL peaks as a function of the temperature. The dashed line represent
the theoretical results of the EL intensity peak of the RCLED.

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

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

Figure 7.8: (a) Temperature dependence of the intensity peak for the resonance
emission spectra of RCLED and the emission spectra of LED. (b) Temperature
dependence of the output power for the emission spectra of the RCLED and LED.
(c) The difference between the peak wavelengths (spectral detuning) as a function
of temperature. (d)-(g) EL spectra of the RCLED and LED at different temperature,
140 K, 200 K, 240 and 300 K, respectively.

Figure 7.9: (a) Room temperature electroluminescence emission spectra of the
RCLED as a function of the wavelength at different duty cycles using 100 mA
injection current. (b) The peak intensity and the output power of the RCLED as a
function of duty cycle. (c) The peak position of the electroluminescence emission
vs the duty cycle. (d) The linewidth (FWHM) and the Q-factor of the
electroluminescence spectra as a function of the duty cycle.

Figure 7.10: (a) Room-temperature power dependence of the electroluminescence
emission spectra of the RCLED using different injection currents at 30% duty cycle.
The inset is the peak position of the electroluminescence versus injection current.
(b) The linewidth and the quality factor of the RCLED dependence on injection
current. (c) Output power of the RCLED and reference LED as a function of
injection current. The dashed-dotted line represents the power enhancement factor
(the relative power). (d) Peak intensity of the RCLED and the reference LED as a
function of injection current. The dashed-dotted line represents the intensity
enhancement factor (the relative intensity).

Figure 7.11: (a) and (b) The forward and reverse current-voltage characteristics of
the RCLED and the reference LED over the temperature range 20 K-300 K. (¢) The
series resistance of the RCLED and reference LED as a function of temperature. (d)
Forward current-voltage characteristic of the RCLED against the temperature.
There is a clear trend of decreasing the turn on voltage with increasing the
temperature. (e) Schematic diagram illustrates the path of the current through the
DBR and cavity layers.

Figure 7.12: (a) Room temperature EL emission spectra of the RCLED as a function
of the wavelength at different mesa size using 100 mA injection current. (b) The
emission intensity of the RCLED as a function of mesa area. (c) The intensity peak
position of the emission spectra of the RCLED as a function of mesa area. (d)
Measured forward I-V characteristics of the RCLED at three different mesa size.
(e) Measured forward J-V curves for devices with different mesa width. The current
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was normalized to the mesa area. (f) The current density values at Vyias = 3 V are
extracted and plotted against the mesa area. A log dependence over the mesa area
is shown for comparison.

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

Figure 7.14: (a) Temperature dependence of the EL spectra for the RCLED without
top DBR. (b) Room temperature electroluminescence emission of the RCLEDs with
and without the top DBR mirror, and the reference LED. (c) Peak position of the
EL emission spectra of the RCLED without top DBR versus temperature. (d) The
linewidth and the quality factor of the EL spectra of the RCLED without top DBR
as a function of temperature.

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

Figure 7.16: (a) Room temperature EL emission spectra of the RCLED without top
DBR as a function of the wavelength at different mesa size using 100 mA injection
current. (b) The emission peak intensity and the integrated emission of the EL
spectra as a function of the mesa area. (c) The peak intensity position of the emission
spectra as a function of mesa area. (d) Measured forward J-V curves for devices
with different mesa width. () The current density values at Vbias = 1 V are
extracted and plotted against the mesa area. A 1/r1.3 dependence over the mesa area
is shown for comparison.

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

Figure 7.18: The calculated variation in RCLED wavelength and emission intensity
dependence on cavity thickness or DBR period thickness. Also shown are the
absorption spectra of key greenhouse gases to illustrate the accessible tuning range,
which encompasses CO2, N20 and CO.

Figure 7.19: Photoluminescence spectra of the AllnAs/InAsSb MQWs at various
Sb composition.

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

Table 7.2: Room temperature optical properties of the RCLED full structure
compared to that of the RCLED without top DBR for different area mesa.

Figure 8.1: Room temperature electroluminescence spectra of the four RCLEDs.
We grow and fabricate these devices at physics department in Lancaster University.
The emission spectra were under quasi-CW condition using 100 mA injection
current and 30% Duty Cycle.
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Chapter 1

Introduction

There are many applications including environmental gas detection and monitoring, medical
diagnostics, military security and defense, space technology, and thermal imaging, which makes
developing optoelectronic devices for the mid-infrared (3 —5) pm spectral region of great
research interest. In particular, infrared absorption spectroscopy is an attractive technique for
monitoring greenhouse gases such as methane CHs (3.3 pm), carbon dioxide CO; (4.2 um), N.O
(4.5 pm) and carbon monoxide CO (4.6 pm) because they have strong fingerprint absorptions
in this spectral range (see Figure 1.1), enabling gas specific detection and remote sensing.
Therefore, there is an increasing demand for mid-infrared light sources and detectors at these

key wavelengths.
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Figure 1.1: Normalized intensity of the absorption bands of relevant gas species in the 2—-6 um range
(data from SpectralCalc.com based on HITRAN database)

For many applications mid-infrared LEDs are an attractive alternative to semiconductor laser
especially for widespread distributed sensing applications requiring many point sensors. This
is attributed to the operating propertied of the LEDs such as, lower complexity, temperature

stability, cost-effective, and lower power.



CO; and CO are greenhouse gases, emitting and absorbing mid-infrared radiation
corresponding to the vibration transition of the gas molecules [1]. The concentration of these
gases have risen due to human activities, especially burning fossil fuels, causing an increase in
the global temperature. Therefore many research groups have investigated and developed LEDs
for monitoring these two gases [2-16]. In particular, the ternary alloy InAs;.Sbyx with an
antimony composition ~9% is conveniently lattice matched to GaSb substrates and LEDs and
detectors with light emission at the CO» absorption wavelength have been demonstrated [17-
20]. This material was also investigated with Sb=11% to detect CO gas [16]. The device was
fabricated based on a InAsossSbo.15Po30/InAsos9Sbo.11/InAso55Sbo.15Po30 symmetrical double
heterostructure with large band offsets. Additionally, various LED structures have been
developed for CO, monitoring at 4.2 um, including bulk heterostructures of AllnSb [21], as
well as InSb/InAs quantum dots [22], InAs/InAsSb quantum wells, and superlattices
[23,24,25,26]. Recently, GSS Ltd has developed commercially available devices (gas sensors)
for the monitoring of CO, [27, 28]. The LED and photodiode (PD) (light source/detector) based
non-dispersive infrared CO, sensor was designed to provide low power consumption, low cost,
longevity, and fast stabilization time. [28]

NzO is well-known as a greenhouse gas and is nowadays the single most important ozone-
depleting agent.[29] Although present at much lower levels than CO», it has 298 times the global
warming potential (over a period of 100 years). N>O in the atmosphere originates from a number
of sources including agriculture, where for example N-O is released in silage gas [30], and as a
by-product of fossil fuel burning, as well as in car exhaust emissions [31-33]. Atmospheric N>O
(~330 ppb) monitoring is possible but it requires complex and expensive laser based systems.
However, simpler gas sensors based on mid-infrared LEDs and detectors could provide an
attractive means of widespread monitoring of localised N>O sources. Some LEDs have already
been developed, but so far these exhibit low spectral intensity at the target wavelength [34,35].
More recently interband quantum cascade LEDs have been demonstrated [36] with higher
output power, but spread over a broad emission spectrum (~700 nm) with a limited fraction of
useable photons within the N,O absorption band (4.425-4.619 pum).

2



However, the efficiency of these devices (mid-infrared LEDs) is less than that of the visible and
near-infrared LEDs. This is attributed to the increase in the rate of the non-radiative Auger
recombination processes when the emission wavelength increases [37]. Furthermore, the
devices typically exhibit 300 K optical output powers of a few microwatts, with an emittance
of ~1-14 mW/cm, but with broadband emission spectra resulting in low available power at
the target wavelength. However, although many researchers have developed light emitting
diodes (LEDs), the light extraction efficiency is still limited. This is due to the large refractive
index mismatch between the semiconductor (ns) and air (nair). Thus, according to Snell’s law
(dc=arcsin[n.i/ng]), the critical angle of total internal reflection (¢.) which is defined as the light
escape cone is quite small. As a result, the most of the generated light is trapped inside the
device and only a small percentage can be extracted [38, 39]. One solution to this problem
involves the use of a resonant cavity (RC) to enhance the light emission from the LED. This is
typically achieved at shorter wavelengths by locating the active region, at the antinode of the
standing wave optical field, inside a Fabry—Perot microcavity consisting of two distributed
Bragg reflectors (DBRs) to form a resonant cavity light emitting diode (RCLED) structure [40].
RCLEDs offer many advantages including; higher brightness than their conventional LED
counterparts, improved directionality, increased spectral purity and power efficiency [41,42].
Consequently, there has been some research effort devoted towards resonant cavity light
emitting diodes (RCLEDs) and vertical cavity surface emitting lasers (VCSELs) for mid-
infrared applications [43-49]. However, there are only a limited number of reports of RCLEDs
and VCSELs operating in the 4-5 pm spectral range [44,49,50]. The RCLED structures,
reported in [44] and [49] consisted of a gold top-mirror with reflectivity ~95% and bottom DBR
mirror with low reflectivity (<70%), showing a relatively modest resonant cavity emission
enhancement (<5x). These two devices were designed to emit at a wavelength of ~4.2 um
through the substrate. Meanwhile, the mid-infrared VCSEL reported in [50] was designed to
emit at a wavelength of ~4.0 um and achieved single-mode CW operation up to -7 °C and room

temperature operation under pulsed conditions.



In this thesis we designed and fabricated mid-infrared RCLEDs, consisting of a bottom high
reflectivity (>98%) DBR mirror and a top DBR mirror with reflectivity of >82%. The structures
were designed to emit the light 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 (LEDSs), and resonant cavity LEDs (RCLEDs). An up to
date literature review about the mid-infrared LEDs, RCLEDs, and VCSELSs is presented in
chapter three. Then the experimental tools and techniques which are used to carry out the study
in this thesis as well as the fabrication processes of the devices are described in details 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 of the transmission 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 RCLEDs. The optical and electrical
properties of the bulk InAsSb RCLEDs and the AlInAs/InAsSb 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 temperature stability and narrow emission linewidth. Finally, the

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



Chapter 2

Background theory and fundamental concepts

2.1 Fundamental concepts of semiconductor materials

2.1.1 Band structure
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Figure 2.1: Schematic diagram of the band structure in conductors, semiconductors, and insulators [51].

When atoms and molecules form solid materials, the discrete energy levels of these atoms and
molecules combine to form energy bands. These bands are formed when 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 levels. The highest filled energy band is known as
the valence band, 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. In comparison with
insulators, semiconductors have a significantly narrower energy band gap. The schematic
diagram of the energy bands of the inductors, insulators, and semiconductors are illustrated in
Figure 2.1. At 0 K, the semiconductor valence band is fully occupied 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 source (e.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 the energy gap (E4(T)) can be

described using the Varshni equation [52]:
aT?
Eg(T) = Eg(0) — BT (2.1)
where E4(0) is the energy gap at 0 K, and the coefficients a and  are fitting parameters which

are related to the thermal expansion of the lattice and to the Debye temperature in the Debye

theory, respectively.

2.1.3 lll-V band gap alignment

Different types of band alignment occur when two semiconductor materials come into contact
in a hetero-interface. The two materials are different in electron affinity (), which is defined
as the separation between the vacuum level and the conduction band, and/or in band gap energy.
Consequently, the conduction and valence band offsets, AE; and AE,, can be calculated using
the formulas [53]:
AE. =X2 — X1 (22)
AE, = (X1 + Eg1) — (X2 + Eg2) (2.3)

Where Egq is the energy band gap of the semiconductor material.

2.1.3.1 Type | band alignment

In this band alignment, the valence band (E.) of the material B is higher than that of the material
A, and the conduction band (Ec) of the material B is lower than that of the material A, as

illustrated in Figure 2.2. In other words, the conduction band offset (AEc) is negative and the



valence band offset (AEy) is positive. Therefore, the electrons and holes are confined in the

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

transitions.
— A EEEE— T
1 1
OB |
1008 , |
A CB 1
1 1
1
:EgB :EgA
v !
A EVB 1
1
s5,|| @ ©©® i
I 1 éL'éEVA

Figure 2.2: Schematic diagram of type | band alignment.

2.1.3.2 Type Il band alignment

Type Il band alignment occurs when the band offsets AE: and AEy 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 shown in Figure 2.3(b). Thus, the electrons
and holes are confined in separate materials and the recombination occurs via spatially indirect

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

When the valence band of one material is higher than the conduction band of the other material
(e.g. InSb/InAs and InAs/GaSh), a broken type Il band alignment is formed, as illustrated in

the schematic diagram in Figure 2.4.
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Figure 2.4; Schematic diagram of broken type Il band alignment.

2.1.4 Band gap of llI-V semiconductor materials
Most of the I11-V semiconductor structures are zinc blende crystals and the room-temperature
band gap energy of the zinc blende binary I11-V semiconductors are plotted as a function of

their lattice constant in Figure 2.5.
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Figure 2.5: Direct I'-valley energy gap as a function of lattice constant for the zinc blende form of 12
I11-V binary compound semiconductors (points), and some of their ternary alloys (curves) at zero
temperature [54].



In the case of the ternary and quaternary alloy semiconductor materials which are comprised of
binary I11-V semiconductors, the band gap energy of these alloys is varied by changing the
composition of group-I1l or group-V elements and by changing the layer thickness. Using
Vegard's law, the composition-dependent band gap energy of the ternary alloy E4 can be
estimated as [55]:

Eg(A1_xBy) = (1 = x)Eg(A) + xEg(A) — x(1 —x)C, (2.4)
where Eq4(A) and Ey(B) are the band gap energies of the binary materials, x is the composition

(percentage) of the element, and C,, is the bowing parameter.

2.1.5 Strained layers

Tensile strain Lattice match  Compressive strain

E E E E @ al
@ @ @ as
alL
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Figure 2.6: Schematic diagram of tensile strain, lattice matched, and compressive strain heteroepitaxial

layers, where al and aL are the lattice constant of the grown material in the direction of growth for the
tensile and compressive strain, respectively.

Before growth

Pseudomorphic heterostructure

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

as shown in Figure (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 constant (a; > as), then
the layer must compress perpendicular to the growth direction and it increases in the direction
of growth. In this case the layer is compressively strained. If (a < as), then the converse occurs

and it is denoted as tensile strain.

2.1.5.1 Critical thickness

When a thin strained layer of semiconductor material is grown heteroepitaxially on a substrate
(which is not lattice matched), misfit dislocations are formed until the layer grows to a certain
thickness (critical thickness). Increasing the thickness of this layer above the critical thickness
leads to generation of dislocations. The value of the critical thickness depends on the lattice
mismatch between the epitaxial layer and the substrate. Two main types of dislocations, the
screw dislocation and edge dislocation, are illustrated in Figure 2.7. These defects negatively
effect electronic, electrical and optical properties of the material by decreasing the carrier
mobility due to increased scattering [56], and acting as non-radiative recombination centres,

where undesirable energy levels are generated [57].

'? } 3 SCTew
} :
o | | dislocation
I |
| } 1 Burgers
- S | _—_ —
| vector
edge
 dislocation |

Figure 2.7: Example of the Burgers vector of edge and screw dislocations [26].

The model most used to calculate the critical thickness (hc) has been developed by Mathews
and Blakeslee [58]. In this model, the he value is reached if there is a mechanical balance
between the two forces: the stress due to the film strain and the tension in dislocation. The

Mathews and Blakeslee critical thickness (hc) for zinc blende (001) substrate is given by:
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ao(l—E) [ln(f—zc)+1]

he = —ifciey (2.53)
f=2"2 (2.5b)
a
Ciz
T C11=Ci2 (2:50)

where f is the layer strain when on the substrate, a, is the substrate lattice constant, a; is the

layer lattice constant, v is Poisson's ratio, C;; and C,, are the elastic constants of the layer.

In the case of a quantum well, Matthews and Blakeslee’s expression could be approximated as:
[59]

h, =2 (2.6)
Another method for calculating the critical thickness for single layers on zinc blende (001)

substrates is given by People & Bean using only energy considerations instead of mechanical

forces, as: [60]

B ay2 (1-v) ln(f—i‘c)

7 32v2mf2a(1+v) (2.7)

2.1.5.2 Effect of strain on the energy levels

The effect of the tensile and compressive strain on the energy levels of the epilayer is illustrated
in Figure (2.8). The conduction band shifts up for layers under tensile strain and down for layers
under compressive strain [61]. On the other hand, in the case of compressive strain, the heavy
hole (hh) band moves up and the light hole (Ih) moves down, while for tensile strain the opposite

happens and thus the light hole band becomes the highest band.
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Figure 2.8: The effect of strain on the energy levels of a semiconductor. (a) Unstrained, (b) compressive
strain, (c) tensile strain [61]. In the case of the biaxial 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 anisotropic valence band structure where the light hole band (LH) becomes the highest band. In biaxial
compression the opposite occurs where the band gap is increased and the heavy hole band (HH) becomes
the highest band.

Let a; be the lattice constant of the epilayer in its unstrained state, and ag be the lattice constant
of the substrate. In a pseudomorphic epitaxial growth, the strained layer has two different lattice
parameters: (i) the lattice parameter parallel to the growth surface, a; = a5 = a;x = ary, which
is the same in the x-direction (a.) and the y-direction (ay) and equal to the lattice parameter
of the substrate (ay), (ii) the lattice parameter perpendicular to the growth surface (in the z-
direction), a; = aj,, it is <ag or > ag depending on whether the strain is tensile or
compressive. The parallel (biaxial) (g,) and perpendicular (uniaxial) (g, ) strains are related to

the lattice mismatch (Aa, and Aa,) by the relations [62]:

g =t _ (@-a) _ sa_ (@-ay (2.8)
I aj a) a) a) .
_ & _ (ay—ay)
1= T 4 (2.9
a; = al(l — DSH) (210)

The constant D depends on elastic constants, C, of the epitaxial layer, and on the interface

orientation, where:
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DOO1 = p Saz (2.11)
C11

Cq2+2Cq,—2C
D111 — 12 12 44 (212)
C11+2C15+4Cyy

For an unstrained layer, the valence band at I"-point (Ey,) is calculated from the vacuum valence

band level of the valence band (Ey v,.) and the spin-orbit splitting (4,):

EV - EV,Vac + % (213)

The effect of strain on energy levels can be decomposed into two contributions, hydrostatic and

shear components. The shift in the conduction band (AE?y) is then given by:

AEMY = a.(2¢; +¢€,) (2.14)

where a. is the conduction band hydrostatic deformation potential. The valence bands are
shifted by both, a hydrostatic strain component:

AEDY

V,av

= av(ZS” + Sl) (215)
where ay is the valence band hydrostatic deformation potential, as well as a shear contribution

which gives an additional splitting of the valence band energies: [63]

AE{h,, = —3 8Eh (2.16a)
1 1 sh 1 2 sh 9 sh)2 1/2
AE, = =200 + 2 8E" + E(AO + 8o8E" + 2 (SESM) ) (2.16b)
_ 1 1 sh 1 2 sh 9 sh?2 1/2
AE§fL, = =20 + 5 8B — 2 (A3 + AoSE™ + 2 (SE°)”) (2.16¢)

The strain-dependent shift (SESP) depends on the interface orientation (i.e. 001 and 111), where:
SESh, = 2B(e. — ¢)) (2.17a)

ESY, = \/_d(SJ_ —g) (2.17b)

The quantities B and d are the tetragonal and rhombohedra shear deformation potentials,

respectively. Conduction bands at I" point are not affected by the shear contribution to the strain.

Thus, the equations describing the total shifts in the valence band edges are given by:

AEynn = AEV o+ AESHL (2.18a)
AEyy, = AEY,, + AESh, (2.18h)
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AEyo = AEDY 4+ AESR (2.18¢)

V,av

From equations (2.13), (2.14), (2.15), and (2.16a-c) the valence-band and conduction-band

edge energies Ey and E of the strained layer can be written as:

Evnhh = Evav + %Ao + AEy hn (2.19a)
Evih = Evay + 380 + AByp (2.19h)
Eviso = Evav + 340 + ABys (2.19¢)
Ec = Ecay + AEcay = Evay + 380 + Eg + AEY (2.20)

2.1.6 Radiative and non-radiative recombination

In semiconductor materials and under non-equilibrium conditions, electrons in the conduction
band and holes in the valence band recombine either radiatively or non-radiatively (see Figure
2.9). The former is the required recombination process for light-emitting devices, where
photons are generated. There are a number of radiative and non-radiative mechanisms which

can occur in semiconductors, which will be discussed in the next sections.

© ﬁ
© €] © B
Tnon-rad Tnon-rad Trad
| | - — - - Eg;
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® ® ; @® @®
(@) (b) (c)

Figure 2.9: Schematic of the recombination processes (a) Shockley-Read-Hall (SRH) non-radiative

recombination. (b) non-radiative Auger recombination. (c) radiative recombination. [26]
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2.1.6.1 Radiative electron—hole recombination

Under equilibrium conditions, at a given temperature, the intrinsic carrier concentration n; is a
constant and is defined as the product of the free carriers, electrons (no) and holes (po), in doped
or undoped semiconductor material, as:
nopo = n (2.21)
Using external excitation sources, optical or electrical, excess holes and electrons in
semiconductors can be generated. Thus, the total carrier concentration is given by:
n=n,+An and p=p,+Ap (2.22)

where Ap and An are the excess hole and electron concentrations, respectively.

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

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

Figure 2.10.
] & ul CB
| i
% 5 5
(@ ® (© (@ (e)

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

dashed lines indicate radiative processes and non-radiative processes, respectively.

In the case of the band to band recombination process, where the electron 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 (Eg) by the relation:

hv = Eg(T) + kgT/2 (2.23)
where hv is the photon energy. The rate of the band to band recombination (R) is proportional
to the product of electron and hole concentrations, which can be written as:
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—_9n_ _dp_
R= e Bnp (2.24)

Where B is the bimolecular recombination coefficient, it typically has values of 10-10° cm3/s
for direct band gap 11-V semiconductors [64].
The donor to valence band 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 at low temperature [65]. If E; is the donor or acceptor binding
energy, then the photon energy is given by the formula:

hv = E¢(T) — E; + kgT/2 (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 acceptors
and donors. The energy of the emitted photon in this process is related to the donor binding

energy (Eq) and the acceptor binding energy (Eac) by the relation:

eZ

hv = Eg(T) — (Ego + Eac) + (2.26)

4TEGELT
where e is electron charge, €, is the static dielectric constants of the free space, ¢, is relative
permeability of the semiconductor material, and r is the acceptor-donor separation. This
recombination process is also obviously observed at low temperature [65].
In the exciton recombination process, which is formed due to Coulomb interactions, the emitted
photon energy can be written as:

hv = Eg(T) — Eexc (2.27)
where Eey is the free binding energy of the e-h pair in the exciton which is typically in the range

of only a few meV in narrow gap semiconductors.

2.1.6.2 Non-radiative recombination

In non-radiative recombination, the photon is not generated when the electron-hole pair

recombines, but instead of that the electron energy is transferred to vibrational energy of the
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lattice atoms, i.e. the energy is transferred to heat (phonons). Therefore, non-radiative
recombination is an unwanted process in light emitting devices. Non-radiative recombination
processes are usually formed due to defects in the crystal structure, such as dislocations,
impurity atoms, and native lattice defects, where energy levels are generated within the
forbidden gap of the semiconductor which work as deep traps (known as luminescence Killers
or recombination centres). In this section, the two most common non-radiative mechanisms -

Shockley-Read-Hall (SRH) recombination and Auger recombination - are described.

2.1.6.2.1 Shockley-Read-Hall (SRH) recombination

Shockley-Read-Hall recombination occurs when the electron and hole recombine via deep
energy levels within the band gap which are formed due to the defects or impurities in the
crystal structure. If the semiconductor is p-type, then holes are in the majority and the minority

carrier lifetime (t,_) can be written as:

L = Npu,0, (2.28)

Tne
where o, is capture cross section of the electron trap, v, is the electron thermal velocity and
N is the trap concentration. Similarly, when electrons are the majority carriers, the minority

carrier lifetime 7, can be given by:

— = Nqv,0,, (2.29)

Tpo
where o, is capture cross section of the hole traps, v, is the thermal velocity of hole. When the

conditions are close to equilibrium and holes are in majority, the lifetime of the SRH

recombination (tsr) can be determined by assuming v,o,, = v,0, =and 7, ) = 7, :
Po+p
Tor = Tn, (1+ pT) (2.30)

where p, is the hole concentration if the Fermi energy is positioned at the trap level. We can
also estimate tgg When the electrons are the majority carrier. For the particular case of intrinsic

material, i.e. no = po = N, equation (2.30) can be rewritten as:
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TsR = Tp, [1 + cosh (%)] (2.31)

Where Er is the energy level of the trap, and Eg, is the intrinsic Fermi level, which is typically
close to the middle of the gap. If Er = Eg,, then the SRH lifetime is minimized (tsg = 21,,),
i.e. the traps can act as effective SRH recombination centres when their energy levels are
located at or close to the middle of the band gap. Equation (2.31) indicates that the SRH lifetime
decreases as temperature increases. Consequently, the efficiency of the radiative band-to-band

recombination decreases with increasing temperature [64].

2.1.6.2.2 Auger recombination

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

E

CB

)\
T A

Figure 2.11: Schematic diagram of the three common non-radiative Auger recombination processes ()

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

In Auger recombination processes, the energy released by the recombination of an electron and
hole is not used to generate a photon but to excite another carrier. Depending upon the excited
carriers, there are several mechanisms of Auger recombination. The three most common Auger
recombination mechanisms are CHCC, CHSH and CHLH which are shown in the Figure (2.11).

The CHCC process involves two electrons, one recombines with a hole and the energy of
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recombination excites another electron up in the conduction band, thus it is most dominant in

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

EGHCC = (1) (2.32)
g

mg+myy,
Where mg and my,, are the effective masses of the electron and hole in the heavy hole band,
respectively. The CHLH process occurs when an electron recombines with a hole in the heavy
hole band and the energy excites a hole from the light hole band to heavy hole band. Whilst in
the CHSH process, the recombination of an electron with a heavy hole provides the energy to
excite a hole from the split off band to the heavy hole band. The activation energy of the CHSH

process is given by:

ECHSH — (m—) (Eg — Aso) (2.33)

mg+2myy, +mg,
where A, is the spin orbit splitting energy, and mg, is the holes effective mass in the split off
band. If Ay, is close to Eg, the CHSH process is dominant, whilst if A, is much greater than
the band gap energy Ey the CHSH process can be negligibly small compared to CHLH

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

ECHSH — (Et—4s0)/E¢ (2.34)

mg/mg,
where E; is the transition energy (electron-hole recombination). If this condition in equation

(2.34) is satisfied, then the CHCC process is dominant.

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 of p-n junctions will be summarized, considering an abrupt p-n

junction with a donor concentration of Np and an acceptor concentration of Na. It can be
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assumed that all dopants are fully ionized therefore the free electron concentration is given by
n = Np and the free hole concentration is given by p = Na. It can be also assumed that no
compensation of the dopants occurs by unintentional defects and impurities. In case of an
unbiased p-n junction and due to the large difference in the carrier concentrations between n-
type region and p-type region, electrons move from the n-type side to the p-type side, where
the electron-hole recombination occurs. Additionally, a corresponding process occurs with
holes that diffuse to the n-type region. Consequently, a region near the p-n junction interface is

formed, which is known as a depletion region, W, and is depleted of free carriers.

_F-k:[-;-‘: f ......... i_ ........ i p-type n-type
N n-lvpe
: E | +
|l
U evinoy .
A P
15
e e = =R T ..... E p-type n-type
\: E\;

Figure 2.12: p-n junction under (a) zero bias and (b) forward bias. Under forward-bias conditions,

minority carriers diffuse into the neutral regions where they recombine. [64]

The dopants, donors in the n-type region and acceptor in p-type region, form a space charge
region which produces a potential known as the diffusion voltage. The diffusion voltage Vp,

shown in the band diagram of Figure 2.12, can be calculated from the relation: [54]

Vp = ‘%TTlanl—?D (2.35)
where n; is the intrinsic carrier concentration of the semiconductor. The diffusion voltage
represents the required energy for free carriers to reach the oppositely charged region on the
other side moving across the depletion region. The diffusion voltage and the width of depletion

region (Wp) are related by the Poisson equation:
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Wp = |2 -V) (3 +5-) (2.36)
where ¢ is the dielectric permittivity of the semiconductor material, and V is the bias voltage of
the diode.

Under forward-bias conditions, an electrical current is applied and electrons and holes are
injected in the n-type and p-type, respectively. The carriers move across the depletion region
into the oppositely charged regions where they eventually recombine to produce 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 equation [54]

_ Dpnf | [Dnnf) pev/kT _
1=ea( \/; oy \/: o) e 1) (2.37)

where D, and D, are the electron and hole diffusion constants, respectively, and t,, and t,, are
the electron and hole hole minority-carrier lifetimes, respectively, and A is the cross-sectional
area. Equation (2.37) can be rewritten as: [54]

I =1I5(eV/kT — 1) (2.38a)

. _ Dy, n? Dy, n?
with I = eA ( EEJF FN—A) (2.380)

where s is the reverse bias saturation current. Under typical forward bias conditions, the diode
voltage is V > kT /e, and therefore [e®V/KT — 1] ~ e¢V/KT, Based on this condition and from

equations (2.35) and (2.37), the Shockley equation can be rewritten as:

I=eA ( \/? Na+ \/?ND)ee(V‘VD)/kT (2.39)
P n

From equation (2.39) it can be found that when the diode voltage (V) approaches the diffusion
voltage (Vp), the current strongly increases. The voltage at which Vi, = Vp is defined as
threshold voltage (V).

Figure 2.12 also shows the separation of the band edges of the conduction band and valence
band from the Fermi level. The energy difference between the Fermi level and the conduction
band in the n-type region can be investigated from Boltzmann statistics and is determined using

the formula [54],

21



Ec — Ep = —kTIn () (2.40)
C
and for the p-type region, the energy difference between the valence band and Fermi level can
be calculated using the relation:

Ep — By = —kTIn (&) (2.41)
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Figure 2.13: Effect of series and parallel (shunt) resistance on I-V characteristic. [54]

Equation (2.38), the Shockley equation, describes the expected theoretical |-V characteristic of
the ideal diode. Experimentally, the formula given in Equation (2.42) can be used to describe
the measured |-V characteristics: [54]

I = I;e®V/(Mideal/KT) (2.42)
Assuming that the recombination process happens via band to band (low level injection) or via
traps, diode ideality factor (nigea) has a value of unity (nigea = 1.0) and the ideal diode is
dominated by diffusion current transport. The recombination process could also occur via other
ways and other areas, giving ideality factor values of a real diode in the range from 1.1 to 2.0.
However, ideality factor values as high as niga = 2.0 are obtained, depending on the

semiconductor material and the fabrication process.
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Figure 2.13 presents the effect of a series resistance and a parallel resistance on the I-V
characteristic of the real diode. These two unwanted resistances are not considered in the current
equation of the ideal diode. A series resistance (Rs) can be created due to the excessive contact
resistance or the neutral region’s resistance. A parallel resistance (Rp) is created when the
current bypasses the p-n junction caused by surface imperfections or damaged regions of the p-
n junction. Taking into account the effect of these two resistance, the 1-V characteristic of the
ideal diode (Shockley equation) is modified, and thus the equation (2.42) can be rewritten as
[54]:

[— (V;IpRs) — ISeE(V—IRs)/(nideal/kT) (243)

when R, — oo and Rg — 0, equation (2.43) reduces to the Shockley equation of the ideal diode.

2.2.2 Optical properties

2.2.2.1 Efficiency

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 electron-hole recombinations produce
photons and not all generated photons are emitted from the LED into 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. The internal efficiency n;,; of the LED can be determined using the

relation: [54]

_ Dph(n) _ Pine/(hv) (2.44)

Nint Ne(inj) I/e
where Ngnny is the number of photons emitted from active region per second, Negnj) is the number
of electrons injected into LED per second, P, is the optical power emitted from the active

region, and I is the injection current. The light extraction efficiency Nextraction 1S defined as

[54]:
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n ~ _ Dpheexy _ _P/(hv)
extraction = 3 1 = B (hw)

(2.45)

where npnex) IS the number of photons emitted into free space per second, and P is the optical
power emitted into free space. The extraction efficiency is also limited by total internal
reflection which decreases the ability of the generated photons to escape into free space, where
the photons emit in different angles. The external quantum efficiency (next) gives the ratio of
the number of emitted photons into free space to the number of injected electrons into LED,

which can be calculated from the equation: [54]

_ Dpheex) _ P/(hv)
Next = ne_(inj) = —I/e (2.463)
Next = Nint Nextraction (2-46b)

The power efficiency npower, Which is also called wallplug efficiency, is given by:

P
Npower = v (2.47)

where [V is the electrical power supplied to the LED.

2.2.2.2 Emission spectrum

The mechanism of the light emission in LEDs is electron—hole spontaneous recombination and
simultaneous emission of photons, while in lasers and super-luminescent LED, the devices emit
light by stimulated emission. The optical properties of LEDs are determined by the spontaneous
recombination process. Assuming that the electrons in conduction band and holes in the valence
band have a parabolic dispersion relation (see the schematic electron-hole recombination

process shown in Figure 2.14), then: [54]

A2K?
E=E:+ 2 (2.48a)
h2Kk?
E=Ey— 2 (2.48b)
where # is Planck’s constant divided by 2z, and k is the carrier wave number.
The emission intensity of the bulk LEDs as a function of energy can be defined as:
I(E) « \/[E —E; e E/(sT (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, showing electron-hole recombination

and the resulting photon emission. [54]

From equation (2.49) the lineshape of the LED emission is illustrated in Figure 2.15, where the

maximum intensity occurs at E=Eg+kgT/2.

The full-width at half-maximum (the spectral linewidth A7) of the LED emission is given by:

emission spectrum

1.8kpTA?
AE = 1.8kgT or AX= h—‘i
Boltzmann *\ i ) Density of states
~ | distribution - x (E-Ep)'?
£'|oc exp(-EAT) ,
|
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Figure 2.15: Theoretical emission spectrum of an LED. [54]

2.3 Resonant cavity light emitting diodes (RCLEDs)

2.3.2 Spontaneous emission

(2.50)

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

transition) followed by the simultaneous emission of a light quanta, are one of the most
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fundamental processes in optoelectronic devices. The emission of a photon can occur via two
physical processes, known by spontaneous and stimulated emission. These two processes were
first investigated by Einstein in 1917. Stimulated emission is employed in super-luminescent
LEDs and semiconductor lasers [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 characteristics. In spontaneous emission the recombination process occurs
spontaneously, that is without a means to affect this process. In fact, spontaneous emission has
long been believed to be uncontrollable. However, the studies in microscopic optical resonators,
where optical modes are confined to the order of the light wavelength, exhibited the possibility
of controlling the physical properties of the spontaneous emission of a light-emitting material.
The changes of the spontaneous emission properties include the emission pattern, spontaneous
emission rate, and spectral purity. These changes can be used to achieve brighter, faster, and

more efficient optoelectronic semiconductor devices.

Before During After emission
2
Atom in excited state Photon
tspon AAN
1

Atom in ground state

Figure 2.16: Schematic illustration of a spontaneous emission process.

Figure 2.16 shows the spontaneous emission process, where the number of light sources in the

excited energy level at time t is given by N(t), the rate at which N decays is: [70]

ON
a_it) = —Az;N(t) (2.52)
N(t) = N(0)e 21" = N(0)e "spent (2.53)

where N(0) is the initial number of light sources in the excited energy level. The rate of the

spontaneous emission (A,) is inversely proportional to the lifetime 7, by the relation:
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1

Ay = 1—‘spon = (2.54)

Tspon
The spontaneous emission rate (I's,,,) depends on two factors, the 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 Fabry-Perot resonator

The simplest design of optical cavity consists of two coplanar mirrors separated by a distance
L.av. The first optical cavities with coplanar reflectors were investigated by Fabry and Perot in
1899, having a large separation between the two reflectors (L.,, > A). However, new physical
phenomena occur when the distance between the two reflectors is of the order of the emission
wavelength, including the enhancement in the emission of the active region (material) which is
located inside the cavity. These resonators which have very small cavities are known as
microcavities. In general, the structure of coplanar microcavities are simpler than that of optical

microcavities.

R, R,

Allowed
mode

Disallowed

Figure 2.17: Schematic of a Fabry-Perot cavity consisting of two reflectors. Allowed mode and

disallowed mode is also illustrated. [54]

Figure 2.17 presents a Fabry—Perot cavity which consists of two reflectors with reflectivities
R, and R,. Stable (allowed) optical modes and attenuated (disallowed) optical modes are
formed when the plane waves propagating inside the cavity interfere constructively and
destructively, respectively. For non-absorbing reflectors, the transmittance through the two

reflectors can be determined by T, =1 —R; and T, = 1 — R,. Considering the multiple
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reflections within the cavity, the transmittance through the cavity can be written in terms of a

geometric series. The transmittance of the Fabry-Perot cavity is then given by the formula: [54]

T, T,

T=
1+R{R,—-2,/R{R;, cos(2®)

(2.55)

where @ is the phase change of the optical wave for a single pass between the two reflectors
which is given by:
NLcayv

o = 2 ikeav _ o

< (2.56)

where 1 is the refractive index of the cavity materials, L,y iS the cavity thickness, A is the
wavelength of light in vacuum, v is the frequency of light, and c is the speed of light in vacuum.
The maximum value of the transmittance takes place if the condition of constructive
interference is fulfilled, which means that 2® = 0,2m,... (2® = 2mm, with m a positive
integer).

The cavity finesse (F) is defined to be the ratio of the transmittance peak separation (Aggg) to

the transmittance full-width at half-maximum (A1), which is written as: [54]

F= peak separation _ Apsr __ n*/R;R; (2.57)
- peak width Y 1-,/R1R;, )

It is often that the cavity quality factor (Q) is used rather than the cavity finesse. The quality
factor (Q) is defined as the ratio of the transmittance peak frequency (vpeax) to the peak width

(Av). Using this definition and equation (2.57), one obtains [54]

Q= peak frequency _ Vpeak __ 20Lcay m*/R{R, (2 58)
peak width Av A 1-/R4R, ’

In addition, the cavity finesse and the cavity number (m.) are related to the internal angle (on

axis lobe), OpwhmMm, and internal solid angle (Af) by the formulas [71]:

GFWHM =4/ 1/ch (259)

AQ = 1m/Fm, (2.60)
2.3.3 Optical mode density in a one-dimensional resonator

In this section and based on the changes of optical mode density in a one-dimensional (1D)
resonator (coplanar Fabry-Perot microcavity), the theory of the enhancement of spontaneous
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emission will be presented. We initially demonstrate the basic physics resulting in the changes
of the spontaneous emission of the active region (material) placed inside a microcavity and
present analytical relations for the spectral intensity and integrated emission enhancement. The

rate of spontaneous radiative transition in an active homogeneous region is defined by: [70]

— © l
Wspont = Tsplont = fo Ws(p)ont p(Vl)dVl (2-61)
where Ws(l?ont is identified as the rate of spontaneous transition into the optical mode [, and

p(v;) is the optical mode density. The lifetime of spontaneous emission (tspone) is the inverse
of the spontaneous emission rate, assuming that the optical medium is homogeneous. In the
case of a cavity structure, where the density of the optical mode depends on the spatial direction,

the emission rate which is given in equation (2.61) depends on the direction.

The rate of the spontaneous emission stll))ont is not changed by locating the active region inside

the cavity. This is because the emission rate into the optical mode, [, contains the dipole matrix
element of the two electronic states involved in the transition [70]. However, the optical mode
density, p(v;), can be strongly modified by the presence of the cavity.

In the case of a 1D homogeneous medium, the density of optical modes per unit length per unit

frequency (p'P (v)) is defined as:

pIP(v) == (2.62)
Using a similar formalism commonly used to derive the density of the optical mode in free
space, Equation (2.62) can be derived. The optical mode density of a 1D planar microcavity
and of homogeneous 1D free space is illustrated in Figure 2.18.
In planar microcavities, the optical cavity modes are discrete and the frequencies of these modes
are integer multiples of the frequency of the fundamental optical mode. The fundamental mode
and first excited mode are positioned at frequencies v, and 2v,,, respectively. A cavity with two
metallic reflectors (typically the reflector is made from a thin-layer of gold material), and a &

phase shift of the optical wave upon reflection, the fundamental frequency is defined by

Vo = C/(ZﬁLcav)-
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Figure 2.18: A one-dimensional optical mode density of a planar microcavity (solid line). [54]

For a resonant microcavity, the emission frequency of an active region placed inside the cavity
equals the frequency of one of the optical cavity modes. The density of optical cavity modes
along the axis of the cavity can be derived using the relation between the optical mode density
in the cavity and the optical transmittance of the cavity (T(v)):

p(v) = K4T(V) (2.63)
where K, is a constant. The value of this constant can be calculated by a normalization
condition (single optical mode). From equation (2.55) and (2.56), the cavity transmittance has
a maximum value at the frequencies v = 0,v, 2v; ..., and a minimum value at frequencies
v =vy/2,3vy/2,5vy/2 ... . By expanding the cosine term in equation (2.56) using
[cos(x) = 1 — (x?/2)], the Lorentzian approximation of a transmittance at v = 0 is obtained.

Thus, T(v) can be written as:

-1
T1T2(VR1Rz)  (dmiiLcayv/c)~2
(1-/RiRs)”
(VR1 Rz)_1(4nﬁLcavv/c)2

T(v) =

(2.64)

+v?

Integrating p(v) over all frequencies and the cavity length yields a single optical mode, i.e.
Ka [ [ p(w)dvdL =1 (2.65)
From Equations (2.63) and (2.64), and using the integration formula [~ (a? + x2)~'dx =

1t/a, the constant K, can be calculated from the relation:
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(R4R;)3/* 4m

K, =
d T, T, ¢

1 - JRyR, (2.66)

By substituting equations (2.66) in equation (2.63), the density of optical cavity modes of a

one-dimensional cavity for emission along the cavity axis can be rewritten as:

/4
p(v) = M‘“ﬁ JRIR; T(V) (2.67)
The maximum and minimum values of the optical mode density can be calculated using

equation (2.67). At the maxima, the mode density is defined as:

_ (R4Rp)¥/*4m
Pmax = 1-JR4R, ¢

(2.68)

Using (R;R,)3/* ~ 1 and the expression derived for the cavity finesse (F), it can be obtained

an approximate expression for the density of the optical cavity modes at the maximum value

4nF
Pmax & — (2.69)

TC

At the minima, the density of optical modes is defined as:

3/4(1_ R.R.) av
Pmin = RaRe)70 EIRZ)E (2.70)
(1+4/R1Ry) ¢

Using (R;R,)3/* ~ 1 and the expression derived for the cavity finesse (F), it can be obtained

an approximate expression for the density of the optical cavity modes at the minimum value

Pmin ~ T 2.71)

2.3.4 Spectral emission enhancement

The emission rate enhancement spectrum is defined by the ratio of the 1D optical mode density
to the 1D free space mode density because the emission rate at a given wavelength is directly
proportional to the density of optical cavity modes. As mentioned earlier, the lineshape of the
cavity enhancement spectrum is a Lorentzian, therefore the enhancement factor at the resonance
wavelength can be defined by the ratio of the optical mode densities with and without a cavity
[54], i.e.

_ 2m(RRy)*
~ 1 1-/R.R,

(2.72)
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Equation (2.72) represents the average emission rate enhancement out of the two reflectors.
Thus, and in order to calculate the enhancement for a single direction, the enhancement factor
given in equation (2.72) must be multiplied by the fraction of the transmitted light leaving the
mirror with reflectivity Ry, i.e. 1 — Ry, divided by the average loss of the both reflectors for
one round trip inside the cavity, i.e. (1/2)[(1 —R;) + (1 — R,)]. For large R; and R, the
spectral intensity enhancement factor can be rewritten as:

G. = 2(1-Ry) 2F _ (1-Ry) 2F _ 2m(RyRp)Y*(1-Ry)
© 2-R;-R;m  1-/RR; T T (1-/RR,;)

(2.73)

where the approximation 1 — \/R;R, = (1/2)(2 — R; — R,) is used in equation (2.73).

The standing wave effect must be also considered, i.e. the active region relative to the nodes
and antinodes of the distribution of the electromagnetic field (the optical wave) inside the
cavity. If the active region is positioned exactly at the antinode, then the antinode enhancement
factor (€) has a value of 2. The value of € is zero if the active region is positioned at the node.
Therefore, the spectral intensity enhancement factor is given by

.= 2%—“(23:%11“%“ (2.74)
where R; is the reflectivity of the light exiting the mirror and thus R; < R,. In addition,
equation (2.74) considers the changes in the lifetime of the spontaneous emission (t), the
lifetime without cavity, and the lifetime with cavity t.,,. If the value of the cavity lifetime is

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

factor t.,y/T.

2.3.5 Integrated emission enhancement

The total enhancement factor obtained by integrating over the wavelength spectrum, instead of
the emission enhancement at the resonance wavelength, is relevant for many practical devices.
On resonance, the emission is enhanced along the axis of the cavity, while at wavelengths
sufficiently far off resonance, the emission is suppressed. Because the emission spectrum of the

active region without a cavity is typically much broader than the resonant cavity, it is not
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obvious whether the integrated emission is enhanced at all. In order to calculate the integrated
emission enhancement, the spectral linewidth of the resonant cavity and the spectral linewidth
of the emission spectrum of the active region must be taken in to account. The resonance
spectral linewidth can be determined from the cavity finesse or the cavity quality factor. By
assuming a Gaussian natural emission spectrum, the integrated emission enhancement ratio can
be calculated analytically. For semiconductors at 300 K, in the case of high-quality cavities, the
linewidth of the natural emission spectrum of the active region (AA,) is larger than the linewidth
of the resonant cavity (AA.4y)- The linewidth of a Gaussian emission spectrum can be defined

as A\, = 20(2In2)'/2. In addition, the Gaussian emission spectrum has a peak value of

(c(2m)V 2)_1, where o is the standard deviation of the Gaussian function, then the integrated

emission enhancement factor can be given by [72]:

Gint = gcemﬁ = GeVmin2

A?\cav

e (2.75)

2.3.6 Distributed Bragg Reflector (DBR)

A distributed Bragg reflector (DBR) is a multi-layer reflector consisting of typically 5-50 pairs
of two materials. Because the refractive indices of these two materials are different, Fresnel
reflection occurs at each of the interfaces. The magnitude of the Fresnel reflection is very small
owing to the small difference between the refractive index of the two materials. However,
DBRs consist of many interfaces stacked next to each other. It is important to determine the
thickness of the two materials of the DBR in such a way that the reflected waves are in
constructive interference. For normal incidence, this condition can be achieved when both
materials have a thickness of a quarter wavelength of the light [54], i.e.

d, =A./4 = Ay/4n, (2.76a)

dy = Ay/4 = Ay/4ny (2.76b)
where 2, is the vacuum Bragg wavelength of the light, d;, and dy are the thicknesses of the

materials with low-index (n;,) and of the material with high-index (ny). For an oblique angle
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of incidence, 6y, y, the optimum thicknesses for high reflectivity can be calculated from the
relations:
di, = A, /(4cosBy) = Ay/(4n, cosB;) (2.77a)
dy = Ax/(4 cos By) = Ay/(4ny cos Oy) (2.770)
The DBR stop band depends on the difference in refractive index of the two constituent

materials, ny — n;, = An . The spectral width of the stop band is given by [73]:

2404
AAstopband = %n—l (2.78)

2(2+t)

ny, ny
The reflectance of the DBR can be calculated using a transfer matrix method [74] which is a
standard technique used to analyse light propagation in the material layers, based on the
continuity of the electric field across the interfaces between different materials. The propagation

of light of a given wavelength () through a single layer of thickness (d) can be written in a

matrix form, which represents the electric field exiting the layer as a function of the incident

one:
i,
COS p; — —SIn p;
MM = By Pj By (2.79)
—ip; sin B; cos B;
where
=2"h.d; cos 0 = 0 2.80
Bj—}\—onjjcos j» Pj = njcos b; (2.80)
j=LH
For normal incidence 6; = 0, then
2T

A multilayer usually consist of a succession of homogeneous layers of alternately low and high
refractive indices n;, and ny and of thickness d;, and dy, placed between two homogenous
media with refractive indices n; and n; as illustrated in Figure 2.19. Assuming that the media
is non-magnetic, the propagation through a layer stack is defined by the product of the

individual layer matrices:

(2.82)

M = H]2=N1 MM, = [m11 le]

mp; My
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myq = (COS By cos By — %sin By sin BH) Uzn-1(@) — Uzn—2(a)

my, = —i (—1 cos By, sin By — Lsin B, cos BH) U,n-1(@)
PH PL
my; = —i(py, sin By, cos By + py cos By, sin By)Uzn-1(a)
my; = (COS By cos By — ﬁsin By sin BH) Uyn-1(a) = Uzn—2(a)

where U,y (a) are the Chebyshev polynomials of the second kind, which is defined as:

sin[(2N+1) cos™ 1 a]

Upn(@) = — (2.83)
-1 = _1(PL PH) i
a=- (m;; + my,,) = cos By, cos By 2 (pH + pL) sin B, sin By
The reflection coefficient of the DBR is then given by the formula:
r= (my31+my,p1)p1—(my;+my,py) (2.84)

N (m11+my;p)p; +(my +my;pp)

In terms of r, the reflectivity is

R = |r|?

pairs |

Figure 2.19 Schematic of a distributed Bragg reflector (DBR) consisting of a periodic multilayer.
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2.3.7 RCLED design rules

The basic structure of an RCLED consists of a microcavity sandwiched between two DBR
mirrors with reflectivity R, and R, as shown in Figure 2.20. The two mirrors are designed so
that their reflectivities are unequal, therefore the light exits the cavity through only one of the
mirrors which is called the light-exit mirror (designated here with reflectivity R;). An active
region is placed inside the cavity between the mirrors, preferably at the antinode position of the

standing optical wave of the cavity.

Top DBR
(Ry)

Cavity{ } Active region

r Bottom DBR
R2)

Substrate

Figure 2.20: Schematic illustration of a resonant cavity structure consisting of two DBR mirrors with

reflectivity R; and R,.

There are several design rules that can be used to maximize the spontaneous emission
enhancement in resonant-cavity structures [75,76]. These rules will provide further insight into
the fundamental operating principles of RCLEDs and the differences of these devices with
respect to VCSELSs.
The first criteria for the design of RCLED:s is that the reflectivity of the light-exit mirror (Ry),
should be much lower than that of the back mirror, i.e.

R; < R, (2.85)
This condition ensures that light exits the device mainly through the reflector with reflectivity

R1.
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The second criteria for the design of RCLEDs requires that the cavity length L, is reduced to
a minimum. To derive this criterion, the integrated emission enhancement, discussed in the
previous section, can be rewritten using the expressions for the cavity finesse (F) and cavity

quality factor (Q). One obtains

G =22 (R) 15 Ao Acay Teav (2.86)

int = 51 1-JRR, My Leay T
where 4, and 1.,,, are the active region emission wavelengths in vacuum and inside the cavity,
respectively. Since the emission wavelength (A,) and the natural linewidth of the active region
(AA,,) are given quantities, equation (2.86) shows that the integrated emission maximizes when

the cavity length (L.,y) is reduced to a minimum.
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Figure 2.21: 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 region. [54]

The reason for the importance of a short cavity length is illustrated by Figure 2.21. The optical
mode densities of a short and a long cavity, are shown in Figures 2.21(a) and 2.21(b),
respectively. Both cavities have the same mirror reflectivities and cavity finesse. The
spontaneous emission spectrum of the active region is shown in Figure 2.21 (c). The best
overlap between the emission of the active region and the resonant optical mode is observed

for the shortest cavity length.

37



The maximum enhancements can be achieved with the shortest cavities, which are obtained
when the fundamental cavity mode is in resonance with the emission 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 the requirement for the minimization of
self-absorption 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 of photons to escape through one of the reflectors. Assuming R, =
1, this criterion can be defined as

2EaLycrive < (1 —Ry) (2.87)
where a and L,.ve are the absorption coefficient and the thickness of the active region,
respectively. In the case where the criterion of equation (2.87) is not fulfilled, photons would
probably be reabsorbed by the active region. Subsequently, re-emission will, with a certain
probability, occur along the lateral direction (waveguide modes), i.e. not into the cavity mode.
A second possibility is that the electron—hole pairs generated by reabsorption may recombine
non-radiatively. In either case, reabsorption processes occurring in high-finesse cavities can
reduce the emission of the cavity mode out of the cavity. Therefore, when the condition of
equation (2.87) is 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 chapter, the review of different types of electrically pumped light emitting devices such
as light emitting diodes (LEDs), interband cascade light emitting diodes (ICLEDs), resonant
cavity light emitting diodes (RCLEDSs) and vertical cavity surface emitting lasers (VCSELS) in

the mid-infrared range will be presented.

3.2 Mid infrared light emitting diodes (MIR LEDs)

Various Mid-infrared LED structures have been investigated for gas monitoring such as,
methane (NHa) at 3.3 um [2,3,77,78-80], propane (NHs) at 3.4 um [81], hydrogen sulphide
(H2S) at 3.7 um [24,77], sulphur dioxide (SO.) at 3.9 [82], carbon dioxide (CO2) at 4.2 um
[2,78,4-14], (N2O) at 4.5 pum, carbon monoxide (CO) at 4.6 um [2,9,11,15,16], and nitric oxide

(NO) at 5.3 pm [21,78,83].

3.2.1 Bulk MIR LEDs

In 1966, the first bulk LED was investigated by Melangailis et al. [84]. The device structure
included bulk InAs used as an emitter material, producing emission around 3.7 um at room
temperature. Similarly, Dobbelaere et al. (1993) demonstrated the electroluminescence of bulk

InAsSb (Sbh=15%) LEDs grown on GaAs substrate using Molecular beam epitaxy (MBE) [85].
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The emission spectra exhibited a dip at 4.25 um corresponding to the CO; absorption in the
atmosphere (see Figure 3.1(a)). In 1998, Popov et. al. [10] investigated and studied the
characteristics of the bulk InAsSbP/InAsSb/INAsSbP heterostructure LEDs grown on InAs
substrate using liquid phase epitaxy (LPE). The room temperature electroluminescence
spectrum of the LED emission exhibited a peak wavelength of 4.3 um and a broadband
linewidth of 800 nm (see Figure 3.1(b)). An optical power of 850 uW was measured under

pulsed operation (1.2 A, 1 kHz in 5 ps).

T ” v
(a)  Bulk InAsSb LED on GaAs substrate (b) InAsSbP/InAsSb/InAsSbP
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Figure 3.1: (a) Demonstration of the application of an InAsSb light emitting diode as a CO» sensor [85].
The emission spectrum of the LED contained a single emission band with a peak at 4.3 pm at room

temperature [10].

One year later, INAsSbP/INAsSb (Sb =11% in InAsSbh layer) double heterostructure LEDs
grown on InAs substrate were also reported by H. Gao et. al. [9]. At room temperature, the
linewidth of the emission spectrum was measured to be 507 nm with a peak wavelength of 4.6
um (see Figure 3.2(a)). The device exhibited room-temperature output power of 50 uW under
pulsed operation (1 A, 1% duty cycle at 1 kHz). Using rare-earth ion gettering, the active region
(InAsSb layer) was purified, leading to improved performance of the device [16]. Based on
that, an output power of about 1 mW under pulsed operation (2 A, 1 kHz in 2ps) was achieved.
Temperature dependence of the electroluminescence spectra from bulk InAsSb (Sb=9%) LED
grown on GaSb substrate using LPE were presented by Krier et al. (2007) [19]. Broadband
room temperature emission spectra were observed with a dip at 4.25 um corresponding to the

CO; absorption, suggesting using this device for CO; gas sensing (see Figure 3.2(b)).
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Figure 3.2: (a) 300 K electroluminescence spectrum measured from one of the InAsSbP/InAsSb LEDs

[9]. (b) Room temperature electroluminescence spectra of the LED measured at different currents [19].

In QinetiQ Malvern technology centre, the emission characteristics of the bulk AllnSb LEDs
were demonstrated as a function of Sb composition between 0% and 8.8% (see Figure 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 (Sh=5.2%), 5.3
um (6.1%), and 5.7 (8.8%) and produced emittance of approximately 7.5 mW/cm?, 27 mW/cm?,
15 mW/cm?, 12.5 mW/cm?, and 3.4 mW/cm?, respectively. Recently, in 2019, bulk InAsSh
LEDs grown on Si substrate using MBE were investigated by Delli et al. [86] (see the structure
in Figure 3.3(b)). Over the temperature range of 6-295 K, the electroluminescence spectra of
the LEDs were measured (see Fig. 3.3¢), showing a broadband emission peaking at 4.5 um at

room temperature with output power of 6 uW (~1.2 mW/cm?).
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Figure 3.3: (a) The room temperature electroluminescence emission of the QinetiQ LEDs measured at
various Sh composition [21]. (b) Schematic diagram of the InAsSb LED structure grown on Si, and (c)
Temperature dependent normalized EL emission spectra obtained using 190 mA, 1 kHz and 50% duty
cycle. [86]
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3.2.2 Single quantum well (SQW), multi quantum well (MQWs), 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 reported by Tang et al. and Hardaway et al.
(1998 and 1999) [13,87]. The two structures were singly grown on InAs substrate by MBE. The
16.6% Sb LED show room temperature emission peaked at ~5 pm with quasi-CW output power
of 50 uW, while the peak wavelength of the emission and the quasi-CW output power of the
26% Sb LED were measured to be 8 um and 24 uW, respectively. Two years later, InAs/InAsSb
SQW LEDs exhibiting room temperature broadband emission (about 40 meV (~640nm))
centred at around 4.2 um with pulsed output power of more than 110 puW/A were reported by
Heber et al. [88]. The structure was grown on p-InAs substrate using MBE and included an
InAlAs barrier to improve the electron confinement in the active region. In comparison with

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

Light emitting diodes based on multi quantum wells (MQWSs) and strained layer superlattices
(SLS) were extensively studied for mid infrared applications [12,14,24-26,89-92]. InAs/INAS;-
xSbx SLS LEDs grown on GaAs substrate using MBE were reported in 1995 by Tang et. al.
[12]. The devices exhibited emission within the range of 4 um to 11 um corresponding to the
Sb composition in the InAsSb layer. For the structure with Sb=9.5%, the temperature
dependence of electroluminescence spectra of the device were measured (see Figure 3.4(a)),
showing room temperature emission extended beyond 5 um with output power of 200 nW at
100 mA injection current. In 1998, Allerman et. al. [89] reported multistage InAsP/InAsSb SLS
LEDs grown on InAs substrate. At room temperature, the electroluminescence spectrum of 10
stage-5 period SLS LEDs show a broadband emission with a peak wavelength at 4.2 um and a

total output power of 100 uW (see Figure 3.4(b)).
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Figure 3.4: (a) Temperature-dependent EL spectra at | = 40 mA reported in [12]. (b) LED emission at
80K and 300K from a 10 stage -5 period SLS-LED reported in [89].

One vyear later, Imperial college London research group investigated InAs/InAsSh (Sb~8%)
SLS LED grown on p-InAs substrate using MBE [14]. Two structures were grown, one
included a strained AISb barrier to improve electron confinement in the SLS active region (see
Figure 3.5(a)) and the other was grown without barrier. The device with AlSb barrier showed
an improvement in the emission spectrum at room temperature (see Figure 3.5(b)), producing
an output power of more than 100 uW using a pulsed injection current of 2 A. In addition, Krier
et. al. (in 2006) [25] also reported InAs/INAsSb (Sb=13%) MQWSs LEDs grown on p-InAs
substrate using MBE. In this study, temperature dependence of the electroluminescence spectra
of the device were measured, observing a broadband emission centred at ~ 4.0 um with output
power of 1.4 uW at room temperature. In that year, type Il InAs/InGaSb/InAs/AlGaAsSb ‘W’
QWs based on LEDs grown singly on InAs substrate and GaSb substrate using MBE were
investigated by Kuznetsov et al. [90]. 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 compared to that of the device grown on GaSb (which

emitted output power of ~2 pW).
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Figure 3.5: (a) Schematic diagram of SLS LED, and (b) Room-temperature electroluminescence spectra
of samples A (with a barrier) and B (without a barrier) showing atmospheric CO, ~4.2 um and C-H ~3.5

pum absorption features caused by a 1.1 m unevacuated beam path reported in [14].

Temperature dependence of electroluminescence spectra of InAs/InAsSb (Sb=8%) MQW
LEDs were presented by Carrington et. al. (2009) [24]. The structure was grown on n-InAs
substrate using MBE (see the inset of Figure 3.6(a)). The device exhibited room temperature

electroluminescence peaking at 3.7 um (0.33 eV) as seen in Figure 3.6(a) with an optical output

power of 12 uW under quasi-CW operation (100 mA and 50% duty cycle at 1 kHz).
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Figure 3.6: (a) Room temperature emission spectra at various injection currents from the InAsSb/InAs
LED. The inset is the schematic diagram of the InAsSb/InAs MQW LED. [24] (b) The temperature-
dependent electroluminescence emission spectra measured using 100mA and 1 kHz, 50% duty cycle.
[91]

Furthermore, two years later, Carrington et al. [91] demonstrated the electroluminescence

spectra of the type | INAsSbN/InAs (Sh=5%, N=0.8%) MQWs LEDs grown on InAs substrate
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by MBE as a function of temperature over the range from 4 K to 300 K (see Figure 3.6(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 quasi-CW operation (100 mA,
50% duty cycle, 1 kHz).

Recently, in 2017, multispectral LEDs grown on GaAs substrate by MBE were designed and
investigated by Aziz et. al. [92]. The structure consisted of four active regions including bulk
AlInSb and three AlInSb/InSb/AlINSb QWs with different well width. Electroluminescence of
the LED measured at room temperature, exhibited four emission spectra corresponding to the
active region emission. The peak wavelengths of 3.40 pm, 3.50 pm, 3.95 um, and 4.18 pm
were observed in the bulk, 2 nm, 4 nm, and 6 nm quantum well LEDs, respectively. More
recently, Electroluminescence spectra of type Il InAs/InAsSb SLSs LEDs with two different
Sb compositions of 4% and 6% (see the structure and the spectra in Figures 3.7(a) and 3.7(b)),
were demonstrated as a function of temperature from 7 K to 300 K by Keen et al. [26]. At room
temperature and under 100 mA quasi-CW injection current, the results show the broadband
emission spectra peaked at 4.1 um with output power of 8.2 uW for InAs/InAsSb (Sb=4%)

LED, and at 4.7 um with output power of 3.3 uW for InAs/InAsSb (Sb=6%) LED.
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Figure 3.7: (a) Schematic of the LED structure containing the InAs/InAsSb SLS active region, and (b1)

and (b2) normalised (7-300 K) electroluminescence spectra of the InAs/InAsSb SLS LEDs with Sh
composition of 4% and 6%, respectively.[26]
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3.3 Inter-band cascade mid infrared light emitting diodes (MIR ICLEDs)

Recently, research groups extensively developed cascade mid infrared light emitting diodes
[36, 93-97]. In 2015, InAs/GaSh SLS based cascade LEDs grown on GaAs and GaSb substrates
using MBE were reported by Provence et al. [93]. The schematic diagram of the structures are
illustrated in Figures 3.8(a) and 3.8(b). The both devices show 77 K emission spectra with a
peak wavelength at 4.7 um, producing peak radiances of 0.69 W/cm?-sr for the device grown

on GaSbh and 1.06 W/cm?-sr for the device grown on GaAs (see Figure 3.8(c)).
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Figure 3.8: Stack diagrams of SLED devices developed on (a) an n-doped (100) GaSb substrate, and (b)
on a semi-insulating (100) GaAs substrate, (c) Radiance vs. current density for SLED devices grown on
GaAs and GaShb 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 inset. [93]

Two years later, Ricker et al. [94] demonstrated an InAs/GaSb SL cascade LED grown on GaSh
substrate. The active region consisted of 20 periods of InAs/GaSh SLs each separated by n-
AlInAsSh/p-GaSb tunnel junction. The device presented 77 K emission peaked at 3.68 um and
exhibited spectral radiances of up to 1.04 W/cm?-sr. In this type of cascade LED, Muhowski et
al. [95] reported 77 K emission spectra with peak wavelength of 4.6 pum and obtained a room
temperature spectral radiance of 0.5 W/cm?-sr under pulsed operation (0.1% duty cycle). Type
I GalnAsSb/AlGalnAsSbh QWs cascade LEDs emitting at ~3.1 pm grown on GaSh substrate
were investigated by Ermolaev et al. in 2018 [96]. Output powers of more than 6 mW and 2
mW were measured at 77 K and 290 K, respectively. In addition, interband cascade LEDs
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based on ‘W’ QWs active region were designed and fabricated by Kim et al. [97]. At room
temperature, the device emitted emission showing peak wavelength at ~3.1 um and produced
an output power of 2.9 mwW (0.73 W/cm?2-sr). More recently, in 2019, Zhou et al. [36]
demonstrated the temperature dependence of 2-stage and 5-stage inter-band cascade LEDs
grown on InAs substrate using MBE. The structure consisted of INAs/GaAsSbh SLs active region
(for generating photons), GaAsSb/AlAsSb tunnelling regions and InAs/AIAsSb injection
regions which are designed to efficiently transfer the electrons and holes into active region,
respectively (see Figure 3.9(a)). Room temperature electroluminescence spectra of the devices
show a broadband linewidth of about 600 nm peaked at 4.47 pum and 4.39 um for 2-stage and
5-stage ICLEDSs, respectively. 5-stage 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) (see Figure 3.9(b)).
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Figure 3.9: (a) Schematic illustration of the ICLED structure, and (b) output power and WPE dependence

on current injection at 20-300 K for the 5-stage ICLED with a mesa size of 400x400 um. [36]
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3.4 Infrared-resonant cavity light emitting diode (I-RCLED)

3.4.1 Near-Infrared 850-980 nm RCLEDs

The first near-infrared resonant cavity light emitting diode (RCLED) was reported by Schubert
et al. in 1991 [41]. It was grown on (001) n-type GaAs substrate using MBE. The structure
consists of a thin GaAs active region placed inside the cavity at antinode position of the electric
field. The cavity sandwiched between a high reflectivity (R1=99%) quarter-wave
AlAs/Alg14Gag gsAs distributed Bragg reflector (DBR) used as a substrate-sided (bottom) mirror
and a low reflectivity Ag and Ag/CdSnOx used as a top mirror (see Figure 3.10(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 LED, producing an optical output power of ~220 pW at
20 °C as shown in Figure 3.10(b). Furthermore, the experimental emission linewidth was

narrower than that of the reference LED which was found to be 17 meV.
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Figure 3.10: (a) Schematic layer sequence of the resonant cavity light-emitting diode (RCLED). (b)
Optical output power vs injection current of a resonant cavity light-emitting diode at room temperature.
[41]

Top emitting RCLEDs, exhibiting emission peaked at around 850 nm, were investigated with
and without selectively oxidised current [98]. The device consisted of three Alg,GagsAs/GaAs
QWs placed in the antinode of the cavity which is sandwiched between two Alg15Gao.ssAS/AIAS
DBRs. The oxidised devices show an optical power of ~750 W 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 near-infrared (880 nm) QWs RCLED consisted of 1A-thick
cavity placed between a 20 pairs Alg2GagsAs/AlosGao.1As bottom DBR mirror and a 5 to 7
pairs AlpgGagi1As/ Alo2GaosAs top DBR mirror. Three GaogslnosAs QWs separated by
Alo2Gag sAs barriers were used in the active region and positioned inside the cavity. The device
had a significant performance showing narrow linewidth below 15 nm and wall-plug efficiency
of 14.1% corresponding to output power of 22.5 mW (see Figure 3.11(a)). One year later, Kato
et al. [100] used two single quantum wells of different well width as active region to improve
the performance of RCLED operating at 850 nm (see the structure in Figures 3.11(b)). Two
structures were demonstrated, one contained two single GaAs QWSs positioned in the cavity A
with thickness 10 and 7 nm , while the thickness of the two single QWs placed in the cavity B
were 10 nm for each. The wells were separated by AlpsGao7As barriers and positioned at
separate antinodes of the electric field. Both cavities were surrounded by a 30 pairs
Alg2Gag sAs/GaAs bottom DBR mirror with reflectivity 98% and 10 pairs Aly.GaosAs/GaAs
top DBR mirror with reflectivity 89%. At low injection current (1=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% to be 2.7 mW at high injection current (I=100 mA).
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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 wavelength range for two bias currents. [99] (b) Schematic illustrations of

the fabricated resonant cavity light emitting diodes. [100]
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An 980-nm top emitting RCLED, consisting of a 1A-thickness cavity sandwiched between two
high contrast DBRs, was demonstrated and the device show a narrow linewidth emission of 5
nm with an external deferential quantum efficiency as high as 27% [101]. In this study, the
structure of the top DBR was 1-2 period of SiO»/ZnSe layers and of a bottom DBR was 6.5

period of AIO/GaAs layers.

Additionally, several near-infrared RCLED structures operating at wavelength of 1300 nm and
1550 nm were reported in [102-108]. 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 [102,103]. Top emitting RCLEDs are also investigated by placing the cavity

between high reflectivity bottom DBR mirror and low reflectivity top DBR mirror [104-108].

3.4.2 Mid-infrared 2.5-4.3 um RCLEDs

Hadji et al. (1995) [43] demonstrated mid-infrared RCLED emitting at 3.2 um using
CdosiHgo49Te/HgTe pseudo alloy as the active region. The structure consisted of a half-
wavelength cavity sandwiched between a bottom CdosiHgo.asTe/Cdo7sHgo2sTe DBR with
reflectivity of 86% and a top gold mirror with reflectivity of 95% (see Figure 3.12). At room
temperature, the full width at half-maximum (FWHM) of the electroluminescence (EL)
spectrum of the RCLED was found to be 8 meV at 300 K, less than that of the reference
structure (without cavity) by a factor of 6. In addition, the results exhibited that the external
quantum efficiency of the RCLED was 0.2x107 and the directivity of the emission spectrum

was improved to be 55°.
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Figure 3.12: Schematic diagram of the Cdos1Hgo.4eTe/HgTe RCLED device reported in [43].

A 4.0 pm bottom emitting InAs/InAsSb SLs RCLED grown on GaAs substrate was

demonstrated by Green et al. (2004) [44] . The 1A-thick cavity included an InAs/InAsSh SL

active region sandwiched between top CrAu mirror with ~95% reflectance and low reflectance

bottom GaAs/AlGaAs DBR (see Figure 3.13(a)). Temperature dependence of the

electroluminescence spectra of the device were measured as seen in Figure 3.13(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 than the theoretical measurements due to the phase change from CrAu mirror

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

CrAu mirror/contact Wavelength [um]
" 50 45 4.0 35 3.0 2.5
13 period p-SLs InAs/InAsSb SLs RCLED
21 period i-SLs nsp
29 period n-SLs ry 4! Increasing
= 0sf +\ temperature 1
o)
DBR &
5 04F
: , =
- |
* ! 0 !'\
GaAs substrate I
NUI ﬂ I— a 300 400 500
1eAl Photon Energy [meV]
@ MIR Output (b)
Figure 3.13: (a) Schematic of the InAs/InNAso9iSboos SLS RCLED, and (b) Measured

electroluminescence spectra from the device, at various temperatures. [44]
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GaSb-based RCLEDs operating near 2.3 um were investigated with and without n**-
InAsSh/p**-GaSb tunnel junction [45]. Two series of 4 compressively strained GalnAsSb QWs
separated by AlGaAsSh barriers were used as active region which are placed inside the 1.5A-
thick cavity at two different antinodes of the electric field (see Figure 3.14). The active region
was sandwiched between two AlAsSh/GaSh DBRs. The devices with tunnel junction show an
optical output power of 0.4 mW 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 A
8 QWs (4+4) Cavity with TJ
TJ
4 QWs

Bottom five pairs
doped DBR

Te-doped GaSb substrate

Figure 3.14: Schematic of the AlGaAsSh/GalnAsSh RCLED structure with and without tunnel junction
reported in [45]

Grasse et al. [46] designed and fabricated mid infrared RCLEDs, the structure shown in
Figure 3.15(a), 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,
GalnAs/GaAsSb type 1T “W’-shaped QWSs and SLs. At 20 °C, the optical output power was
measured under CW operation (J=500 A/cm?) and found to be 125 pW for 3.3 pm SLs RCLED
and 86 uW for 3.5 um ‘W’” QWs RCLED. Bulk AlInSb based on RCLED emitting at ~4.2 um
grown on GaAs substrate was reported in [49]. The cavity surrounded by the bottom 5 pairs
AISb/GaSh DBR and top air-semiconductor interface reflector. Room temperature emission of
the RCLED was enhanced by a factor of ~3 compared to that of the reference LED (see Figure

3.15(b)).

52



c )| Control LED Bulk AlnSb RCLED

RC-LED A

Energy
8
§/o
IS
Intensity [a.n.]

-InP
A o
; : Au-contact
—> -
Thickness Si0,  ,"_GalnAs
(@) (b) Wavelength [um)

Figure 3.15: (a) Sketch of conduction and valence band alignment and the layer structure of the 3.5 pum
InP-based RCLED device. The bottom Au contact serves also as heat sink and pseudo substrate.[46] (b)
Measured spectral emission from a bulk AInSb RCLED, showing a 3-fold enhancement compared to a

reference non-resonant device. [49]

3.5 Mid-Infrared vertical-cavity surface-emitting lasers (MIR-VCSELs)

Several research groups have investigated mid-infrared 111-V semiconductor VCSELS
operating in the range from 2 um to 4 um [47,48,50,109-123]. Mid-infrared VCSELSs emitting
at 2.3 um, 2.4 um, 2.5 um, and 2.6 pm were demonstrated [47,109-119]. The active regions of
these structures are located between two high reflectivity DBR mirrors. Many of these devices
exhibit room temperature output power under CW conditions. The VCSELSs operating at the

wavelength > 3 um are described in more detail in the next sub-section.

3.5.1 Mid-Infrared VCSELs emitting at 3 um, 3.4 um, and 4 um

Type | GalnAsSb QWSs VCSEL, consisting of AIAsSb/GaSb DBR used as bottom mirror and
Ge/ZnS dielectric DBR used as a top mirror, have recently achieved lasing to 3 um [48] (see
the structure in Figure 3.16(a)). The device emitted up to 5 °C under CW operation and up to
50 °C under pulsed mode. Optical output powers under CW operation were measured to be 70
MW at -40 °C and ~10 uW at 5 °C (see Figure 3.16(b)). However, when the emission wavelength
is extended further, the performance of the type | GalnASb QWs tends to fall off dramatically.
Therefore, Bewley et al. [120] investigated interband cascade VCSELSs to 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 edge-emitting interband cascade lasers (ICLs) [121] (the structure of
3.4 um ICVCSEL shown in Figure 3.16(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 (see Figure 3.16(d)).
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Figure 3.16: (a) Schematic structure of the GaSh-based VCSEL with undoped bottom DBR and
intracavity contact, and (b) Power-current-voltage characteristic of a VCSEL at different temperatures in
CW reported in [48]. (c) Schematic of the interband cascade VCSEL structure, and (d) Pulsed output

power at various temperature reported in [120].

Although there are some mid-infrared lead-salt QWs VCSELSs emitting at 4 um and 4.4 pm,
these devices are only optically pumped [122,123]. In 2017, Veerabathran et al. [50] reported

electrically pumped type 11 W-shape QWs VCSEL emitting at 4 um. the device with an aperture
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diameter of 7 um exhibited optical output power up to -7 °C under CW operation, and up to 45
°C under pulsed mode (see Figures 3.17(a) and 3.17(b)). The maximum pulsed output power
was measured to be 750 uW at -40 °C, higher than that of CW operation by a factor of ~4. At

room temperature, the device show pulsed output power of ~120 pW.
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Figure 3.17: (a) Power-current-voltage characteristics of a 4 um VCSEL in (a) CW operation, and (b)
pulsed operation reported in [50].

3.6 Summary

Mid-infrared LEDs operating at wavelengths > 3 um have received significant attention by
many research groups to develop the structures and optimize the active region. This is attributed
to the many mid-infrared applications especially, gas sensing. Different 111-V 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 room-temperature broadband spectral linewidths with optical output power of few pW
under quasi-CW 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 ICLEDs were reported at 77 K, exhibiting spectral
radiances of up to 1 W/cm?-sr under pulsed condition. Recently, room-temperature output
power was also investigated in the ICLED with 300 uW under pulsed operation. The spectral
linewidth of the mid-infrared 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 linewidth. Most of these devices are
designed to emit at wavelengths in the near-infrared and mid-infrared (A<3 pm) spectrum. The
results exhibit high brightness peak emission, high efficiency and narrower linewidth compared
to that of the reference LEDs. Few RCLEDs were investigated at wavelength A>4 um, where
the structures were 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 mid-infrared VCSEL are also reported. To date, these devices
were designed to emit at wavelengths up to 4 um. The VCSELs operating at wavelengths
<3 um exhibit room-temperature output power of hundreds uW under CW conditions.
However, when the wavelength emission is extended further, the output power of the devices
tend to decrease and the CW operation is not achieved at room-temperature. Recently, 4.0 um
VCSEL exhibit output power up to 45 °C under pulsed operation and up to -7 °C under CW
operation. At room temperature and under pulsed conditions, the devices exhibit output power
of 120 uW. Table 3.1 shows the summary of the literature review on the mid-infrared LEDs,

RCLEDs and VCSELSs.

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

Author(s) | Date Structure A [pm] AL Power /
(nm) Emittance

Mid-Infrared LEDs

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 uW (I=1.2
al. INAsSbP/InAsSb/InAsSbP (300 K) A)

heterostructure LEDs
Gao et. al. 1999 | InAsSbP/InAsSb (Sb =11% in 46 507 | 50 uW (I=1 A)

InAsSb layer) double (300 K)
heterostructure LEDs

Krieretal. | 2007 | Bulk InAsSb (Sh=9%) ~4.25 1mW (I=2 A)

(300 K)

Haigh etal. | 2007 | Bulk AlInSb LEDs (300 K)
Sh=0% 3.4 7.5 mW/cm?
Sh=2.5% 4.2 27 mwW/cm?
Sh=5.2% 4.6
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Sb=6.1% 5.3 15 mW/cm?
Sb=8.8% 5.7 12.5 mW/cm?
3.4 mW/cm?
Dellietal. | 2019 | Bulk InAsSb LEDs on Si 4.5 6 uW (I=0.1 A)
(295 K)
Tangetal. | 1998 | InAs/InAsSb single quantum 5 50 uW
wells (SQW) (Sh=16.6%) (300 K)
Hardaway | 1999 | InAs/InAsSb single quantum 8 24 W
etal. wells (SQW) (Sh=26%) (300 K)
Heber etal. | 2001 | InAs/InAsSb SQW LEDs 4.2(300 | 640 | 110 uW/A
included an InAlAs barrier K)
Tangetal. | 1995 | InAs/InAsixShy SLS LEDs 5 0.2 uW (1I=0.1
(Sb=9.5%) (300 K) A)
Allerman et | 1998 | 10 stage-5 period 4.2 100 uW
al. INAsP/InAsSb SLS LEDs (300 K)
Pullinetal. | 1999 | InAs/InAsSb (Sb~8%) SLS 4.2 100 uW (I=2
LED included a strained AlSb | (300 K) A)
barrier
Krier et. al. | 2006 | InAs/InAsSb (Sb=13%) 4.0 1.4 uW
MQWs LEDs (300 K)
Kuznetsov | 2006 | InAs/InGaSb/InAs/AlGaAsSh 4.4 ~5 uw
etal. ‘W’ QWs based on LEDs (300 K)
grown on InAs substrate
Carrington | 2009 | InAs/InAsSb (Sb=8%) MQW 3.7 12 W (1=0.1
et. al. LEDs (300 K) A)
Carrington | 2011 | InAsSbN/InAs (Sb=5%, 3.59 600 | 6 pW (I1=0.1 A)
et. al. N=0.8%) MQWSs LEDs
Azizet.al. | 2017 | Four active regions including 3.40
bulk AlInSb and three 3.50
AlInSb/InSb/AlInSb QWs 3.95
with different well width 4.18
Keenetal. | 2018 | InAs/InAsSb MQWSs LEDs (300 K) (1=0.1 A)
Sh=4% 4.1 8.2 uW
Sh=6% 4.7 3.3 W
Mid-Infrared Interband cascade LEDs
Provence et | 2015 | InAs/GaSh SLS based cascade | (77 K)
al. LEDs grown on
GaAs substrate 4.7 ~3.33 W/cm?
GaSb substrate 4.7 ~2.16 W/cm?
Ricker et 2017 | InAs/GaSb SL cascade LED 3.68 ~3.27 Wicm?
al. (77 K)
Muhowski | 2017 | InAs/GaSb SL cascade LED ~1.57 W/cm?
et al. (pulsed)
Ermolaev 2018 | GalnAsSb/AlGalnAsSh QWs 3.1 6 mW (77 K)
et al. cascade LEDs 2 mW (290 K)
Kim et al. 2018 | Interband cascade LEDs based 3.1 2.9 mwW
on ‘W’ QWs (300 K)
Zhou etal. | 2019 | Inter-band cascade LEDs (300K) | 600 | Pulsed (1=0.4
based on InAs/GaAsSb SLs A)
2-stages 4.47
5-stages 4.39 300 pW
Mid-Infrared RCLEDs
Hadjietal. | 1995 | CdosiHgo4sTe/HgTe RCLED 3.2 ~67
(300 K)
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Greenetal. | 2004 | InAs/InAsSb SLs RCLED 4.0
(300 K)
Grasse et 2012 | GalnAs/GaAsSb type I “W’- 3.3 SLs 125 pw
al. shaped QWSs and SLs RCLED 35 86 pW
QWs

Meriggi et | 2015 | Bulk AllnSb based on RCLED
al.
Al-Saymari | 2019 | Bulk InAsSb RCLED 4.3 ~88 55uW
etal. [124] (300 K) (quasi-CW)
Al-Saymari | 2020 | AllInAs/InAsSb QWs RCLED 4.5 ~70 | 140 mW/cm?
et al. [125] (300 K) (pulsed)

10 mW/cm?

(quasi-CW)

Mid-Infrared VCSELs

Andrejew | 2016 | Type | GalnAsSbh QWs 3.0 ~10 pW at5°C
et al VCSEL
Bewley et | 2016 | Interband cascade VCSELSs 3.4 500 pw
al. (300 K) (pulsed)
Veerabathr | 2017 | Type Il W-shape QWs VCSEL ~4.0 120 pw
an et al. (300 K) (pulsed)
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Chapter 4

Experimental procedures

The experimental methods that were used to grow, fabricate and measure the semiconductor

materials and the devices are discussed in this chapter.

4.1 Molecular beam epitaxy (MBE)

Outgas station

1 I1 I

E:yro-pumﬂ [Ion—pump] Iil “a1n | | Holder with sample
1 1
= ”
1
- =

Transfer rod

— Sample holders
=il

Turbo-pump

Ga o 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 grow semiconductor materials on a
crystalline substrate under ultra-high vacuum (typically ~10° mbar). Using this technique,
high quality structures can be produced with good control over doping concentration, thickness,
and composition. The MBE system, which was 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 consists of three chambers, the loading chamber, preparation (outgas)
chamber, and growth chamber. A cyro-pump 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 turbo-pump, and then transferred into the preparation chamber
where the 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 k-cells are used to provide the flux of the group Il elements (indium (In),
gallium (Ga), aluminium (Al)) and the elements for doping (beryllium (p-type) and GaTe (n-
type). Whilst, the cracker cells are used to provide the flux of the group V elements, arsenic
(As) and antimony (Sb). During growth, the sample is rotated 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 sample can 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 surface [126,127]. No pattern is observed if the material
is contaminated or if an oxide is present. 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
rough and 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 X-ray diffraction

Incident x-ray beam Diffracted x-ray beam

Figure 4.2: Schematic diagram showing the representation of Bragg’s Law.

The characterization of the resulting MBE grown semiconductor structure can be determined by x-ray
diffraction, which provides information about the crystalline structure, material compositions, strain, and
the layer thickness. These characterizations can be investigated from the diffraction patterns of the
monochromatic x-ray beam, provided the wavelength is on the order of the atomic spacing of the
semiconductor. According to Bragg's law, the lattice plane spacing (d) is related to the wavelength of x-
ray (A) by the formula:

nA = 2d sin(0) (4.1)
where n is an integer (the order of reflection), 0 is the Bragg angle (the angle between the

incident x-ray and the normal to the reflecting lattice plane). The schematic representation of

Bragg’s law is illustrated in Figure 4.2.

Beam conditioner Detector

X-ray source

Figure 4.3: Schematic diagram of X-ray diffraction system.
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In this work, A Bede QC200 x-ray diffraction system is used to investigate the characterizations
of the semiconductor structure for the samples. The schematic diagram of the x-ray diffraction
system is shown in Figure 4.3. The sample is positioned on the plate which can be rotated at
various angles of ®. A beam of high energy electrons, created by a hot filament source and
accelerated by high-voltage, are emitted towards a copper target, producing an x-ray beam with
a wavelength of 1.54 °A. The incident x-ray beam hits the sample at angles of ®, and the beam
is then scattered from the sample and detected by a detector. When the sample is rotated through
angle o, the detector is moved through an angle 20 at the same time, providing an ®-20 scan.

The resulting diffraction spectra were analyzed using RADS Mercury software.

4.3 Photoluminescence experimental setup

] ] A? i Michelson
Moving mirror V

linterferometer
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ﬂ InSh detector

FTIR Electronics

Beam splitter
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Laser diode
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Cryostat
10Q
Oscilloscope Pulse generator

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 photoluminescence emission from the sample.
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Figure 4.4 shows a schematic diagram of the photoluminescence spectroscopy measurement.
A 785 nm laser diode with a drive current of 100 mA at 50% duty cycle was used to excite the
samples, at an angle of 45 degrees to the laser beam. The sample was placed inside the inner
chamber of a cryostat (Oxford Instruments) which can be cooled down to 4 K using a
continuous flow of liquid helium. The temperature of the sample chamber can be chosen in the
range from 4 K to 300 K using a temperature controller. The laser beam was focussed onto the
sample surface with a spot size diameter of about 1 mm, resulting in an excitation power of
about 2.5 W/cm?2, 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 the laser beam and the sample
emission, giving a maximum signal that is received into the FTIR system. The
photoluminescence emission of the sample was analysed using a Bruker Vertex 70 Fourier
Transform Infrared (FTIR) spectrometer with a resolution of 0.5 cm™ 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 DSP lock-in amplifier, and it 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 samples were measured using a Bruker Vertex 70 Fourier
Transform Infrared (FTIR) spectrometer and the setup of this system is shown in Figure 4.5.
The sample was placed inside the sample chamber of a liquid nitrogen cooled 77 K cryostat.
Using a temperature controller, 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 InSbh detector. Using a beam splitter (half-silvered
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 then the recombined 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, corresponding to the change in the optical path

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

_ Al | Michelson
Moving mirrer » ! 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 microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful-magnification tool, which is used to
produce high resolution images from the sample by scanning the surface with a beam of focused
electrons in high-vacuum. These electrons are emitted using typically either 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, showing information 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 work, an ultrahigh-resolution JEOL JSM-7800F
Field Emission SEM (see Figure 4.6) was used to produce the cross-section and the surface
images of the samples. It has accelerating voltage in the range of 10 V to 30 kV, a magnification
range of 25x to 1,000,000%, a resolution of 0.8 nm at 15 kV, and probe 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 processed in the class 1000
and 100 cleanrooms at the Quantum Technology Centre of Lancaster University Physics
Department. All the devices were fabricated using the mask No.1 (see Figure 4.7(a)), except
one used the mask No.2 (see Figure 4.7(b)). Both masks contain different mesa sizes, for mask
No.1, the circle mesas have the diameters, 800 um, 400 pm, and 200 um. The square mesas of

the mask No2 have the dimensions, 600 um, 400 um, and 200 pum.
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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 processing using mask No.1 are illustrated in Figure 4.8.
Typically, the processing was carried out using standard photolithography and wet chemical
etchants followed by Ti/Au metallization for the Ohmic contacts. The steps of the device

processing are discussed in detail as follows:

Substrate
() Sample cleaning (b) Photoresist (LOR 3A) spinning  (c) Photoresist (S1813) spinning

UV light
¢¢¢¢¢¢¢¢¢¢¢¢mask
(d) Expose photoresist using (e) Photoresist development (f) p-type metal contact
UV lamp and mask

Figure 4.8: Schematic illustration of the fabrication steps for the definition of RCLEDs (using mask
No.1). (a) Cleaning sample using acetone and IPA. (b-d) First photolithograph process, applied
photoresist LOR 3A and S1813 on the sample surface and then the sample with photoresist layers was
exposed using UV light and the mask. (e) Photoresist development using MF-SD-26 developer. (f) Au/Ti

metal p-type contact deposited on the surface of the sample using thermal evaporator.
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e A A

(j) Photoresist development (k) Mesa wet etch (1) Photoresist removal

UV light

VYVIVVVVVYYY

| —— O =]
mask
|
T PR

(m) Photoresist (LOR 3A) spinning  (n) Photoresist (S1813) spinning  (0) Expose photoresist using
UV lamp and mask

S A s

(p) Photoresist development (9) n-type metal contact (r) Photoresist lift-off

Figure 4.8: (Continue) Schematic illustration of the fabrication steps for the definition of RCLEDs. (g)
Photoresist lift-off using acetone. (h-i) second photolithography process, applied photoresist (S1813) on
the sample surface 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 within n-type layer using. (I)
Photoresist removal using Microposit 1165 remover. (m-o0) third photolithograph 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 using MF-SD-26 developer. (q) Au/Ti

metal n-type contact deposited on the surface of the n-type layer. (r) Photoresist lift-off 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 minutes each. After

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 sample surface. 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 at 180 °C using a hotplate for 5 minutes, providing
a thickness of about 350 nm of LOR 3A. Typically, 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 minutes, 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
using a Suss Microtec MJB4 mask aligner with a 260 W ultraviolet (UV) lamp. The 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 seconds, causing a
photochemical reaction between incident light and photoresist layers. The area of the
photoresist layers that has been exposed by UV light is removed by rinsing the sample in
Micoroposit MF-SD-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 contact (p-contact) 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 samples is put 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 placed into their respective coils. The pressure inside the
chamber was pumped down to the order of 10° mbar to prevent oxidation. The shutter of the

samples is closed before the Ti coil is heated by gradually increasing the current to about 70 A,
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then the shutter could be opened to start the deposition of Ti on the sample surface. The
deposition rate was approximately 2 °A/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 Au coil was heated
by gradually increasing the current through the coil to 27 A followed by opening the shutter to
start the deposition of Au on the sample surface. The shutter is closed again and the current is
gradually decreased to 0. About 150 nm Au-thick was deposited on top of Ti at a rate of 3 °A/s.
The metal is deposited on 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 lift-off the metal 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 photoresist was
applied on the sample and spun using the same parameters of speed, acceleration and time that
were used before in photolithography 1, followed by baking the sample at 120 °C for 2 minutes.
Using the mask aligner, the sample is first aligned with the mask, 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 time that were used before. After that,
the sample with photoresist was immersed in the developer to remove the photoresist that is
exposed by the UV light, following by rinsing the sample in deionized water and then dried
using nitrogen gas gun. The Photoresist patterns were viewed using the optical microscope to
ensure that the top contact features on the sample surface were covered by the photoresist and

the sample is ready for the wet etching process.

Mesa etching: In order to produce the individual devices, the upper part p-type cladding layers
and the un-doped active region layer which are not covered by photoresist should be etched
down to stop within the n-type cladding layer. GaSb and AIAsSb DBR layers were etched using
a dilute ammonia based etchant at a rate of 300 nm/min. For etching the InAsSb layer, 20 g of

citric acid (C¢HgO~) was dissolved in 20 ml deionized water and then the solution mixed with
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hydrogen peroxide (H»O:) in ratio (2:1). The etch rate of the InAsSb layer was about
100 nm/min. Sulphuric acid/hydrogen peroxide/deionized water (H>SO4:H>0,:H,0) (1:8:80)
solution was used for etching the AllnAs/InAsSb QWs at a rate of about 500 nm/min. After
each etch step, the sample was directly rinsed in deionized water and then dried using
compressed nitrogen gas. In order to measure the thickness of the etched layer, a profile meter

was used after each etching step. All the etch process is performed at room temperature.

Photoresist removal: after mesa etching, the sample with photoresist was immersed in
Microposit 1165 remover for 5 minutes to dissolve the photoresist followed by rinsing the

sample in the deionized water and then dried using compressed nitrogen gas.

Photolithography 3: In this process, after applying the photoresists (51813 and LOR 3A) on
the sample surface, the mask patterns of the n-type 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 same steps as in photolithography
1 were performed, 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. The sample with

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

Metallization and lift-off (n-type contact): Au/Ti metal contact is deposited on the sample
using the thermal evaporation and performing the same procedure used to deposit the p-type
contact. The sample is then immersed in acetone to dissolve the photoresist layer and lift-off
the metal which is deposited on top of the photoresist, leaving the metal contact on the n-type

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

The fabrication steps of the device processing using mask No.2 are shown in Figure 4.9. The
processing was also carried out using standard photolithography and wet chemical etchants
followed by Ti/Au metallization for the Ohmic contacts using the same parameters of the
fabrication steps, which are used in the previous fabricated device.
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lamp and mask
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Figure 4.9: Schematic illustration of the fabrication steps for the definition of RCLEDs. (a) Cleaning

sample using acetone and IPA. (b-c) First 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 same parameters which are used in the previous fabricated device.

(d) Photoresist development using MF-SD-26 developer. (¢) Mesa etching, etch the top DBR layers and

stopping within p-type cavity layer. (f) Photoresist removal using Microposit 1165 remover. (g-i)

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 using MF-SD-26 developer.

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

Photoresist lift-off using acetone.
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Figure 4.9: (Continued) Schematic illustration of the fabrication steps for the definition of RCLEDs. (m-
n) Third photolithography process, applied photoresist S1813 on the sample surface and then the sample
with photoresist layers was exposed (0) Photoresist development using MF-SD-26 developer. (p) Mesa
etching, etch the p-type cavity and un-doped active region layers and stopping within n-type cavity layer.
(q) Photoresist removal using Microposit 1165 remover. (r-t) Forth photolithograph process, applied
photoresist LOR 3A and S1813 on the sample surface and then the sample with photoresist layers was
exposed. (u) Photoresist development using MF-SD-26 developer. (v) Au/Ti metal n-type contact
deposited on the surface of the n-layer using thermal evaporator. (w) Photoresist lift-off using acetone.
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Wire bonding: Using a diamond scriber, the wafer of the fabricated sample is divided into
individual chips and then the chip was attached to the header using Ag conducting paste. An
Accelonix TPT HB05 manual wire bonder was used to bond the contact pad to the header pins
with 25 um thick gold wires. One side of wire is connected to the header pin and the other side

is connected to the contact pad of the device where a ball bond is formed between them.

4.7 Electroluminescence setup
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Figure 4.10: Schematic diagram of FTIR electroluminescence system. The red dashed arrow represent

the electroluminescence emission of the device.

The schematic diagram setup of the Electroluminescence spectroscopy measurement is shown
in Figure 4.10. The current setup is similar to that which is used for measuring the
photoluminescence, except the laser source is replaced by pulse generator (Agilent B114A) and
the laser filter was removed from the FTIR system. The pulse generator is connected to 10 Q
resistor, and also the reference signal of the pulse generator is sent to the lock-in amplifier. The

device and the oscilloscope is connected to the pulse generator through the 10 Q resistor. In this
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setup, the oscilloscope is used to measure the exact current. The electroluminescence emission
spectra of the sample were measured over the temperature range from 20 K to 300 K, and at

various currents and duty cycle.

4.8 Photo-response experimental setup
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Figure 4.11: Schematic diagram of FTIR photo-response system.

Figure 4.11 shows the schematic diagram of the FTIR photo-response system used to measure
the spectral photo-response of the device at different temperatures. The device was placed
inside the chamber of the OptistatDN-V2 cryostat (Oxford Instruments) which can be cooled
down to 77 K using liquid nitrogen. In this setup, the broadband infrared light beam 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 SR570 pre-amplifier
is connected to the device, providing a bias of -0.1 V to measure the spectral response of the
device. The photo-response 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) as a 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 Current-voltage (I-V) experimental setup
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Figure 4.12: Experimental setup of the I-V measurements.

The experimental setup of the current-voltage measurements at different temperature is
illustrated in Figure 4.12. The device is placed inside the inner chamber of the liquid helium
cooled 4 K cryostat. The temperature of the inner chamber (the device temperature) is
controlled over the temperature range from the 4 K to 300 K using the temperature controller.
Using a Keithley 2400-LV SourceMeter, which is controlled by LabView software, the applied
voltage through the device can be controlled 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 device. I-V characteristics are measured over the temperature range from

20 K to 300 K.
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Chapter 5

Resonant cavity structures for mid infrared applications: theoretical

and experimental study

5.1 Introduction

In this chapter, the optical characteristics of the resonant cavity (RC), including the distribution
of the electric field inside the cavity, cavity quality factor (Q), the linewidth of the optical cavity
mode (AAcay), and the resonance emission and the integrated emission enhancement factors,
were investigated theoretically. The results were simulated over the temperature range from 77
K to 300 K. Also studied was the reflectivity of the DBR mirrors using a transfer matrix method
and the number of periods of the DBR layers to achieve high enhancement factors was
evaluated. Based on that, four samples were successfully designed and grown on GaSb and
InAs substrates using MBE. The structures consist of 1A-thick cavity sandwiched between 13.5
periods bottom-DBR mirror and 5 periods top-DBR mirror. Different active regions such as
bulk InAsSb, AllnAs/InAsSb MQWs and InAs/GaAsSb SLSs were used in these RC structures,
positioned at the antinode of the electric field inside the cavity (typically, in the center of the
symmetric cavity). The temperature dependence of the transmission of the RC samples was
measured experimentally over the temperature range from 77 K to 300 K. The DBR stopband
center, the optical mode position, the linewidth of the optical mode and the quality factor of the
resonance cavity are evaluated for all samples. At room temperature, the transmission spectra
of the RC samples show an optical cavity mode positioned at 4.0 um, 4.3 um, 4.5 um, and 4.6
um. The results exhibit narrow linewidth (<100 nm), a superior temperature stability (<0.4
nm/K), and a high quality factor, suggesting that these results are attractive characteristics for
LEDs suitable for the development of next generation SO, CO,, N>O, and CO gas sensor

instrumentation.
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5.2 Theoretical analysis

5.2.1 Fabry-Perot transmission

The transmission spectra of the Fabry-Perot cavity were calculated according to equation
(2.55). At various reflectivity values (R: and Ry2), the transmission spectra of the cavity with
thickness of 1A are plotted as a function of wavelength in Figure 5.1(a). It can be seen that when
the reflectivity of the mirrors increases, the linewidth of the optical modes and the transmission

intensity decrease.
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Figure 5.1: Transmission spectrum of Fabry-Perot cavity, (a) at different reflectivities of R, and R, (for

cavity thickness = 11), and (b) at different cavity thickness. The cavity refractive index 7 = 3.8.

On the other hand, the Fabry-Perot cavities at different thickness were also investigated and the
results are plotted in Figure 5.1(b). The linewidth of the optical modes decreased as the cavity
thickness increases, while the number of optical modes increased 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 Fabry-Perot cavity
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Figure 5.2: Room temperature simulation results of the Fabry-Perot cavity parameters, (a) the distribution
of the electric field inside the cavity. (b) Quality factor, Q, (c) the internal angle (on axis lobe), Opwym,
(d) Linewidth of the optical mode emission, (e) and (d) The resonant emission (G,) enhancement factor,
and the integrated emission (G;,;) enhancement factor as a function of the top and bottom DBR mirror
reflectivity, R, and R,, respectively. The refractive index of the cavity is n = 3.8 and the cavity

thickness = 14. The parameters in this work were simulated using MATLAB software.

The Fabry-Perot cavity parameters such as, the electric field distribution (E), the quality factor

(Q), the internal angle (on axis lobe) (Ory ), the linewidth of the optical mode emission
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(A\cav), the intensity emission enhancement (G,), and the integrated emission enhancement
(Gine) were investigated using the equations (2.59), (2.60), (2.58), (2.72), and (2.73),
respectively. Results were obtained for the 1A-thick cavity and are plotted as a two-dimensional
plane (contour plot) in Figures 5.2(a-f). As expected, the distribution of the electric field inside
the cavity shows an antinode located in the center of the cavity (see Figure 5.2(a)), suggesting
that the active region (emitter material) should be placed in the center of the cavity.

As seen in Figures 5.2(b-d), it was found that the cavity quality factor (Q) increases as the
reflectivity of the mirrors R; (top mirror) and R, (bottom mirror) increases, while the linewidth
of the optical mode emission and the internal angle decreased with increasing reflectivity of the
mirrors. Figures 5.2(e) and 5.2(f) show the emission rate enhancement at the resonance
wavelength and the integrated emission enhancement as a function of the DBR mirror
reflectivity. The highest integrated emission enhancement (Gj,;) is achieved when R, > 95%,
and 50% < R; < R,. Furthermore, in order to obtain a high emission enhancement factor (G,)

of more than say 30 times, R, and R, should be greater than 96% and 82%, respectively.

In order to design successful resonant cavity structures, the cavities in our samples were
surrounded by two DBR mirrors, a bottom DBR with reflectivity of R, and a top DBR with
reflectivity of Ry. The reflectivity of these mirrors was modelled using a transfer matrix method
[74], with the refractive indices of n; = 3.16 for AlAsSb and ny = 3.76 for GaSb. The main
advantage of this layer combination is the large refractive index contrast (An~0.6), which
requires fabricating only a few quarter-A-thick layer pairs to achieve high reflectivity. The
simulation results indicate that 13.5 periods of the bottom DBR and 5 periods of the top DBR
are sufficient to achieve high reflectivity, R, > 97% and R; > 83%, as shown in Figure 5.3(a).
(The half period is necessary for phase matching). The stopband center of the DBR (Apggr) and
the optical mode position of the micro-cavity (A.,y) are related to the period layer thickness of

the DBR mirror (d;, + dy) and the cavity thickness (dc,y), respectively, via the relations: [128]

Apgr = 2(nid, + nydy) (5.1)
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Acav = Neaydeay (5.2)
Where, d;, and dy are the thickness of the alternating DBR layers of the A1AsSb and GaSb,
respectively. Ideally, (i) the optical mode wavelength (A.,,) and the emission in the active

region (Agqurce) Should be in resonance, (ii) the MQW in the active region should be located at

an antinode of the electric field inside the cavity, (iii) there should be resonance between Apgg

and A.,y-
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Figure 5.3: (a) The reflectivity peak of the DBR as a function of the number of layer pairs (N). The inset
shows simulations of the DBR reflectivity as a function of the wavelength for 13.5 pairs (bottom DBR)
and 5 pairs (top DBR). (b) The resonance condition between the optical mode and the DBR stopband
center as a function of the cavity thickness and the DBR period layer thickness, respectively. (c) and (d)
Room temperature simulations of the optical mode linewidth (A)ey) and the quality factor (Q) as a
function of the DBR stopband center and the peak emission of the cavity mode, respectively. The white
dashed-dotted line represents the resonance case between the optical cavity mode and the DBR stopband

center.
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We calculated the values of the Apgg and A,y at resonance as a function of the DBR period
thickness (d;, + dy) and the cavity thickness (dc,y), respectively. The results are plotted in
Figure 5.3(b). A small change in the thickness of d.,, and/or d;, + dy leads to a change in A,y
and ApgR, respectively, causing detuning between A4, and Apgg. This detuning is considered
theoretically in Figure 5.3(e) and 5.3(f) which map the effect of detuning on linewidth of the
optical cavity mode (Akcv) and the quality factor (Q), respectively. The dashed-dotted line
represents the resonance case between A.,, and Apgg, where maximum quality factor is
achieved. Our results show that even if there is some detuning, the Q factor still maintains high
values over a wide wavelength range, and Al is still narrow (<100 nm), predicting that the

enhancement factors are also achieved.

5.2.3 Temperature-dependent transmission of the DBR mirror

The experimental and theoretical results of the transmission spectra of the DBR mirror,
consisting of 13.5 pairs of AlAsSb/GaSb layers, were demonstrated as a function of the
temperature over the range from 77 K to 300 K in Figures 5.4(a-f). The sample was grown on
GaSb substrate using MBE. The experimental measurements of the reflectivity spectra of the
DBR mirror are presented in Figure 5.4(a) at 77 K and 300 K, showing a centre wavelength of
the DBR at 3.205 pm and 3.252 pum, respectively. In order to investigate the temperature-
dependent transmission of the DBR mirror theoretically, it is necessary to evaluate the thickness
and the reflective index of the DBR layers as a function of temperature. The lattice constant (a)

of the DBR layers can be determined using the formulas: [129]

agasp = 6.0959 + 4.72 x 1075(T — 300) (5.3a)
aplas = 5.6611 + 2.90 X 1075(T — 300), (5.3b)
apsp = 6.1355 + 2.60 X 1075(T — 300), (5.3¢)

Based on equations (5.3a) and (5.43), the lattice constant of the InAsSb layer can be calculated

by interpolation from the formula:

AAlAs,Sb,_, = X-aalas T (1 — x).aaisp (5.5)
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where, agasp and apjas sp, , are the lattice constant of GaSb and AlAs,Sb;_, layers,
respectively. The theoretical results of the temperature dependence of the layers lattice constant
are shown in Figure 5.4(b). According to these equations, the thickness of the DBR layers were
calculated and plotted as a function of temperature in Figure 5.4(c). It can be seen that the
thickness of the GaSb layer and the AlAso.0sSboo, increase with increasing temperature by a
factor of 1.65x10° nm.K"! and 1.10x10” nm.K"!, respectively. This change in the thickness of
the DBR layers leads to a shift in the DBR stopband center by approximately 7% of the total
wavelength shift. Therefore, the major contribution originates from the change in the variation
in the reflective index of the DBR layers as a function of temperature. Figure 5.4(d) shows the
temperature dependence of the refractive index of the GaSb and Al1AsSb DBR layers which are

measured to be 3.09x10* K" and 4.61x107 K!, respectively, using the following formula:[130]

1dn = -5K-1
~—(GaSb) = 8.2 x 107°K (5.5)
%j—?(AlAsXSbl_x) =[4.6%x107°x+ 1.19 x 1075(1 — x)]K 1 (5.6)

Based on that, the transmission spectra of the DBR mirror were investigated theoretically and
are plotted in Figure 5.4(e). It was found that the spectra shift towards longer wavelength when
the temperature increases, showing a stopband center of the DBR at 3.210 um (77 K) and at
3.251 um (300 K) which were calculated using equation (5.1). The thickness and the refractive
index in this equation are functions of temperature.

The shift in the spectrum is attributed to changes in the thickness and the refractive indices of
the DBR layer as temperature increases as illustrated in Figures 5.4(c) and 5.4(d). Over the
temperature range from 77 K to 300 K, the experimental results of the stopband center
wavelength of the DBR were plotted together with corresponding numerical results in Figure
5.4(f), exhibiting variation at a rate of ~0.184 nm/K (numerical) and ~0.22 nm/K
(experimental). Furthermore, and as temperature increases, the experimental transmission
spectra of the DBR mirror show that the side peaks, on the right side of the stopband DBR, shift
towards the longer wavelength at a higher rate compared to that of the side peaks on the left

side.
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Figure 5.4: (a) Experimental transmission spectra of the 13 pairs DBR mirrors at 77 K and 300 K. (b)
Temperature coefficient of the lattice constants for the DBR layers. (¢) Temperature dependence of the
InAsSb and GaSb DBR layers. (d) Temperature coefficient of the refractive index of the InAsSb and
GaSb layers. (e) Simulated transmission spectra of the 13 pairs DBR mirrors at 77 K and 300 K. (f) Our
experimental results of the DBR stopband center compared to the fitted results calculated from the values
of da/dT and dn/dT reported in [127,128], which seems to have a slightly different slope due to the

refractive index values that used to calculated the fit values.

5.3 Mid-infrared resonant cavity (RC) structures: Design and growth

Four mid-infrared resonant cavity (RC) structures, consisting of 13.5 pairs of
AlAsSb/Ga(As)Sb DBR used as a bottom mirror and a 5 pairs of AlIAsSb/Ga(As)Sb DBR used

as a top mirror, were designed based on the theoretical results demonstrated in section 5.2.2.
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Using molecular beam epitaxy (MBE), three RC samples were singly grown on n-GaSb
substrates and another one was grown on an n-InAs substrate. Two samples of the GaSb-based
resonant cavity structures used InAsSb for the cavity and another one used GaSb as a cavity,
while InAs was used as a cavity material in the InAs-based RC structure. The thickness of the
cavities were 1A corresponding to cavity order m¢=2. The energy band diagrams of the cavity
layers of the RC structures were simulated using nextnano. The growth steps of the RC

structures are discussed in detail in the following sections.

5.3.1 Growth of GaSb-based 4.3 |um bulk RC structure with InAsSb cavity
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Figure 5.5: (a) A schematic diagram of the GaSb-based 4.3 um bulk InAsSb RC structure showing the
details of the i-InAsSb/p-InAsSb in the active region of the p-i-n diode within the AIAsSb/GaSb DBRs,
which form the microcavity, (b) The energy band diagram of the cavity layers calculated using nextnano,

showing the electron-blocking barrier.

The InAsSb bulk RC sample, with its structure as illustrated in Figure 5.5(a), was grown as
follows: an n-type (4 X 1017 cm?) GaSb buffer layer was grown on (001) n-doped GaSb

substrate, followed by a 13.5 pairs lattice-matched undoped AlAs.0sSbo.o2/GaSb bottom-DBR

84



mirror. The growth temperature of the DBR layers was 505 °C and the growth rate was 0.7
ML/s and 0.75 ML/s for GaSb and AIAsSb layers, respectively. After that, the first grown layer
of 1A-thick micro-cavity was an n-doped InAso.00Sbo.10 layer followed by i-InAso.00Sbo.10 and p-
InAso.90Sbo.10 (used as active region), a 56 nm-thick p-doped AlAsg.0sSbo.o2 barrier layer to block
the flow of majority carriers in the active region, and then a p-doped InAso9Sbo.10 layer to
complete the micro-cavity structure. The growth rate of the cavity layers (included the active
region layers) was ~0.4 ML/s, except the barrier layer which was ~0.74 ML/s. The growth
temperature of the cavity layers was fixed at 450 °C, except for the barrier layer which was
grown at 530 °C. Finally, the top-DBR mirror comprising 5 pairs of p-doped
AlAs.08Sbo.92/GaSb grown under the same conditions used for the bottom DBR layers. The n-
type and p-type dopants were Te and Be, respectively.

Figure 5.5(b) shows the energy band diagram of the cavity structure. As seen from this figure,
we designed the cavity considering that the interface between i-InAsSb and p-InAsSb should
be located at the center of the cavity where the antinode of the electric field distribution is
positioned. This is attributed to the fact that the emission and the recombination process could

occur in the p-type layer more than that in the i-layer [6].

5.3.2 Growth of GaSb-based 4.5 um MQW RC structure with InAsSb cavity

The schematic structure of the MQW resonant cavity is illustrated in Figure 5.6(a). It consists
of a single wavelength, 1A-thick, cavity which is sandwiched between two distributed Bragg
reflectors (DBRs). The active region contains 4.5 pairs of Alg.12Ing sgAs/InAsossSbo.1s strained-
layer QWs, placed at the center of the cavity corresponding to the antinode position of the
electric field intensity in order to obtain maximum enhancement. The energy band diagram of
the MQWs structure shows that the band alignment is type I, as depicted in the inset of Figure
5.6(b), where the (el-hhl) ground state transition occurs in the InAsSb layer. The energy
transition and the conduction band offset were calculated to be ~268 meV and ~30 meV,
respectively. Type I band alignment and compressive strain (~1%) are employed to maximize

e-h overlap and reduce non-radiative Auger recombination respectively. The thickness of the
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Alp.12Ing gsAs barrier and InAs 3sSbo.1s quantum well layers were approximately 6 nm and 17
nm, accordingly.

After growing the bottom-DBR layers on n-GaSb substrate, a 14-thick micro-cavity was grown
as follows: an n-doped InAsg.9Sbo.10 layer; i-AllnAs/InAsSb QWs; a 10 nm-thick p-doped AISb
barrier layer; and a p-doped InAso00Sbo.io layer. The AISb barrier layer provides a strong
electron confinement inside the AllnAs/InAsSb MQWs region because of the high conduction
band offset at the heterointerface of the active region as shown in Figure 5.6(b). After that, the
top-DBR mirror comprising 5 pairs of p-doped AlAso.0sSbo.92/GaSb was grown to finalize the
resonant cavity structure. The growth temperatures were 425 °C for the QW layers and 445 °C
for the InAsSb cavity layers. All growth rates were < 1 ML/s, with 0.75 ML/s for AlAsSb, 0.95

ML/s for GaSb, 0.25 ML/s for InAsSb and 0.75 ML/s for AllnAs.
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Figure 5.6: (a) A schematic diagram of the GaSb-based 4.5 pm MQWs RC structure showing the details
of'the AllnAs/InAsSb MQW in the active region of the p-i-n diode within the AlAsSb/GaSb DBRs, which
form the microcavity, (b) The energy band diagram of the cavity layers calculated using nextnano,
showing the electron-blocking barrier. Details of the type I band alignment in the MQW are highlighted

in the inset.
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5.3.3 Growth of GaSb-based 4.0 um MQWs RC structure with GaSb cavity
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Figure 5.7: (a) A schematic diagram of the GaSb-based 4.0 um MQWs RC structure showing the details
of'the AllnAs/InAsSb MQW in the active region of the p-i-n diode within the AlAsSb/GaSb DBRs, which
form the microcavity, (b) The energy band diagram of the cavity layers calculated using nextnano,
showing the electron-blocking barrier. Details of the type I band alignment in the MQW are highlighted

in the inset.

The structure of AllnAs/InAsSb MQWs resonant cavity designed for emitting light at ~4.0 pm
is demonstrated in Figure 5.7(a), consisting of a 1A-thick GaSb micro-cavity surrounded
between two AlAsSb/GaSb DBRs used as top and bottom mirrors. Under the same growth
conditions that are used in the last two structures, the layers of the DBR mirrors were grown on
n-GaSb substrate. The cavity layers, included the MQWs active region, were grown as follows:
an n-GaSb layer grown on the bottom DBR mirror; followed by 4.5 pairs of
Alo.12Ino ssAs/InAsg gsSbo.13 strained-layer QWs (used as active region); a 10 nm-thick p-type
AISDb layer used as barrier to confined the electrons in the active region; a p-GaSb to finalize

the micro-cavity structure. The growth temperature of the active region layers was 425 °C and

the growth rates were 1.4 ML/s for AllnAs layer and 1.3 ML/s for InAsSb layer.
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The energy band diagram of the micro-cavity structure was evaluated and depicted in Figure
5.7(b), showing also type I band alignment with energy transition of ~282 meV and conduction
band offset of ~56 nm. The thickness of the active region layers were ~6 nm and ~18 nm for

Alp.12Ing ssAs barrier and InAso s7Sbo.13 quantum well layers, respectively.

5.3.4 Growth of InAs-based 4.6 Um InAs/GaAsSb SLs RC structure

In this section, a lattice matched AlAsSb/GaAsSb DBR mirror with high refractive index
contrast (An=0.6) was designed to investigate RC structures including active regions grown on

InAs substrate instead of the GaSb substrate.
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Figure 5.8: (a) A schematic diagram of the InAs-based 4.6 pym SLS RC structure showing the details of
the InAs/GaAsSb SLs in the active region of the p-i-n diode within the AlIAsSb/GaAsSb DBRs, which
form the microcavity, (b) The energy band diagram of the cavity layers calculated using nextnano,
showing the electron-blocking barrier. Details of the broken type II band alignment in the MQW are
highlighted in the inset.

An InAs-based resonant cavity, designed for mid-infrared emitters operating at 4.6 um, grown
on n-InAs substrate was also investigated and is presented in Figure 5.8(a). The structure used
a type Il InAs/GaAsSb strained layer superlattice (SLS) as the active region placed in the center
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of the InAs cavity where the antinode of the electric field distribution is positioned. The A-thick
cavity is sandwiched between 13.5 pairs un-doped lattice-matched AlAso.16Sbo.s4/GaAs 08Sb o2
bottom-DBR mirror and 5 pairs of lattice-matched p-type AlAso.16Sbo.ss/GaAs 0sSb.or top-DBR
mirror. The growth temperature of the DBR layers was 500 °C and the growth rates were 0.5
ML/s and 0.8 ML/s for AlAsSb and GaAsSb layers, respectively. The micro-cavity layers were
grown as follows: firstly an n-InAs layer was grown on the bottom DBR mirror, followed by
the active region layers (44 pairs InAs/GaAsSb SLS); p-type 5 pairs of AISb/GaSb SLS used
as blocking electron layers; and finally the cavity was completed by growing a p-InAs layer.
The growth temperature of the cavity layers was 465 °C for InAs and the active region layers,
and 500 °C for the electron blocking layers. The growth rates were 0.5 ML/s for all cavity layers
except the GaSb in the electron blocking layers, which was 0.8 ML/s. The thickness of the InAs
and GaAsSb layers in the SLS were approximately 2.30 nm and 2.25 nm, respectively. After
that, the p-type top-DBR mirror was grown to complete the resonant cavity structure. The
energy band diagram of the micro-cavity as shown in Figure 5.8(b) was obtained using

nextnano simulation, showing that the band alignment is broken gap type II.

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 described in section (4.4). For all samples,
the position of the optical cavity mode, DBR stopband centre, linewidth of the optical mode,

and the cavity quality factor were evaluated.

5.4.1 GaSb-based RC structures with InAsSb active region

Because both the 4.3 um bulk InAsSb and 4.5 um MQWs RCs, have the same DBR structure
and the same InAsSh cavity, the transmission results of the two structures were demonstrated
together in this section. Over the temperature range from 77 K to 300 K, the transmission

spectra were measured and plotted in Figures 5.9(a) and 5.9(d).
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The position of the optical cavity mode of the bulk RC and MQW RC samples is shown in
Figure 5.9(b). There is a shift to longer wavelength (red-shift) when the temperature increases
from 77 K to 300 K at a rate of ~0.381 nm/K and ~0.385 nm/K for bulk and MQWSs RC samples
(see Figure 5.9(c)), respectively. The cavity mode of the bulk RC has a peak at 4.232 pum (77
K) and 4.317 pm (300 K), while the QWs RC has a cavity mode centred at 4.381 pm (77 K)

and 4.467 pm (300 K).

The DBR stopband centre is also shifted towards longer wavelength at a rate of 0.276 nm/K
and 0.287 nm/K for bulk and MQWSs RC samples, respectively (see Figure 5.9(f)). The shift in
the resonant optical mode position is attributed to the variation in thickness and refractive index
of the micro-cavity active region layers as a function 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 RC structure were determined to be approximately 60 and 79,

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

5.4.2 GaSb-based RC structure with GaSb material cavity

The transmission spectra of the GaSbh cavity-based MQWs RC sample were measured as a
function of temperature over the temperature form 77 K to 300 K and are plotted in Figure
5.10(a). The spectra of the optical cavity mode, shown in Figure 5.10(b), shift to longer
wavelength from 3.940 um at 77 K to 4.0 um at 300 K. In addition, the linewidth of the cavity
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 cavity mode, 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 in Figure 5.10(c), showing a shift at a rate of 0.268 nm/K and 0.276

nm/K, respectively.
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Figure 5.11(a) presents the temperature-dependent transmission spectra of the InAs-based RC
sample illustrated in Figure 5.8(a). A red-shift in the cavity mode was observed from 4.497 um
at 77 k to 4.578 um at 300 K as shown in Figure 5.11(b) and the corresponding linewidth was
found to be 34 nm and 45 nm respectively. 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 together in Figure

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

5.5 Comparison 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 all samples, 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 refractive index formula for the ternary cavity layers, InAs.Sbi 4,

AlIn;<As, and GaAs,Sb, x are given by: [131,132]

%(3—2) (InAs,Sb;_,) = [1.2 X 10™*x + 6.90 x 10~5(1 — x)]K~* (5.7)
2 (S2) (Aledny_yAs) = [1.2 x 10~*x + 4.6 x 1075(1 — 9)]K (5.8)
ﬁ(j—f;) (GaAs,Sb;_,) = [4.5 X 10™5x + 8.2 x 10~5(1 — x)]K! (5.9)

The temperature coefficient of the refractive index for GaSb was given in equation (5.5), and

for InAs is given according to the following relation: [132]

2022 (InAs) = 218 x 10°K (5.10)

To investigate the variation of the thickness as a function of temperature, the temperature
coefficient of the lattice constant of the ternary cavity layers were determined from the

following equations:

AInAs,Sby_, = X-amas T (1 — X).apsp (5.11)
Al In,_.As = X-aaias + (1 — %) amas (5.12)
AGaAs,Sb,_, = X-agaas T (1 — Xx).agasp (5.13)
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The formulas for the temperature-dependent lattice constant of the binary materials are given

by: [129]
agaas = 5.65325 + 3.88 x 1075(T — 300) (5.14)

apas = 6.0583 + 2.74 x 1075(T — 300) (5.15)

ams, = 6.4794 + 3.48 x 10~5(T — 300) (5.16)

The temperature coefficient of the lattice constants for the GaSb, AlAs, and AISb were listed in
equations (5.3a), (5.3b), and (5.3c). The results exhibit an excellent agreement between the

experimental (points) and the numerical results (dotted lines) as illustrated in Figure 5.12.
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Figure 5.12: The position of the optical cavity mode for all RC samples as a function of temperature.

5.6 Discussion

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 seen before, the wavelength of the DBR stopband
centre was typically determined at 300 K, where the quantity (A=4dn) 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.

dgasbNgasb # dalassbNAlAsSh (5.17)
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To design our RC structures (as mentioned in section 5.3), we select the cavity thickness of 1A
corresponding to cavity order mc=2, because for low values of m, high extraction efficiency
should be achieved owing to the greater overlap between the cavity response and the underlying

emission spectrum [44,71].

Due to the change in the band gap of the semiconductor layers of the micro-cavity and the DBR
mirror with temperature, the refractive index of these layers increases as temperature increases
[133], causing a red-shift in the position of the optical cavity mode and the DBR stopband
centre. Furthermore, the transmission spectra 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 increases [134].

Based on the results of the position of the optical cavity mode and the DBR stopband centre,
the detuning, which is defined as a difference between A.,,, and Apgg, was evaluated and plotted
in Figures 5.14. The results indicate that all the samples exhibit detuning and the bulk RC
sample (4.3 um GaSb-based RC) shows the highest relative detuning compared to other
samples, while the MQWs RC with InAsSb cavity shows the lowest detuning. The detuning
values of the GaSh-based 4.3 um bulk RC sample were calculated to be ~130 nm at 77 K and
~155 nm at 300 K, while the detuning of the GaSbh-based 4.5 um MQWs RC sample were
determined to be 3 nm at 77 K and ~ 24 nm at 300 K. At 300 K, the InAs-based 4.6 pum SLS
RC sample and GaSb-based 4.0 pum MQWs RC sample show detuning values of 95 nm and 53
nm, respectively, decreasing to 86 nm and 51 nm at 77 K, respectively. In general, even if we
designed perfect matching at temperature Tuwning, increase/decrease in the temperature leads to
some detuning. This is because the shift in the position of the optical cavity mode and the DBR

stopband centre do not occur at the same rate, i.e. dihca/dT # dApgr/dT.
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However, our simulated results presented in Figure 5.15(a) and 5.15(b), show that even if there
is some detuning, G;,; and G, still maintain high values over a wide wavelength range,
depending on the bandwidth of the DBR stopband. The GaSh-based 4.0 um bulk RC shows
relatively the lowest values of the enhancement factors compared to other RC structures. The
dashed line represents the resonance case between A4, and Apgg, Where maximum emission

enhancement is achieved.
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Figure 5.15: Room temperature simulations of (a) the resonance emission (G,) and (b) the integrated
emission (G;,;) enhancement factor, as a function of the DBR stopband center and the peak emission of
the cavity mode, respectively. The white dashed line represents the resonance case between the optical
cavity mode and the DBR stopband center. Square (GaSb-based 4.0 pm MQWs RC), Diamond (GaSb-

based 4.3 um bulk RC), triangle (GaSb-based 4.5 um MQWs RC), circle (InAs-based 4.6 um SLs RC).
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The transmission spectra of the RC structures exhibit optical cavity modes with narrow
linewidth (<100 nm) and high quality factor (> 60), to achieve strong enhancement factors in
the fabricated RCLED structures. This originates from the high reflectivity of the DBR mirrors
and high antinode enhancement - the position of the active region at the antinode of the electric
field. The structures were grown successfully with good quality as seen in the SEM cross-
section of the bulk RCLED and MQWs RCLED which are shown in Figures 5.16(a) and

5.16(b), respectively. The optical properties of the RC structures are summarized in Table 5.1.
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Figure 5.16: SEM cross-section of the (a) bulk RCLED and (b) MQWs RCLED.

Table 5.1: Room temperature optical properties of the RC samples.

Cavity mode DBR stopband centre | Detuning
Sample Position | Linewidth | Quality | dAca/dT | Position | diper/dT | Nm
pm Nm factor [Q] | nm/K Nm nm/K

Bulk InAsSb 4317 72 79 0.381 4.163 0.276 ~154
RC
MQWs RC with | 4.467 56 60 0.385 4.443 0.287 ~24
InAsSb cavity
MQWs RC with | 4.0 37 108 0.268 4.053 0.276 ~53
GaSb cavity
SLs RC with | 4.578 45 101 0.363 4.483 0.322 ~95
InAs cavity
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Chapter 6
Bulk InAsSb resonant cavity light emitting diode for mid-infrared

applications

6.1 Introduction

In this chapter, we demonstrate a mid-infrared resonant cavity light emitting diode (RCLED)
operating near 4.25 um at room temperature, grown lattice-matched on a GaSb substrate by
molecular beam epitaxy, suitable for CO, gas detection. The device consists of a 14 -thick
micro-cavity containing a bulk InAsosSb.io active region sandwiched between two high
contrast, lattice—matched AlAs¢.08Sbo.o>/GaSb distributed Bragg reflector (DBR) mirrors. Two
resonant cavities (RC) with different detuning (the difference between the position of the DBR
stopband center and the optical cavity mode) were investigated.

The electroluminescence emission spectra of the high detuning RCLED were measured over
the temperature range from 20 to 300 K, exhibiting significant side mode peaks. These results
were compared to that of the RCLED without top DBR mirror. The emission spectra of the low
detuning RCLED were also measured as a function of temperature, showing a strong emission
enhancement in comparison with the conventional LED due to the resonant cavity effects. At
room temperature the peak emission and the integrated emission of the RCLED were found to
be enhanced by a factor of ~70 and ~11, respectively, while the total integrated emission
enhancement was ~ x33. Furthermore, the RCLED also exhibits significantly (10x) narrower
spectral linewidth (88 nm) and superior temperature stability ~0.35 nm/K, which is 6x less than
that of the reference LED.

Our results indicate that the RCLED’s emission has attractive characteristics which would

enable such devices to be developed for the detection of CO».
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6.2 Fabrication of the GaSb-based bulk InAsSb RCLED

l— p-contact

(@) (b)

p-contact

Top DBR n-contact

i i

Bottom DBR

GaSb substrate GasSh substrate

|

ll

Figure 6.1: Schematic structure of the (a) bulk RCLED-M1 (b) bulk RCLED-M2. The two devices were
fabricated using two different masks (different mesa) to test the improvement in the optical and electrical
properties.

Processing was carried out using standard photolithography and wet chemical etchants followed
by Ti/Au metallization for the ohmic contacts as illustrated in section 4.6. In particular, InAsSb
layers were etched using citric acid: H,O, (2: 1). GaSb and AlAsSb were etched using a dilute
ammonia based etchant. Two devices were fabricated using two different masks. For the device
(RCLED-M1), which has the schematic structure shown in Figure 6.1(a), the first
photolithography step was carried out to deposit a 250 nm thick p-type top metal contact of
Ti/Au on the top-DBR mirror. A second photolithography step was carried out to pattern the
sample for subsequent wet etching of the mesa, by etching through the structure and stopping
within the n-InAsSb layer. Finally, a Ti/Au metal contact was then deposited on the n-InAsSb
layer to provide an ohmic contact for the n-side. For the device RCLED-M2, which is shown
in Figure 6.1(b), the first lithography step was carried out for etching the top-DBR mirrors and

stopping at the top of the p-InAsSb layer. Then, a p-type Ti/Au metal contact was deposited on
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the p-InAsSb layer. The next lithography step was carried out for etching the cavity layers and

stopping within the n-InAsSb layer followed by depositing the n-type Ti/Au metal contact.

6.3 Optical Characterisation

After fabrication, temperature dependence of the optical transmission of the RC sample and the
electroluminescence (EL) measurements of the RCLEDs were obtained using the systems

illustrated in sections 4.4 and 4.7, respectively.

6.3.1 Electroluminescence emission of the high detuning RCLED device with

and without top DBR

In this section, we have demonstrated the temperature dependence of the electroluminescence
spectra of the RCLED with and without top DBR mirror, which was described in section 5.3.1.
As we mentioned in that section, the structure has a high detuning between the optical cavity
mode and the DBR stopband centre (~155 nm). Consequently, several side peaks could be
observed, appearing on both sides of the DBR stopband. The electroluminescence spectra of
the RCLED with top DBR mirror were measured and plotted in Figures 6.2(a) as a function of
temperature over the range from 20 K to 300 K. From this figure, at low temperature (T<120
K), it is significantly found that the side peak emission located at ~3.8 um has a high intensity
compared to that of the main resonant peak which is positioned at ~4.3 um. This is because the
side peak emission has a low detuning between its optical mode emission and the active region
emission, compared to that of the mean resonant peak. As temperature increases over 120 K,
the relative intensity increases to be more than 1 (see Figure 6.2(b)), as the intensity of the main
resonant peak (4.3 pum) becomes higher than that of the side peak (3.8 pm). This is due to a
decrease in detuning between the emission of the active region and the main optical cavity
mode. In addition, other side peaks located at longer wavelengths were significantly enhanced

with increasing the temperature.
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The electroluminescence spectra of the RCLED show that all the resonant peaks (the main peak
emission and the side peaks emission) shift towards longer wavelength when the temperature
increases, showing that the temperature coefficient of the wavelength shift of the resonance
peaks are less than that of the active region emission. For the main resonance peak, the peak
shifts at a rate of 0.375 nm/K. Whilst and as presented in Figure 6.1(c), the side peaks located

at ~3.8 pm and ~4.5 um shift by the rate of 0.195 nm/K and 0.369 nm/K, respectively.
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Figure 6.2: (a) Temperature dependence of the EL spectra of the high detuning RCLED, (b) The peak
intensity of the main resonance mode and the side mode as a function of temperature. The open triangles
represent the relative intensity, (c) Temperature dependence of the peak position of the side modes (at

3.8 um and 4.5 pum).

The temperature dependence of the electroluminescence spectra of the high detuning RCLED
without top DBR mirror were demonstrated in Figure 6.3(a). As can be seen from this figure,
and compared to the emission of the RCLED with top mirror, removal of the top DBR mirror
from the RCLED structure leads to an increase in the emission linewidth of the main resonance
mode and a decrease of the enhancement factor. This is attributed to the lower reflectivity of

the semiconductor/air interface which acts as a top mirror. In fact, the reflectivity at the interface
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between the surface of the top InAsSb layer of the device and air could be determined according
to Fresnel's equation, which is given by [74]:

R=(n-1)%/(n+ 1)2 (6.1)
The value of R, which represents the reflectivity of the InAsSb/air top mirror, was calculated

to be 33% corresponding to the refractive index of InAsSb (n=3.71).
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Figure 6.3: (a) Temperature dependence of the EL spectra of the high detuning RCLED without top DBR
mirror, (b-e) The electroluminescence spectra of the RCLED with top DBR compared to that of the
RCLED without top DBR at various temperature, (f) Peak intensity of the emission of the RCLED with
top DBR compared to that of the RCLED without top DBR. Dash-dot line represents the relative
intensity, (g) Optical output power of the emission of the RCLED with top DBR compared to that of the
RCLED without top DBR. Dash-dot line represents the relative output power.
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The comparison between the emission spectra of the RCLEDs with top DBR and without top
DBR mirror were plotted together at various temperature as illustrated in Figures 6.2(b-e). 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 plotted as a function of temperature from 60 K to 300 K in Figures 6.3(f) and 6.3(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 higher than 1 over 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 output power 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 at 300 K (see Figure 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, we demonstrated the optical properties of the low detuning InAsSb bulk
resonance cavity (RC) structure grown under the same growth condition which is used to grow
the high detuning RC structure. We redesigned the structure to decrease the detuning between
the main resonance optical cavity mode and the DBR stopband centre by decreasing the cavity
thickness. The optical transmittance spectrum of the full resonance cavity (RC) structure was
measured at room temperature and plotted in Figure 6.4(a). The peak of the main resonant
optical cavity mode observed at 4.295 um is slightly detuned from the centre of the DBR
stopband at 4.180 um. According to the detuning results which are considered in Figures 5.15(a)
and (b), it was found that the values of Gin: and Ge fall within the high range—i.e., no less than

6% and 15% of the maximum value compared to the resonance case, respectively.
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Figure 6.4: (a) Experimentally measured transmittance spectrum of the RC structure at room temperature,
showing that the optical cavity mode occurs at 4.295 um, and the DBR stopband is centred at 4.180 pm.
(b) Comparison of the RCLED-M1 (solid line), RCLED-M2 (dashed line), and the reference LED (dotted
line) electroluminescence emission spectra at 300 K using the same injection current (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 absorptions of CO- gas.

From the same RC sample, two different RCLEDs (RCLED-M1 and RCLED-M2) were
fabricated using the processing illustrated in section 6.2. Figure 6.4(b) presents the
electroluminescence emission spectra of the RCLED-M1, RCLED-M2, and reference LED
measured at 300 K under quasi-continuous operation using an injection current of 100 mA at 1
kHz with 20% duty cycle. As can be seen in this figure, both RCLEDs emission exhibit peak
intensity centred at 4.295 um, matching to the position of the optical cavity mode and
overlapping nicely with the fundamental CO, fingerprint absorption. Furthermore, the
electroluminescence spectra of the RCLED-M1 show two significant side peaks, particularly
in the longer wavelength, centred at ~4.6 um and ~4.82 um, and the RCLED-M2 emission
shows one side peak centred at ~4.62 um. This is attributed to enhancement of other optical
modes located in the sides of the DBR stopband, which are overlapping with the broadband
emission of the active region.

The linewidth at full width at half maximum (FWHM) of the RCLED-M1 is 88 nm and of the

RCLED-M2 is ~200 nm, which are ~10x and ~4.5x narrower than the reference LED,
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respectively, so that substantially more useable photons fall within the CO, absorption

envelope. In addition to reducing the linewidth, the resonant cavity enhancement has the effect

of significantly increasing the peak emission intensity of the RCLED-M1 and RCLED-M2 by

~70x and ~49x, respectively. The total integrated emission enhancement factor of the RCLED-

M1 was calculated to be 33x, higher than that of the RCLED-M2 by a factor of ~1.6, which

corresponds to an emittance of 2.2 mWem™2,

6.3.2.1 Current injection and duty cycle effects on the electroluminescence

spectra of the low detuning RCLED

(a)
1.4 300K Duty Cycle
100 mA 10%
1.2 20%
—30%
—_ 40%
:E 1
= RCLED-M1
208
[%2)
c
k]
£ 06
1
L
0.4
0.2
0
3.2 37 4.2 4.7 5.2
Wavelength [um]
(c)
16
— " |300K o®
=) ©°°
<, 1.2 100 mA @r ¢
> et eeebeBl
g 0.8 o g a
o @ et =
Eoalo" 0RCLED-M1
: [og
= CRCLED-M2
0
8% 18% 28% 38%
Duty Cycle

EL Intensity [a.u.]

Output Power [a.u.]

b
O
300 K Duty Cycle
100 mA 10%
0.8 20%
—30%
40%
0.6 | RCLED-M2
0.4
0.2
0
3.2 3.7 4.2 4.7 5.2
Wavelength [um]
d
0.9 @
300 K o
L0t
100 mA o
0.6 Lo
Lo a
Lo gt Qe &
o SN x LA
03 g ,,,,, B o RCLED-M1
0 ORCLED-M2
8% 18% 28% 38%
Duty Cycle

Figure 6.5: (a) and (b) Room temperature electroluminescence spectra of the RCLED-M1 and RCLED-

M2 at various duty cycle using 100 mA injection current, respectively. (c) Peak intensity of the RCLED-
M1 and RCLED-M2 emission as a function of duty cycle. (d) Total integrated emission of the RCLED-

M1 and RCLED-M2 as a function of duty cycle.
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Room temperature electroluminescence spectra of the RCLED-M1 and RCLED-M2 emission
at various duty cycle using quasi CW operation (100 mA at 12 kHz) were demonstrated in
Figures 6.5(a) and 6.5(b), respectively. The emission of the main resonance mode, centred at
4.295 pum, of the RCLED-M1 exhibits higher peak intensity compared to that of the RCLED-
M2 emission by a factor of ~1.55x. Furthermore, when the duty cycle increase from 10% to
40%, the emission spectra of the RCLED-M1 show increase in the peak intensity by a factor of
2.5, and for RCLED-M2 by a factor of ~2.7. On the other hand, it is found that the integrated
emission of the both devices increases by a factor of ~2.8 with increasing duty cycle, showing
that the total output power of the RCLED-M1 is higher than that of the RCLED-M2 by a factor
of 1.6x. Under quasi-CW operation (100 mA, 40% duty cycle at 1 kHz), the total output power
of the RCLED-M1 and RCLED-M2 were measured to be ~8.3 uW and ~5.2 uW, respectively.
However, and as seen in Figure 6.6, the main resonance mode of the RCLED-M?2 exhibits
output power quite close to that of the RCLED-M1 over the duty cycle range from 10% to 40%,
but with a lower intensity and a broader linewidth (~200 nm). Although we used a CO; filter,
the absorption of this gas is still affecting the emission spectra, therefore it is difficult to evaluate
accurately the shift in the position of the resonance peak and the change in the emission

linewidth as the duty cycle increase.
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Figure 6.6: Integrated emission of the main resonance mode for RCLED-M1 compared to that of the

RCLED-M2 as a function of duty cycle using 100 mA injection current.

Room-temperature current-dependent electroluminescence spectra of the RCLED-M1 emission

were measured at various duty cycles; 20%, 30% and 40%. The peak intensity and the optical
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output power were evaluated from these spectra and plotted in Figures 6.7(a) and 6.7(b),
respectively. Over the injection current range from 10 mA to 100 mA, the emission spectra
exhibit an increase in the peak intensity by a factor of ~6 as current increases. It was also found
that the optical output power of the RCLED-MI1 emission increases with increasing the
injection current by a factor of 6.3 at 20% duty cycle and by a factor of 6.7 at 30% and 40%
duty cycle. However, when the duty cycle increases from 20% to 30% the total output power
as a function of injection current increases by 30%, more than that when the duty cycle increases
from 30% to 40% by a factor of ~2x. This is could be attributed to increased Joule heating in

the RCLED with increasing duty cycle.
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Figure 6.7: (a) Peak intensity of the RCLED-M1 emission as a function of injection current. (b) Optical
output power of the RCLED-M1 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 about 1 cm. In this technique, the
emission intensity was measured from the top surface and the vertical facets. The far-field
intensity profile of the RCLED-M1 at 300 K is shown in the Figure 6.8. A single lobe intensity
distribution centred at 0° with a half angle of 60° was obtained, in good agreement with previous

work on RCLEDs at shorter wavelengths [54,135].
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Figure 6.8: Far field angular profile of the RCLED emission, which shows a half power solid angle of
60°.

6.3.2.2 Temperature dependence of the electroluminescence spectra

Temperature dependence of the electroluminescence (EL) emission spectra of the InAsSb
RCLED-M1 and the reference LED are shown in Figures 6.9(a) and 6.9(b), respectively. Over
the measured temperature range (20-300 K), the main peak intensity of the RCLED and the EL
emission peak of the reference LED decreased with increasing temperature by a factor of 68
and 32, respectively. In addition, the total optical output power of the RCLED-M1 and the
reference LED were determined and plotted in Figure 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 than that 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 temperature dependence 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 the refractive index 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 nm. This 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 RCLED shifts only by 100
nm at a rate of ~0.35 nm/K, compared with 600 nm at a rate of ~2.15 nm/K in the reference
LED [see Figure 6.9 (d)]. This represents more than a factor of 6 improvement in the emission
wavelength stability with temperature, which 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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Figure 6.9: Temperature dependence of the EL spectra for (a) the RCLED-M1 and (b) the reference LED.
(c) Intensity peak values of the EL spectra for the RCLED and reference LED. The dashed-dotted line
represents the relative intensity. (d) The position of the EL peaks as a function of the temperature. The

dashed line represents the theoretical results of the EL intensity peak of the RCLED.
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The full width at half maximum (FWHM) of the RCLED emission spectra is clearly narrower
than that of the conventional LED. For the RCLED-M1, the FWHM of the electroluminescence
spectra increased from 35 nm at 20 K to 88 nm at 300 K, whereas the reference LED had a
linewidth of 250 nm at 20 K and 900 nm at 300 K. The linewidth of the reference LED is
determined by the joint density of states and the thermal energy of carriers—typically FWHM
1.8 KT [41]. In contrast, for the RCLED, the linewidth depends on the quality factor of the
resonant cavity. At room temperature, the emission spectrum of the RCLED has a linewidth
~10x narrower than that of the conventional reference LED. Consequently, the RCLED can be

designed and tailored to match the absorption wavelength of the target gas.
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Figure 6.10: (a) Temperature dependence of the EL spectra for the RCLED-M2. (b) and (c) Peak emission
intensity and the output power for the RCLED-M1 and RCLED-M2 as a function of temperature,
respectively. The dashed-dotted line represents the relative values. Over the temperature range
20-300 K, the relative values are greater than 1, indicating that the peak intensity and the output power
of the RCLED-M 1emission are higher than that of the RCLED-M2.

Temperature-dependent electroluminescence spectra of the RCLED-M2 were measured and

plotted in Figure 6.10(a). As can be seen in this figure, the emission spectra of the mean resonant
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cavity mode at low temperature (T<60 K) does not have a significant peak intensity. As
temperature increases, a significant peak intensity of the main emission mode was observed.
This is because as the temperature increases the detuning between the emission of the optical
cavity mode and the active region decreases. In comparison with results of the emission spectra
of the RCLED-M2, the RCLED-M1 device has a significant peak intensity of the main
resonance mode emission over all temperatures, showing that the peak intensity is higher than
that of the RCLED-M2 emission. In Figure 6.10(b), we plotted the intensity of the mean
resonant emission peak of the RCLED-M2 together with that of the RCLED-M1 over the
temperature range from 60 K to 300 K. From this figure, it is noticed that the peak intensity of
the RCLED-M1 and the RCLED-M2 emission decreases with increasing temperature by a
factor of ~66 and ~15, respectively. It was also found that the peak intensity of the RCLED-M1
emission is higher than that of the RCLED-M2 emission by a factor of ~7 at 60 K, decreasing
with increasing temperature to be 1.55x at 300 K. Increase of the relative intensity with
decreasing temperature indicates that the quality factor (Q) of the RCLED-M1 increases at a
rate higher than that of the RCLED-M2. Furthermore, the total optical output power of the
RCLED-M2 was evaluated as a function of temperature and plotted together with the output
power of the RCLED-M1 emission as shown in Figure 6.10(c). As the temperature increases
from 60 K to 300 K, the output power of both devices decrease by a factor of ~10, with a small
variation in the relative output powers which was determined to be around 1.45. The RCLED-

M1 has an optical output power higher than that of the RCLED-M2 emission.

6.4 Electrical Characterisation of the low detuning InAsSb RCLED

Over the temperature range of 77-300 K, the current-voltage I-V characteristics of the RCLED-
M1, RCLED-M2 and reference LED were measured and plotted in Figures 6.11(a), 6.11(b) and
6.11(c), respectively. For RCLED-M1 and RCLED-M?2 devices, the voltage was applied in the
range from —10 to +10 and from -2.5 to 2.5 V respectively, and over the range from -0.8 to 0.8

V for the reference LED, where a current compliance of 200 mA was used throughout. From
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the data in Figure 6.11(c), the series resistance of the devices was evaluated. The reference LED
has a series resistance of ~2 Q at 77 K and 4 Q at 300 K, while the resistance of the RCLED-
M1 decreases gradually from 33 Q to 25 Q when the temperature increases from 77 K to 300
K. In comparison with RCLED-M1, removal of the top DBR mirror leads to improvement in
the I-V characteristics of the RCLED-M2, having a low series resistance and low reverse
current. As temperature increases from the 77 K to 300 K, the resistance of the RCLED-M2

increases slightly from ~9 Q to ~12 Q.
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Figure 6.11: (a)-(c) Current-Voltage (I-V) characteristics of the RCLED-M1, RCLED-M2, and the
reference LED measured as a function of temperature, respectively. (d) Temperature dependence of the

series resistance of the RCLED-M1, RCLED-M2, and the reference LED.

From Figure 6.11 (a), the turn on voltage for RCLED-M1 is high and increased with decreasing
temperature. In comparison with 1-V characteristics shown in Figures 6.11 (b) and (c), the
results show that the turn on voltage of the RCLED-M2 is lower than that of the RCLED-M1,
and the reference LED has the lower turn on voltage among them. The high turn on voltage of
the RCLED-M1 is because the current must pass through the AIAsSh and GaSb DBR layers,

where there is a high conduction band offset between these layers and the cavity layers.
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6.5 Photo-response of the low detuning InAsSb RCLED-M1

In this section we demonstrated the measurements of the spectral photo-response of the
RCLED-M1 as a function of the temperature under various reverse bias voltage. The phot-
response spectra were carried out using the system which is described in section 4.8. At room
temperature, and as shown in Figure 6.12(a), it was observed that the photo-response spectra
have a resonant peak positioned at ~ 4.275 um and a linewidth of 88 nm. The peak intensity of
the photo-response spectra was plotted as a function of the bias voltage in Figure 6.12(b). The
peak intensity increases with increasing reverse bias until V=-500 mV, then the intensity slightly

decreases as reverse bias increases.

@ (b)
— 023 [300K
= .0°Q
0.2 S, o
— ® o -
S [%2] [OXAAAN O
5, S 0.9
@ 0.15 2
2 £ s 4
$ 01 2"
5 o
=] @
° < ®
& 005 4 0.11
X
[58] ‘e
& ‘o
0 0.07
3.3 3.8 4.3 4.8 5.3 -950 -750 -550 -350 -150 50
Wavelength [um] Bias [mV]

Figure 6.12: (a) Room temperature photo-response spectra of the RCLED-M1 at various bias voltage.

(b) Peak intensity of the photo-response spectra as a function of the bias voltage measured at 300 K.

The photo-response of the RCLED-M1 as a function of temperature were also evaluated. For
temperature T<200 K, it was found that there is no significant photo-response could be observed
until T=200 K. Figure 6.13(a) presents the photo-response of the RCLED-M1 at T=200 K at
various bias voltage, showing the peak intensity decreases with increasing reverse bias voltage.
In comparison between the spectral photo-response at 200 K and at 300 K (see Figures 6.13 (b)
and 6.13(c)), we found that the intensity of the spectra at 300 K is higher than at 200 K even if

the reverse bias voltage increases.
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Figure 6.13: (a) Photo-response spectra of the RCLED-M1 measured at 200 K at various bias voltage.
(b) and (c) Spectral photo-response at 300 K compared to that at 200 K at 0 bias and -200 mV,

respectively.

As temperature increases, the wavelength of the peak intensity of the photo-response spectra
shifts to longer wavelength and the linewidth becomes boarder. At 200 K, the photo-response
has a peak intensity centered at 4.240 pm with linewidth of ~ 57 nm, shifting to be positioned
at 4.262 pum with linewidth of 78 nm at 260 K. Furthermore, it was found that the intensity of
the photo-response increases with increasing temperature. In Figure 6.14 we plotted the photo-
response spectra measured at 260 K at various reverse bias. We found that the intensity is higher

than that at 200 K and less than that at 300 K.
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Figure 6.14: (a) Photo-response spectra of the RCLED-M1 measured at 260 K at various reverse bias

voltage.
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6.6 Discussion

The results of the electroluminescence spectra of the RCLED designed with high detuning
between the resonant optical cavity mode and the DBR stopband center show that side peaks
could be observed on both sides of the DBR stopband. It was noticed that the short wavelength
side peaks shift towards longer wavelength with increasing temperature at a rate less than the
longer wavelength side peaks. To explain this, note that as illustrated in Figure 6.15, the
transmission spectra of this sample exhibited these side peaks which are also shifted towards
longer wavelength as temperature increases. It was found that when the temperature increases
from 77 K to 300 K, the shorter wavelength side peaks shift at a rate of 0.194 nm/K and the
longer wavelength side peaks shift by a rate of 0.374 nm/K, which is in a very good agreement
with results obtained from the side peaks observed in the electroluminescence spectra of the
RCLED. Based on these results, the wavelength of the side peaks is determined by the
temperature dependence of the refractive index and the thickness of the DBR layers compared
to that of the resonant optical mode which is determined by the refractive index and the

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

The emission of the RCLED without top DBR mirror shows that the emission intensity and the
integrated emission are still enhanced, but less than that of the full RCLED structure. This is
due to the low reflectivity of the semiconductor/air interface (~33%) which is working as a top

mirror when the top DBR is removed from the RCLED structure.
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The results from the emission spectra of the RCLED-M1 and RCLED-M2 show that the device
configuration (and fabrication method) play a significant role in the resulting optical and
electrical properties of the device. In the RCLED-M2 structure the p-type contact was deposited
on top of the cavity and as a result, the current-voltage characteristics were improved compared
to that of the RCLED-MI1 (the p-contact deposited on the top DBR), whilst the enhancement
factors of the emission were decreased. The results of the electroluminescence spectra of the
RCLED-M2 were similar to that of the RCLED without top DBR, suggesting that the
electroluminescence of the RCLED-M2 is emitted from the surface of the cavity instead of the
surface of the top DBR mirror. Therefore, the emission intensity and the integrated emission
enhancement factors of the RCLED-M2 were determined by the high reflectivity bottom DBR
mirror (>98%) and the low reflectivity top InAsSb/air mirror (~33%), showing lower
enhancement factors compared to that of the RCLED-M1 emission.

The electroluminescence spectra of the RCLED show that the wavelength of the resonant
emission peak red shifts at a rate less than that of the reference LED and the emission linewidth
is narrower than that of the LED. This is because the wavelength of the resonant emission peak
and the emission linewidth of the RCLED depend primarily on the refractive index and the
thickness of the cavity layers, and the reflectivity of the DBR mirrors (the quality factor Q),
respectively. In addition and as shown in Figure 6.4(b), a strong emission enhancement at the
resonant wavelength is obtained in close agreement with our resonant cavity design, and, in
particular, due to the reflectivity of the DBR mirrors and the positioning of the active region at
the electric field antinode within the cavity (the antinode enhancement £&=2). The resonant peak
emission, the integrated peak emission, and the total integrated emission are enhanced by a
factor of ~70, ~11, and ~33, respectively. Due to the more reflective DBR mirrors and higher
cavity Q-factor, our results show greater enhancement values (x10) compared with previous
work [44,49]. The output power of the RCLED was measured to be 5.5 uW (external efficiency
~0.024%) at 300K rising to 45 uW at 77 K. We note that the electroluminescence of our RCLED

lies entirely within the CO, absorption band which coupled with the improved directionality
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provides a higher level of useful emission intensity compared with previous works

[7,14,21,22,24-26,136].

The photoresponse shows a partial resonance at 4.3 um. However, the strength of the resonance
does not resemble constructive interference as seen in resonant cavity enhanced detectors. This
is because the cavity thickness was chosen to be 1x lambda, in order to maximize emission,
rather than to maximize the optical field at the cavity centre. As a result the strength of the
resonance is only around 2x the background signal away from the resonant wavelengths. The
response increases with bias between 150 — 400 mV, due to improved collection of
photogenerated carriers, but reduces again at larger bias conditions due increased

recombination due to dark currents.
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Chapter 7
AllnAs/InAsSb MQWs resonant cavity light emitting diode for

N20 Detection

7.1 Introduction

In this chapter, we demonstrate a mid-infrared resonant cavity light emitting diode (RCLED)
operating near 4.5 pm at room temperature to detect N>O gas, grown lattice-matched on a GaSb
substrate by molecular beam epitaxy. The device consists of a 11-thick micro-cavity containing
an Alo.12InossAs/InAsossSbo.1s QWs active region sandwiched between two high contrast,
lattice—matched AlAs.03Sbo.o2/GaSb distributed Bragg reflector (DBR) mirrors. Under similar
conditions, the QWs RCLED and a conventional LED were grown and fabricated to
demonstrate the enhancement achieved as a result of using a resonant cavity. The
electroluminescence emission spectra of the RCLED and the reference LED were measured
over the temperature range from 20 to 300 K. In comparison with reference LED, the RCLED
exhibits a strong enhancement in the emission intensity and integrated emission enhancement
due to the resonant cavity effects- constructive interference. At room temperature, the RCLED
emission exhibits significantly (16x ) narrower spectral linewidth (69.5 nm) and superior
temperature stability ~0.36 nm/K, which is ~7x less than that of the reference LED.
Electroluminescence spectra of the RCLED at different injection current and duty cycle were
measured at room temperature. As injection current increases, the emission intensity, the output
power and the linewidth of the RCLED emission are increased, and the emission peak shifts to
longer wavelengths. Similar behaviour was observed when the duty cycle was increased.
Temperature dependent current-voltage characteristics revealed that both the series resistance
and the turn on voltage decrease as temperature increases. It was also found that the emission
peak shifts towards longer wavelength and the linewidth of the emission spectra become

broader. Finally, the optical and electrical characteristics of the RCLED without top DBR mirror
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were investigated. The results show that a strong enhancement in the emission intensity and
integrated emission are still achieved. In comparison with reference LED, the intensity peak
and the integrated emission of the RCLED without top DBR mirror were enhanced by a factor
of 24x and 8x, respectively. It was also found that the emission spectrum shows a narrow

linewidth (185 nm) which is less than that of the reference LED by a factor of 6x.

The high brightness, better spectral purity, narrow linewidth and superior temperature stability,
are attractive features, which would enable these devices to be implemented in next generation

N>O gas sensor instrumentation.

7.2 AlinAs/InAsSb MQWs RCLED

7.2.1 Fabrication of the MQWs RCLED and the reference LED
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contact
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Figure 7.1: Schematic structure of the (a) AllnAs/InAsSh QWs RCLED. (b) reference LED.
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Processing was carried out using standard photolithography and wet chemical etchants followed
by Ti/Au metallization for the ohmic contacts as described in chapter 4. Ti/Au top contact for
the p-side of the RCLED was deposited on the top p-type GaSb DBR layer by thermal
evaporation and metal lift-off. A second photolithography step was carried out to pattern the
sample for subsequent wet etching of the mesa, by etching through the structure and stopping
within the n-InAsSb cavity layer. The first layers etched are the top DBR layers followed by
etching the p-InAsSb cavity layer and then the active region layers. Finally, a Ti/Au metal
contact was then deposited on the n-InAsSb layer to provide an Ohmic contact for the n-side.
In the case of the LED, Ti/Au top contact for p-side was deposited on the top p-type InAsSb
layer and the bottom contact was deposited on the cavity n-InAsSb layer following wet etching.
The structure of the RCLED and reference LED are illustrated in Figure 7.1(a) and 7.1(b),

respectively.

7.2.2 Optical Characterisation

After fabrication, the optical transmission and the electroluminescence (EL) measurements of
the samples were obtained using the two systems which are described in chapter 4, section 4.7

and 4.8, respectively.

7.2.2.1 Micro-cavity enhancement of mid-infrared electroluminescence

As reported in chapter 5, numerical modelling has been utilised to design and evaluate the
emission enhancement of the full resonant-cavity structure and the reflectivity of the top and
bottom DBR mirrors. The results of the modelling exhibits that 13.5 periods of the bottom DBR
with reflectivity over 97.5% and 5 periods of the top DBR with reflectivity over 83% are
sufficient to achieve a high emission enhancement. Furthermore, it was found that, in
comparison with the resonance case, the enhancement values could be decreased due to
detuning which is defined as a difference between the wavelength of the resonance cavity mode,

Acav, and the wavelength of the DBR stop-band centre, Apgg.
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Figure 7.2: (a) Experimentally measured transmittance spectrum and EL emission spectrum of the
RCLED structure, showing that the wavelength of the main EL emission peak at room temperature occurs
at 4.462 um, which corresponds to the cavity resonance wavelength. (b) Comparison of the RCLED
(solid line) and the reference LED (dashed line) electroluminescence emission spectra at 300 K using the
same injection current (100 mA at 1 kHz with 30% duty cycle). The dip in the reference LED spectrum
originates from atmospheric CO, absorption in the optical path. Also shown are the fundamental

fingerprint absorptions of greenhouse gases of interest in this spectral range.

Experimentally, the optical transmittance spectrum of the full RC structure is typically used to
identify the value of the detuning. Figure 7.2(a) shows the transmittance spectrum of the QWs
resonant-cavity structure measured using a Fourier-transform infrared (FTIR) spectrometer and
the electroluminescence (EL) spectrum of the QWs RCLED at room temperature. It was found
that the wavelength of the main EL emission peak occurs at 4.462 pm, corresponding to the
wavelength of the resonant cavity mode observed in the transmittance spectrum. (The small
emission peaks on either side of the main peak originate from fluctuations in cavity
transmission). In addition, the transmittance spectrum exhibits a DBR stop-band (Apgg) centred
at around 4.447 pum, exhibiting a low detuning (~15 nm) with emission of the resonant cavity
mode (A.4,). However, the magnitude of this detuning (the difference between A.,,, and Appg)
is less than that of the bulk InAsSb RCLED (see chapter 6). Based on the detuning result of
the QWs RC, the theoretical measurements exhibit that the QWs RCLED has a higher
enhancement factor compared to that of the bulk RCLED - especially the emission intensity

enhancement. Figure 7.2(b) compares the electroluminescence emission spectra of the RCLED
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and reference LED measured at 300 K using the same quasi-continuous injection current of 100
mA at 1 kHz with 30% duty cycle. As shown in this figure, at room temperature the RCLED
peak emission at 4.462 um overlaps nicely with the fundamental N,O fingerprint absorption.
The linewidth at full width at half maximum (FWHM) of the RCLED is 70 nm, which is 16x
narrower than the MQW reference LED, so that substantially more useable photons fall within
the N>O absorption envelope. With minor adjustments to the micro-cavity dimensions, the peak
position and spectral overlap can be optimised, or adjusted to detect other gases — CO; or CO,
without changing the Sb content in the MQW (- see discussion). In addition to reducing the
linewidth, the resonant cavity enhancement has the effect of significantly increasing the peak
emission intensity by 85x, with an increase in the total integrated emission (average output
power) of 13x, which corresponds to an emittance of 2.5 mWcm?? (or radiance ~1.6 mW/ cm?

sr) and a spectral intensity of 36 yWem™nm''.
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Figure 7.3: The spectral intensity of two RCLEDs of different diameter vs current density, measured at
room temperature using a 1 kHz injection current with 1% duty cycle. The MQW reference LED is also
shown (x30) together with other results from the literature measured under similar conditions. The
ICLED made in our laboratory is 400 pum x 400 um [36]. The conventional 4.6 um LED spectral intensity

was estimated from the peak power given in the Roithner Lasertechnik data sheet [137].

The spectral intensity compares favourably with that of commercial devices [137] and non-
resonant structures [21,86]. Figure 7.3 shows the peak spectral intensity measured under high

injection using a 1% duty cycle to reduce Joule heating effect. Conventional, non-resonant
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LEDs can be series connected in a small array to increase the output power for gas sensing but
much of this radiation lies outside the gas absorption band [28,138]. Interband cascade LEDs
(ICLEDs) can exhibit higher output power at 300 K [36,95], but again spread over a much
larger linewidth (FWHM ~ 500-1000 nm). Recent results from 5-stage ICLEDs made in our
laboratory which exhibit high output power are also shown in Figure 7.3 for comparison, but
the spectral intensity of the RCLED is much superior, reaching > 2 mWem?nm'. All the
devices exhibit some rollover at high injection, due to the build-up of non-radiative Auger
recombination. The 400 um dia. RCLED exhibits more linear performance, which we attribute
to increased ohmic loss due to the higher current drawn in larger area devices. This is also

evident in the ICLED.

The far-field technique which is described in chapter 6 (section 6.3.2.1) has been used to
measure the angular emission profile of the MQWs RCLED, where the distance between the
emitter and the detector was also about 1 cm. At room temperature, the results exhibited a
single-lobe emission profile with a half power solid angle of 45° as illustrated in Figure 7.4,

showing a better directionality compared with that of the bulk InAsSh RCLED.

0
0
0

rlx‘_'_,,.ﬂ-r-, = A_r'.
< S SR BN 7 e g
= X ;
< M R
. i \
f A :
L b /
LNATACD v
90 = — 2 \..1.”'-/“ ) At "
>., "J"' e S ‘ |
l 4 1 v | symam— » | T '
o) O ” o O =)
=) S > < S =

—

Normalized power [a.

1.]

Figure 7.4: Far field angular profile of the RCLED emission, which shows a half power solid angle of
45°,

7.2.2.2 Temperature dependence of the electroluminescence spectra

The electroluminescence (EL) emission spectra of the QWs RCLED and reference LED devices

measured at different temperatures in the range 20 — 300 K using 100 mA injection current at
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30% duty cycle and 1 kHz are shown in Figure 7.5(a) and 7.5(b), respectively. The results show
that the intensity peaks of the emission spectra of the reference LED decrease gradually from
its highest value at 20 K to the lowest value at 300 K by a factor of 501. While, for the RCLED,
the highest value of the intensity peak was measured at 120 K and found to be higher than the
lowest value measured at 300 K by a factor of ~4. As seen in Figure 7.5(c), over the temperature
range from 20 K to 200 K, the EL spectra of the RCLED have approximately similar intensity
peak values. When the temperature increases from 200 K to 300 K, the intensity peak values
decrease gradually. Consequently, the relative intensity which is defined as the ratio of the
intensity peak value of the RCLED and reference LED increases with increasing the
temperature until T=240 K and then slightly decreases. This is attributed to the non-resonance
between the emission spectra of the AllnAs/InAsSb QWs active region and the resonant cavity
mode. When the temperature increases, the detuning decreases gradually resulting in increasing
the intensity peak of the RCLED compared with those values of the reference LED.

In addition, the results show that the EL emission peak of the RCLED shifts to longer
wavelengths with increasing temperature but much more slowly compared to the EL spectra of
the reference LED. This behavior arises because in the conventional LED the wavelength shift
of the EL spectrum is due to the temperature dependence 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 the refractive index of the materials forming the
cavity. Theoretically, as reported in the chapter 6, the thickness of the cavity has been calculated
as a function of the temperature and it has been found that this variation represents less than
4% of the total wavelength shift. Therefore, the main contribution to the wavelength shift comes
from the temperature variation of the refractive index [119,120]. Consequently, the main EL
emission peak of the RCLED shifts only by ~102 nm at a rate of 0.362 nm/K, while the peak
of the EL spectrum of the conventional reference LED shifts by ~600 nm at a rate of ~2.5
nm/K. This represents a factor of 7 improvement in the emission wavelength stability with
temperature, which is useful in applications such as gas detection where wavelength stability is

required to ensure the emission peak remains within the gas absorption envelope as the

124



temperature varies. Good agreement between the theoretically expected and experimentally
observed wavelength shift was achieved as shown in Figure 7.5(d), based on the relation given
in equations (2.57), (5.7), (5.8), (5.11) and (5.12). Typically, the parameters listed in equation

(2.57), Acay» Neay» and L,y are functions of the temperature.
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Figure 7.5: Temperature dependence of the EL spectra for (a) the RCLED and (b) the reference LED. (c)
Intensity peak values of the EL spectra for the RCLED and reference LED. The dashed-dotted line
represent the relative intensity. (d) The position of the EL peaks as a function of the temperature. The

dashed line represent the theoretical results of the EL intensity peak of the RCLED.

From Figure 7.6(a), it is noticed that the full width at half maximum (FWHM) of the RCLED
emission spectra are clearly narrower than those of the conventional LED. For the RCLED,

over the temperature range from 20 K to 100 K, it was found that there is no noticeable change
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in the linewidth, which is measured to be around 41 nm. As the temperature rises up (T >
100 K), the FWHM slightly increases to be 69.5 nm at 300 K. Whereas, the EL spectra of the
reference LED become broaden rapidly with increasing temperature, with a linewidth of ~300
nm at 20 K and ~1140 nm at 300 K. This is attributed to the fact, as mentioned in chapter six,
that the linewidth of the reference LED is determined by the joint density of states in the
conduction and valance band and the thermal energy of carriers [41]. In contrast, for the
RCLED, the linewidth depends on the quality factor of the resonant cavity. At room
temperature, the emission spectrum of the RCLED has a linewidth ~16x narrower than that of
the reference LED. Consequently, the RCLED can be designed and tailored to match the
absorption of the target gas. Over the measured temperature range from 20 K to 240 K, the
relative linewidth (AMcavity/ Ahreference) decreases with increasing the temperature. It was also
observed that the relative linewidth has approximately the similar value when the temperature

increases above 240 K.
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Figure 7.6: Temperature dependence of (a) The linewidth of the EL spectra for RCLED and reference
LED, (b) the Quality factor (Q) of the RCLED, (c) The internal angle and solid angle of the RCLED
which are determined according to the equations (2.60) and (2.61) and by using the experimental results

of quality factor Q.

126



The measured experimental values of the FWHM and the position of the emission peak of the
RCLED show that the quality factor of the resonant cavity decreases from Q =~ 106 to Q = 64
over the temperature range 20 — 300 K (see Figure 7.6(b)). The quality factor values were
calculated according to the relation (2.59). The number of the resonant mode in the cavity (in
the present work m. = 2). Based on this relation, the cavity finesse has the same behavior as
the quality factor as a function of the temperature. According to the relation (2.60) and (2.61),
temperature dependence of the internal angle (on axis lobe), Opwhm, and internal solid angle,
AQ have been investigated and plotted in Figure 7.6(c). The results indicate that the angle

increases with increasing temperature, corresponding to a decrease the cavity finesse.
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Figure 7.7: (a) Peak energy of the EL emission for the reference LED and the fitting using Varshni
equation. (b) Arrhenius plot of the integrated EL intensity for the reference LED indicating an activation

energy of 52 meV.

Figure 7.7(a) shows the temperature dependence of the EL peak energy of the reference LED.
The measured data were fitted using the Varshni equation (2.1). The values obtained for the
Varshni fitting parameters were Eg(T = 5K) =319 meV, 0.=0.305 meV/K and =255 K which
are in good agreement with the results previously reported for InAsSb lattice matched on a

GaSb substrate [139]. As seen in Figure 7.7(b), the EL spectra of the reference LED show a
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decrease of the integrated intensity as temperature increases. This behavior could be described

by the Arrhenius equation [139]:

[=1,/[1+ Ajexp(— E,/kT)] (7.1)
where A; is the non-radiative recombination process coefficient. E; and k are the activation
energy corresponding to the recombination process and the Boltzmann constant, respectively.
The dashed line in Figure 7.7(b) represents the fitting of the experimental data using the
Arrhenius equation indicating that the activation energy is about 52 meV. The decreasing of the
EL intensity with increasing temperature is attributed to a progressively larger proportion of
electron—hole recombination being non-radiative, as Auger processes are strongly temperature
dependent and follow the general relation [140]:

R puger % €xp(—E,/KgT)T? (7.2)
where E, is the activation energy for the non-radiative Auger process and the exponential term
dominates. The specific Auger processes, CHCC and CHSH, have their own activation energies
defined by the equations (2.32) and (2.33). Furthermore, it is possible to determine the dominant

Auger process occurring in a structure according to following equation:

(ET_ASO)/ET
meg/mg,

>1 (7.3)

The ground state transition energy (Et = el — hh1) and the spin orbit splitting energy A, have
been calculated using nextnano simulation. The non-radiative CHCC process is the dominant
Auger recombination process when the condition in equation (7.3) is satisfied. Using linear
interpolation for the carrier effective masses, the activation energy of the CHCC and CHSH
processes were calculated to be 13.4 meV and 37.2 meV, respectively. The value of the
condition given by the equation (7.3) was calculated to be 4.54 (greater than 1), hence non-

radiative CHCC recombination process is the dominant Auger recombination process.
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7.2.2.3 Peak emission intensity and integrated emission enhancement

In order to evaluate the intensity enhancement factor, the peak intensity of the emission spectra
of the RCLED and the EL intensity of the reference LED were measured corresponding to the
peak position of the main EL emission spectra. The results were obtained over the temperature
range from 140 K to 300 K and are plotted in Figure 7.8(a). The ratio of the EL intensity peak
of the RCLED to the EL intensity peak of the reference LED represents the intensity
enhancement factor. Over the measured temperature range, it was found that the intensity
enhancement factor of the RCLED decreases with increasing temperature due to a decrease in

the quality factor as temperature increases (see Figure 7.6(b)).
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Figure 7.8: (a) Temperature dependence of the intensity peak for the resonance emission spectra of
RCLED and the emission spectra of LED. (b) Temperature dependence of the output power for the
emission spectra of the RCLED and LED. (c) The difference between the peak wavelengths (spectral
detuning) as a function of temperature. (d)-(g) EL spectra of the RCLED and LED at different
temperature, 140 K, 200 K, 240 and 300 K, respectively.

Figure 7.8(b) shows the output power of the emission spectra of the RCLED and reference LED

as a function of the temperature. It was noticed that the output power of the EL emission spectra
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of the RCLED and LED decreases with increasing temperature. As mentioned earlier, when
T<260 K, the quantity Adcqpity/AAreference and the intensity enhancement factor decrease as
temperature increases. Consequently, the integrated enhancement factor should also decrease
as the temperature increases. However, because the cavity resonance implicit in equation (2.73)
is not satisfied at all temperatures (see the detuning values in Figure 7.8(c)), the integrated
enhancement increases with temperature, as shown in Figure 7.8(b). The emission spectrum of
the RCLED shifts to longer wavelengths more slowly compared to that of the reference LED —
see Figures 7.8(d) — 7.8(g). Consequently, the difference between the peak wavelengths
(spectral detuning) decreases gradually with increasing temperature and becomes zero at around
T=260 K, as shown in Figure 7.8(c). At room temperature, the resonance emission and
integrated emission are enhanced by a factor of ~85 and ~13, respectively. Hence, the
influence of the microcavity on the electroluminescence spectrum of the RCLED is clearly
evident. A strong emission enhancement is obtained due to, in particular, the reflectivity of the
DBR mirrors and the positioning of the active region at the electric field antinode within the
cavity. Due to the low detuning in the MQWs RCLED, the results show a greater intensity

enhancement factor and narrower emission linewidth compared to that of the bulk RCLED.

7.2.2.4 Duty cycle effect on the electroluminescence emission

The electroluminescence emission spectra of the RCLED as a function of the duty cycle,
measured at 300 K using 100 mA injection current at 1 kHz are shown in Figure 7.9(a), together
with the peak intensity and the output power shown in Figure 7.9(b). As the duty cycle increases
from 5% to 35%, the peak intensity increases by a factor of ~6, whilst the output power
increases by a factor of ~7, ranging from ~1.4 pW at 5% to ~9.5 uW at 35%. As shown in
Figure 7.9(c) and (d), the peak wavelength of the RCLED red shifts from 4.457 pum to 4.463
um and the linewidth (FWHM) increases from 66.5 nm at duty cycle 5% to 70.5 nm at duty
cycle 35%, respectively. The shift in the peak position and increase of the linewidth is consistent

with the increase in temperature of the device, which was calculated to be approximately 16.5

130



K, corresponding to a 6.0 nm red shift in the emission spectrum. According to equation (2.59)
and based on the results of the peak position and the linewidth of the electroluminescence
spectra, the Q-factor were determined and plotted as a function of duty cycle in Figure 7.9(d).

It was found that the Q-factor decreases slightly from 67 at duty cycle 5% to 63 at duty cycle

35%.
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Figure 7.9: (a) Room temperature electroluminescence emission spectra of the RCLED as a function of
the wavelength at different duty cycles using 100 mA injection current. (b) The peak intensity and the
output power of the RCLED as a function of duty cycle. (c) The peak position of the electroluminescence
emission vs the duty cycle. (d) The linewidth (FWHM) and the Q-factor of the electroluminescence

spectra as a function of the duty cycle.

7.2.2.5 Injection current effect on the electroluminescence emission

The room-temperature power dependence of the electroluminescence spectra of the RCLED on
injection current, using 30% duty cycle at 1 kHz, is shown in Figure 7.10(a). Over the range 20
mA-100 mA, the electroluminescence spectra are red-shifted to longer wavelength, where the
emission peak shifts from 4.4555 pum at 20 mA to 4.4620 pm at 100 mA as shown in the inset

Figure 7.10(a). The results also show that the spectrum has become broader with increasing
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current, as the linewidth increases from 64.5 nm at 20 mA to 69.5 at 100 mA as illustrated in

Figure 7.10(b). As expected, this behavior originates from the temperature increase of the

RCLED. The redshift in the emission spectra was determined to be approximately 6.5 nm,

corresponding to an increase in the temperature of the device by ~18 degrees. Similarly, the

quality factor decreases from 69 to 64 when the injection current increases from 20 mA to 100

mA.
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Figure 7.10: (a) Room-temperature power dependence of the electroluminescence emission spectra of

the RCLED using different injection currents at 30% duty cycle. The inset is the peak position of the

electroluminescence versus injection current. (b) The linewidth and the quality factor of the RCLED

dependence on injection current. (¢) Output power of the RCLED and reference LED as a function of

injection current. The dashed-dotted line represents the power enhancement factor (the relative power).

(d) Peak intensity of the RCLED and the reference LED as a function of injection current. The dashed-

dotted line represents the intensity enhancement factor (the relative intensity).

Furthermore, the integrated enhancement factor and output power at 300 K are compared in

Figure 7.10(c). The integrated emission (output power) enhancement factor decreases gradually

as the current increases, indicating that Joule heating in the RCLED is more significant
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compared to the reference LED, particularly for injection currents >50 mA. A similar behavior

was observed in the peak intensity, where the emission (intensity) enhancement factor decreases

gradually as the injection current increases, as shown in Figure 7.10(d). We estimated the output

power of the RCLED to be ~3.0 uW at 25 mA and ~8.5 uW at 100 mA.

7.2.3 Temperature dependence of the current-voltage characteristics
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Figure 7.11: (a) and (b) The forward and reverse current-voltage characteristics of the RCLED and the
reference LED over the temperature range 20 K-300 K. (c) The series resistance of the RCLED and

reference LED as a function of temperature. (d) Forward current-voltage characteristic of the RCLED

against the temperature. There is a clear trend of decreasing the turn on voltage with increasing the

temperature. (e) Schematic diagram illustrates the path of the current through the DBR and cavity layers.
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Measurements of the current-voltage |-V characteristics were carried out on RCLED and
reference LED devices over a temperature range of 20-300 K in 20 K steps as seen in Fig.
7.11(a) and 7.11(b), respectively. For the RCLED device, the voltage was applied in the range
from —10 V to +10 V and over the range from -1.6 V to 1.6 V for the reference LED, where the
current compliance of 100 mA was used throughout. From the data in Figure 7.11(c), it was
found that the reference LED has a series resistance with value around 7.7 Q at 20 K and slightly
decreased with increasing temperature to be 5.5 Q at 300 K. In comparison, the high applied
voltage for the RCLED is accompanied by high differential resistances exceeding 21 Q at 20
K, which gradually decreases to 16 Q at 300 K, indicating that the turn on voltage of the device
decreases with increasing the temperature as illustrated in Figure 7.11(d). This behaviour is
attributed to the DBR layers placed in the current path, where the band structure, which is
presented in Figure 7.11(e), clearly shows the high band offset energy between the conduction

band of the cavity layers and the top DBR layers, corresponding to about 1.98 eV.

7.2.4 Mesa area effect

Room temperature electroluminescence spectra of RCLEDs with 800 um, 400 um, 200 pm
mesa diameter were investigated and analyzed as demonstrated in Figure 7.12(a). All three
devices were fabricated in the same manner from the same epiwafer. To evaluate the effect of
the mesa area on the electroluminescence, the devices were driven with the same square-wave
modulation, using 100 mA injection current (having a peak value of 1 volt) with 30% duty cycle
at 1 kHz. From Figure 7.12(b), it is clearly observed that the 200 um device had the lowest
emission intensity which is less than that of the 800 um device by ~3x, whereas the emission
intensity of the 400 um device exhibited a decrease in emission intensity of only 20% compared
to that of the 800 um device. On the other hand, the 800 um and 400 um devices exhibit
approximately the same output power, while the output power of the 200 pm device is estimated
to be less than that of the other two devices by ~50%. The difference in the output power results

of the three devices is less than the difference in the emission intensity. This is attributed to
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increase in the linewidth of the emission spectra as mesa area decreases. The
electroluminescence peaks of the 800 um, 400 pm and 200 um RCLEDs were identified at
4.462 um, 4.466 um and 4.478 pm, respectively, indicating that the emission spectra exhibit a
redshift when the mesa area decreases as shown in Figure 7.12(c). Based on the redshift in the
electroluminescence peak, there exists a significant Joule heating in the 200 pm RCLED, where

the temperature increased by ~45 degrees compared to that of the 800 um RCLED.
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Figure 7.12: (a) Room temperature EL emission spectra of the RCLED as a function of the wavelength
at different mesa size using 100 mA injection current. (b) The emission intensity of the RCLED as a
function of mesa area. (¢) The intensity peak position of the emission spectra of the RCLED as a function
of mesa area. (d) Measured forward |-V characteristics of the RCLED at three different mesa size. (e)
Measured forward J-V curves for devices with different mesa width. The current was normalized to the

mesa area. (f) The current density values at Vyiass = 3 V are extracted and plotted against the mesa area.
A log dependence over the mesa area is shown for comparison.

On the other hand, the I-V characteristics of the devices with different mesa sizes are shown in

Figure 7.12(d), where it is evident that as the mesa size decreases, the turn on voltage of the
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RCLED increases. Typically, it is known that when the area of mesa contact decreases, using
the same applied current (i.e. increase the current density), the current density increases with
decreasing mesa area (seen Figure 7.12(e)), leading to increase the resistance of the devices.
The current density values at Viias =3 V of the devices were extracted from the measured current
density for the devices are shown in Figure 7.12(e) and plotted in Figure 7.12(f). The extracted
values of current density exhibit a logarithmic dependence on the mesa diameter, where the
current density in the 200 um RCLED was ~1.7 times higher than in the 800 um RCLED. This
non-linear behavior could be attributed to the non-uniform current distribution within the mesa
area, as area increases the current could be concentrated out of the center. Furthermore, increase
the current density as mesa area decreases explains why the resistance of the devices decreases

when the area increases and then decrease the Joule heating in the device.

7.3 AlinAs/InAsSb MQWs RCLED without top DBR mirror

In order to investigate the optical and electrical properties of the MQWs RCLED without top
DBR mirror, wet chemical etching was used to remove the top DBR mirror from the same

epiwafer of the full RCLED structure.

7.3.1 Device fabrication

After removal of the top DBR mirror, the device was photo-lithographically patterned and wet
chemically etched for subsequent Ohmic metal contact deposition by thermal evaporation. The
first lithography was carried out to deposit Ti/Au top contact for p-side on the top of the p-
InAsSb layer using thermal evaporation and lift-off. After that, the p-InAsSb layer,
AllnAs/InAsSb MQWs active region and a part of n-InAsSb layer were chemically etched.
Citric acid: H,O» (2: 1) and sulfonic acid:H20,:H,O (1:8:80) were used for etching the InAsSb
layers and MQWs active region, respectively. Finally, a Ti/Au bottom contact for the n-side was
deposited on the n-InAsSb layer. The schematic diagram of the RCLED structure without top

DBR mirror is presented in Figure 7.13.
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Figure 7.13: Schematic diagram of the RCLED device structure without top DBR mirror.

7.3.2 Electroluminescence measurements

Temperature-dependent electroluminescence spectra of the RCLED without top DBR mirror
were measured using 100 mA injection current at 30% duty cycle and 1 kHz. The results are
plotted in Figure 6.14(a) over the temperature range from 20 K to 300 K. As seen in this figure,
the resonant optical mode is still observed in the emission spectra, indicating that the resonant
cavity effect is still achieved. This is attributed to that, as we mentioned in chapter 6, the
interface between the surface of the top InAsSb layer of the device and air acts as a top reflector,
resulting in a micro-cavity structure sandwiched between the top mirror with reflectivity (R, =
33%) and bottom DBR mirror with reflectivity (R, > 98%). The room temperature
electroluminescence spectra of the RCLED with top DBR mirror, the RCLED without top
mirror, and the reference LED are shown in Figure 7.14(b). At the resonant wavelength, the
ratio between the electroluminescence peak of the RCLED without top DBR mirror and the
reference LED gives an enhancement in the emission intensity of a factor of 24, which is ~ 3.5x
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less compared to that of the full RCLED structure. Whilst, the integrated emission of the
RCLED without top DBR was enhanced by 8 times, - less than ~40% compared to that of the

full RCLED structure.
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Figure 7.14: (a) Temperature dependence of the EL spectra for the RCLED without top DBR. (b) Room
temperature electroluminescence emission of the RCLEDs with and without the top DBR mirror, and the
reference LED. (c) Peak position of the EL emission spectra of the RCLED without top DBR versus
temperature. (d) The linewidth and the quality factor of the EL spectra of the RCLED without top DBR

as a function of temperature.

Based on the results of the temperature dependence of the electroluminescence emission, the
wavelength of the resonant peak were evaluated and plotted as a function of the temperature in
Figure 7.14(c). As can be seen in this figure, the resonant peak of electroluminescence spectra
are red shifted towards longer wavelength, where the emission peak shifts by 112 nm, from
4.343 um at 100 K to 4.455 um at 300 K. Over the temperature range between 100 K to 220 K,
the emission peak shifts at a rate of ~0.42 nm/K. As the temperature increases from 220 to 300

K, we note that the emission peak shifts at a rate of ~0.76 nm/K (2x greater than that of the full
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RCLED). In comparison with reference LED emission, the RCLED without top DBR mirror
exhibits better temperature stability by a factor of 6. Figure 7.14(d) shows the linewidth and the
quality factor (Q) of the electroluminescence emission as a function of temperature. At low
temperature (T=100 K), the emission linewidth was determined to be approximately 124 nm,
increasing gradually to be ~185 nm at 300 K. At room temperature, the emission linewidth is
~2.7 times larger compared to that of the full RCLED structure, due to the smaller 33%
reflectivity of the top InAsSb/air interface. However, the linewidth of the RCLED without top
DBR mirror is still narrower than that of the reference LED - by a factor of ~6 at 300 K. Based
on the experimental results of the emission peak and the linewidth, the quality factor was
determined and calculated to be ~35 at 100 K and ~24 at 300 K. In this work, we did not
consider the results below 100 K due to the lower accuracy in the measurement, where the

emission was affected by the CO; absorption.

7.3.3 Current and duty cycle effect on the electroluminescence

The room temperature electroluminescence spectra of the RCLED without top DBR at various
injection current using 30% duty cycle was presented in Figure 7.15(a). As injection current
increases, the emission spectra are red-shifted from 4.449 um at 25 mA to 4.455 um at 100mA.
This is attributed to an increase in the temperature of the device, which is calculated to be ~8
degrees. It was also found that the emission linewidth (FWHM) increases from 181 nm to
185 nm as injection current increases from 25 mA to 100 mA. The emission peak intensity and
the integrated power of the RCLED without top DBR mirror and the full RCLED structure are
plotted as a function of the injection current in Figure 7.15(b) and 7.15(c), respectively. Over
the range from 25 mA to 100 mA, it was observed that the peak intensity and the integrated
power of the RCLED without top DBR mirror increases by a factor of 2. At low injection
current (25 mA), the output power was measured to be 2.5 pW less than that of the full RCLED
by 17%. The ratio increases to 40% when the current increases to 100 mA, where the output

power of the RCLED without top DBR mirror was measured to be 5.0 pW. As expected, the
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full RCLED structure shows better performance at high injection currents (>50 mA) compared

to the RCLED without top DBR.

0.4

0.3

EL Intensity
o
N

(@)

— 25 mA
30 mA
— 35mA

300 K
30% Duty cycle

EL intensity
o
N

0.1
0
3.3 3.7 41 45 4.9
Wavelength [pm]
L, ®
"~ |#RCLED without top DBR
1 |eRCLED with top DBR
S 038
5,
> 06
‘B
g 04 "“_._.‘.....’....Q-..--Q
E .‘--0-'0'"
= 02 P 28 6 300 K
0 30% Duty Cycle
20 35 50 65 80 95
Current [mA]
c
0.22 ©
—_ ¢ RCLED without top DBR
= 017 |®RCLED with top DBR
o
5 012 N
o Peril L 2l
T R PO *-°
= o
g o007 o
] -’ 300 K
30% Duty Cycle
0.02
20 35 50 65 80 95

Current [mA]

0.4

o
w

(d)

—5%
10%
15%
20%

—25%
30%

— 35%

300 K
100 mA

0.1
/ 3
o ;,/-—/.;/\
33 3.7 41 45 4.9
Wavelength [um]
O
. |*RCLED without top DBR
S 1o |®RCLED with top DBR
©
209
[%2)
&
£ 06
X | e e -
8 0.3 RRETT S POTT) -+
a gt 300 K
o L¥ 100 mA
3% 8% 13% 18% 23% 28% 33%
Duty Cycle
U]
0.25
—_ ¢ RCLED without top DBR
& 02 |eRCLED with top DBR
& 0.15
; >
© o
& 01 e
5 2
3% | g 300 K
0 100 mA
3% 8% 13% 18% 23% 28% 33%
Duty Cycle

Figure 7.15: (a) and (d) Room temperature EL emission spectra of the RCLED without top DBR as a

function of the wavelength at different injection current and at different duty cycle, respectively. (b) and

(e) The emission intensity peak of the RCLED with and without top DBR as a function of the current

and duty cycle, respectively. (c) and (f) The integrated emission of the RCLED with and without top

DBR as a function of the current and duty cycle, respectively.

Figure 7.15(d) presents the room temperature electroluminescence emission of the RCLED at

different duty cycle using 100 mA drive current. As seen in Figures 7.15(e) and 7.15(f), the

emission peak intensity and the integrated power increase by a factor of 5 as the duty cycle

increases from the 5% to 35%. We estimated the average output power to be 1.1 pW at 5% duty
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cycle, increasing to 5.5 pW at 35% duty cycle. However, in comparison to the RCLED without

top DBR, the full RCLED structure still exhibits higher power output and peak emission

intensity becoming being better when the duty cycle increases.

7.3.4 Area mesa effect on the optical and electrical characteristics
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Figure 7.16: (a) Room temperature EL emission spectra of the RCLED without top DBR as a function
of the wavelength at different mesa size using 100 mA injection current. (b) The emission peak intensity
and the integrated emission of the EL spectra as a function of the mesa area. (c) The peak intensity
position of the emission spectra as a function of mesa area. (d) Measured forward J-V curves for devices
with different mesa width. (e) The current density values at Vpias = 1 V are extracted and plotted against

the mesa area. A 1/r'3 dependence over the mesa area is shown for comparison.

Room temperature electroluminescence and I-V characteristics of three devices with 800 pm,
400 um, 200 um mesa diameter were investigated and analysed as demonstrated in Figure 7.16.

All the three devices were fabricated in the same manner, without top mirror and from the same
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epiwafer. Figure 7.16(b) shows the peak intensity and the integrated power of the emission
spectra plotted in Figure 7.16(a). It is obviously noticed that the 400 pm and 800 um devices
have approximately the same peak emission intensity, whereas the integrated power of the 400
um device increases by 5%. It was also found that the 200 um device exhibited a decrease in
emission intensity of 25% compared to that of the 800 um, whereas the integrated power
decreases by only 15%. This is attributed to the increase the linewidth of the emission spectra
as mesa area decreases, where it is measured to be 185 nm, 193 nm and 206 nm corresponds to
800 um, 400 um and 200 um mesa diameter, respectively. In addition, the electroluminescence
peaks of the 800 um, 400 pum and 200 um RCLEDs were identified at 4.4586 pm, 4.4625 pm
and 4.4740 pm, respectively, indicating that the emission spectra exhibit a redshift when the
mesa area decreases as shown in Figure 7.16(c). The increase in the linewidth emission and the
red shift in the peak spectra are attributed to increase the temperature of the devices as the mesa
diameter decreases, particularly, in the 200 um RCLED, where the temperature increased by
approximately 22.5 degrees compared to that of the 800 um RCLED. This means that the
increase in the temperature of the RCLED without top DBR is less than that of the RCLED

with top DBR by 2x.

On the other hand, the J-V characteristics of the devices with different mesa area are shown in
Figure 6.16(d). As seen in this figure, the current density increases when the mesa diameter
decreases as a result of increase the resistance of the device. The current density values at
Viias = 1 V of the devices were extracted from the measured current density for the devices
plotted in Figure 6.16(e). The extracted values exhibit that the current density in the 800 pm
RCLED was ~6 times less than in the 200 um RCLED and ~2 times less than in the 400 pm
RCLED, showing a 1/r'? dependence on the mesa diameter. This behaviour is attributed to the
non-uniform current distribution within the mesa area as mentioned in section 7.2.4.
Additionally, this explains why the resistance of the devices increases when the mesa area
decreases and then increase the Joule heating in the device. However, the effect of the mesa

area on the performance of the RCLEDs without top DBR mirror is less than that of the full
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RCLED structure, where better optical and electrical characteristics and less Joule heating

effect were observed.

7.4 Discussion

Resonant cavity enhancements are due to constructive interference of light in the cavity, which
increases the amount of light emitted towards the surface within the escape angle from the high-
index semiconductor material into air. The cavity enhances the propagation of optical modes,
which match the optical length of the cavity, whereas the other modes are suppressed [9] (i.e.
the optical mode density is strongly enhanced for on-resonance wavelengths). We also note that
the associated decrease in spontaneous lifetime makes non-radiative Shockley-Read processes
less important. The main difference compared to a VCSEL is the criterion that (1-Rou)>>0daciive,
where daciive 1S the thickness and a is the absorption coefficient of the active region and Ry is
the reflectivity of the out-coupling mirror (see chapter 2, section 2.3). This ensures that more
light escapes the cavity than gets re-absorbed in the active region because the device emits only
spontaneous emission. By carefully combining InAsSb strained MQW with high contrast
AlAsSb/GaSb DBR mirrors our design enables an RCLED with high spectral brightness within
a narrow linewidth which is well suited to selective gas detection and optical spectroscopy.
Where, as we mentioned before, the emission peak and the integrated emission of the MQWs
RCLED were significantly enhanced, therefore the external efficiency of the RCLED was also

improved compared to that of the reference LED as presented in Figure 7.17.

0.1
300 K ORCLED
0.08 o., LED Ref.
'o.,.&
0.06 "0

Croe..g
0”0"'9"'0

o
o
]

External Efficiency [%]
o
o
=

o
o

50 150 200 250

100 L
Current Density [A/cm?]
Figure 7.17: Room temperature external efficiency of the MQWs RCLED and reference LED as a

function of current density.
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The emission wavelength is determined by the Sb content in the MQW (see Figure 7.19) but
also by the construction of the resonant cavity. The emission enhancement, linewidth and Q-
factor are strongly dependent on the DBR mirror reflectivity. The high refractive index contrast
(An = 0.6) between AlAsSb and GaSb means that relatively few pairs of layers are needed to

achieve sufficiently high reflectivity.

Figure 7.18 shows the accessible spectral range for our RCLED extends from 3.9 um to 4.9 um
— maintaining 70% of the peak emission intensity. We estimated the effect on the emission
intensity keeping the same MQWs in the active region and changing the thickness of the cavity
(red line) and the DBR layers (green line). The results show that if the thickness of the DBR
layers and the cavity are both reduced by 4.5%, then the emission peak readily tunes down in
wavelength to 4.25 pm, which is well matched to CO; detection. Meanwhile, the emission
intensity is decreased by only 3% from that of our MQW RCLED at 4.5 pm. Similarly, for CO
detection at 4.6 um, the thickness of the DBR layers and the cavity simply needs to be increased
by 3%, where the emission intensity is again reduced only slightly by 3%. This is possible
because of the relatively broadband emission of the AllnAs/InAsSb MQWs in the active region.

Consequently, our RCLED design is readily able to address three important greenhouse gases.
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Figure 7.18: The calculated variation in RCLED wavelength and emission intensity dependence on
cavity thickness or DBR period thickness. Also shown are the absorption spectra of key greenhouse

gases to illustrate the accessible tuning range, which encompasses CO2, N,O and CO.

The emission wavelength of the RCLED can be tuned further out to longer wavelengths by
adjusting the Sb content in the MQW as shown in Figure 7.19, although this requires a
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corresponding redesign of the DBRs and cavity. However, due to lattice mismatch and strain
considerations, with 15% Sb the QW are type [ with a conduction band offset of 30 meV. This
means that the emission wavelength cannot be significantly increased without the structure
becoming type II, resulting in a likely reduction in output power.

25

- - = 10.5% Sb 77K

S 2 13.5% Sb
KA R 16.0% Sb A
215 N S\
‘S /. A\
c - ] \
g! U B
- : \J \
| 05 .I .,I ]
& .’ ’I\ “-\

Y — 2 - - S ———

3 33 36 39 42 45 48
Wavelength [um]

Figure 7.19: Photoluminescence spectra of the AlInAs/InAsSh MQWs at various Sh composition.

On the other hand reducing the Sb content would provide larger conduction band offset with
deeper confinement and enable RCLED emission down to ~4.0 pum. However, compressive
strain limitations on the critical thickness prevents the realization of RCLEDs at shorter
wavelengths. Increasing the number of periods in the upper/lower DBR would have the effect
of increasing the cavity finesse and Q-factor which would result in a narrower spectral linewidth
and higher optical output at the resonance wavelength but could be lower overall output power.
However, output power could be increased by using a number of RCLED chips in a small array
- as implemented by GSS Ltd. in their COZIR sensor [28] which employs 9 LED elements. The
resonant cavity concept can also be applied to enhance detector performance and recently, we
demonstrated a resonant cavity detector operating at around 4.41 um with peak responsivity of
3.0 AW, corresponding to quantum efficiency of 84%.[141] Clearly, it is also possible to
implement a resonant cavity LED - resonant detector pair to obtain even higher sensitivity
although care is needed to maintain effective matching of the resonance peaks.

The optical properties of the full structure RCLED and the RCLED without top DBR mirror
were listed in Table 7.1, compared to that of the reference LED. In addition, the area mesa effect

on the optical properties of the both devices was summarized in Table 7.2.
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Table 7.1: Room temperature optical properties of the RCLED full structure compared to that

of the RCLED without top DBR (800 pm mesa diameter).

Resonance peak emission Enhancement factor
Sample Position | Linewidth Quality dAca/dT Intensity | Integrated
pm nm factor [Q] nm/K peak emission
MQWs RCLED 4.462 69.5 64 0.36 85x 13x
full structure
MQWs RCLED 4.455 185 24 0.42 24x 8x
without top DBR (T<220K)
0.76
(T>220K)

Table 7.2: Room temperature optical properties of the RCLED full structure compared to that
of the RCLED without top DBR for different area mesa.

Mesa | Device | Peak position | Linewidth | Quality | Normalized | Output power
diameter factor Intensit
(um) (nm) Q] y uwW

800 um g 4.462 69.5 64 x1 8.5 (quasi-CW
5] condition)
=

400 pm | = 4.466 72 62 Less by | 8.5 (quasi-CW
g 20% condition)
Sa)

200 pm d 4.478 77.5 58 Less by 3x | 4.3 (quasi-CW
= condition)

800 pm a, 4.458 185 24 x1 5 (quasi-CW
§ condition)
3

400 pm = gé 4.4625 193 23 x1 5.2 (quasi-CW
z A condition)
a

200 pm d 4.474 206 22 Less by | 4 (quasi-CW
A 25% condition)
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

Mid-infrared Resonant cavity (RC) structures. Simulated results of the resonant cavity (RC),
including quality cavity factor (Q), the linewidth of the cavity mode (AAcav), resonance emission
(intensity) enhancement factor (Ge), and the integrated emission enhancement factor (Gin) were
evaluated as a function of the reflectivity of the top and bottom mirrors. The distribution of the
electric field inside the cavity was also investigated to identify the antinodes. All the results
were obtained using the cavity thickness of a single wavelength (1A-thick). It was found that
the high quality factor and high enhancement factors were achieved using high reflectivity of
mirrors under the condition Ryottom™>>Ri0p. The reflectivity of the DBR mirrors was modelled
using a transfer matrix method and the results show that 13.5 pairs of bottom DBR mirror and
5 pairs of top DBR mirror are enough to achieve high enhancement factors. Therefore and in
order to design successful resonant cavity structures, four samples with a 1A-thick cavity
sandwiched between two DBR mirrors (13.5 pairs bottom DBR and 5 pairs top DBR) were
grown using MBE. Three of these samples grown on n-GaSh substrate and one grown on n-
InAs substrate. The samples included the following structures: GaSh-based bulk InAsSb RC
(S1), GaSh-based Aloi2lngesAs/INASeessSho14s  MQWs  RC  (S2), GaSb-based

Al .121n0 88AS/INAS) 57Sbo.13 MQWS RC (S3) , and InAs-based InAs/GaAsSh SLSs RC (S4).

The temperature dependence of transmission spectra of the all samples was experimentally
measured over the temperature range from 77 K to 300 K. Based on that, the position of the
cavity mode and the DBR stopband centre were determined. Corresponding to the thickness of
the cavity, the cavity mode of the samples S1, S2, S3, and S4 exhibit room temperature
wavelengths peaked at ~4.3 pm, ~4.5 pm, 4.0 um, and 4.6 pum, respectively. It was also found

that the optical cavity mode for all samples has a significant temperature stability (<0.4 nm/K),
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narrow linewidth (<100 nm) and a high quality factor, confirming that high enhancement
factors were achieved in practice. Based on the temperature coefficient of the refractive index
and the lattice constants of the cavity material, the theoretical results of the wavelength shift of
the optical mode were investigated, showing a good agreement with experimental results.
Although all the samples exhibit detuning (the difference between the wavelength of the optical
cavity mode and the DBR stopband center), our simulated results indicate that high
enhancement factors for all samples are still maintained. The narrow linewidth and superior
temperature stability, are attractive features, enabling these structures to be implemented in next
generation optical gas sensor instrumentation for gases such as SO, (4.0 um), CO; (4.25 pm),

N>O (4.5 um), and CO (4.6 pm).

GaSb-based bulk InAsSb RCLED. We investigated the optical and electrical properties of the
mid-infrared resonant cavity LEDs (RCLEDs) operating near 4.3 um at room temperature. Two
samples were grown on a GaSb substrate by molecular beam epitaxy under the same growth
conditions, one with high detuning between the resonance optical cavity (~160 nm) and another
with lower detuning (~110 nm). The RCLED structures are based on a design using high
contrast DBR mirrors, a 13.5 lattice—matched AlAso.0sSbo.02/GaSb (1/4) pairs for the bottom
DBR and 5 pairs for the top DBR, with a 1A-thick microcavity which consists of a bulk InAsSb
as the active region. Temperature dependence of the electroluminescence spectra of the
RCLEDs shows that when the detuning increases, significant side peaks become enhanced at
the two sides of the DBR stopband. It was also found that the side peaks positioned at the left
side of the DBR stopband (short wavelength side) shift towards longer wavelength as
temperature increases by a rate of 0.194 nm/K, less than that of the side peaks positioned at the
right side of the DBR stopband (long wavelength side) which are shifted at a rate of

0.374 nm/K.
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Two different fabrication methods were used to design these low detuning RCLEDs. For the
RCLED-M1 structure, where the top p-type contact was deposited on the surface of the top

DBR mirror, the following features of the emission spectra were observed:

e The main resonance emission peak (resonance optical cavity mode) of the RCLED has
a significant temperature stability, showing a red-shift with a rate of ~0.36 nm/K which
is less than that of the reference LED by a factor of 6x.

o The spectral linewidth of the main emission peak was calculated to be ~ 88 nm at
300 K which is narrower than that of the reference LED by a factor of ~10x.

e At room temperature, the emission intensity and the total integrated emission of the
electroluminescence spectrum of the RCLED were enhanced by a factor of ~70x and

33x, respectively.

The RCLED-M2 emission at room temperature shows broader linewidth and smaller
enhancement factors compared to that of the RCLED-M1 emission, but still has narrower
linewidth, higher intensity, and higher integrated emission compared to that of the reference

LED, where:

e The main emission peak of the RCLED has a spectral linewidth of ~200 nm at 300 K,
narrower than that of the reference LED by a factor of 4.5x.
e The emission intensity and the total integrated emission of the RCLED were enhanced

by a factor of 49x and 21x, respectively.

These results indicate that the emission spectra of the full structure RCLED-M2 seems to be
similar to that of the RCLED without top DBR mirrors, suggesting that the EL spectrum of the
RCLED-M2 originates from the surface of the cavity.

Temperature dependence of the current-voltage (I-V) characteristics of the RCLEDs show that
the series resistance and the turn on voltage of the RCLED-M2 are less than that of the RCLED-

MI.
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GaSbh-based AllnAs/InAsSb MQWs RCLED. We have also demonstrated the temperature
dependence of the electroluminescence spectra of the AllnAs/InAsSb MQW LED, designed for
mid-infrared applications near 4.5 pm at room temperature, grown lattice-matched on a GaSb
substrate by molecular beam epitaxy using high contrast DBR mirrors. The RCLED structure
is based on a design using 13.5 lattice—matched AlAso.0sSbo92/GaSb (1/4) pairs for the bottom
DBR and 5 pairs for the top DBR, with a 1A-thick microcavity which consists of an
AllnAs/InAsSb QWs as the active region. The EL emission spectra of the RCLED were
measured over the temperature range from 20 to 300 K and compared with a reference LED
without DBR mirrors. The EL spectra of the RCLED show higher intensity, higher output power
(8.5 uW under quasi-CW condition, 120 pW under pulsed condition), better directionality,
better spectral purity and superior temperature stability compared to the reference LED. These

features are listed in detail below:

o Because the emission wavelength of the optical cavity mode is determined by the
temperature coefficient of the refractive index of the cavity materials, the emission peak
of the RCLED shifts toward longer wavelengths as temperature increases at a rate of
only 0.362 nm/K, which is less than that of the reference LED by a factor of 7.

o The EL spectra of the RCLED have a linewidth narrower than that of the LED, where
the linewidth of the RCLED emission spectrum was measured to be 42 nm at 20 K and
69.5 nm at 300 K, which is 7 and 16 times lower than that of the LED, respectively,
because the linewidth depends on the Q-factor of the cavity.

e Due to the resonant cavity effects, the room temperature emission intensity and the
integrated emission (output optical power) was found to be enhanced by a factor of

~85 and ~13, respectively.

The effect of the injection current and the duty cycle on the EL spectra of the RCLED were
investigated. It was observed that the emission peak was red-shifted and the emission spectrum
became broader when the injection current increases. Similar behavior was observed with

increasing duty cycle. This is attributed to increased temperature of the device due to Joule
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heating effects. In addition, room temperature emission spectra of the RCLED with different
mesa area exhibited higher intensity, higher output power, narrower linewidth and blue-shifted
when the mesa area increases. This is attributed to the fact that the resistance of the device

increases with decreasing mesa area, leading to an increase of the temperature in the device.

As temperature increases, the series resistance and the turn on voltage of the RCLED are

decreased.

The results of the electroluminescence spectra of the AllnAs/InAsSb MQWs RCLED without
top DBR mirror show that the resonant cavity effects on the emission are still achieved, where

the following features were observed:

e The emission intensity and the integrated emission were enhanced by a factor of 24 and
8 respectively, compared to that of the reference LED.

e  Athigh temperature (T>200 K), the device exhibited narrower linewidth (x6) and better
temperature stability by a factor of 6.

e At room temperature and as injection current increases, the peak intensity and the
output power of the emission spectra increases by a factor of 2, less than that observed
in the emission of the full RCLED structure (which increased by ~2.5x and ~2.8x,
respectively). It was also found that the peak intensity and the output power increase
with increasing the duty cycle by a factor of 5, less than that of the full RCLED structure
which are estimated to be 6x and 7x, respectively.

e The effect of the mesa area on the optical and electrical characteristics of the RCLED
without top DBR is less than that of the full RCLED structure, where less Joule heating

was observed.

Room temperature electroluminescence spectra of our RCLEDs are shown in Figure 8.1. Four
nice emission spectra peaked at approximately 4.0 um, 4.3 um, 4.5 um, and 4.6 um each with

narrow linewidths were obtained, showing the spectral range covered in this work.
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Figure 8.1: Room temperature electroluminescence spectra of the four RCLEDs grown and fabricated in
the physics department at Lancaster University. The emission spectra were measured under quasi-CW

conditions using 100 mA injection current and 30% Duty Cycle.

Owing to the increased brightness, narrower linewidth and improved temperature dependence
our results indicate that these RCLED designs form an excellent basis for the further
development of sources to be used in gas sensor instruments (CO, and N,O gases) as well in

spectroscopy and other applications.

8.2 Suggested future work

The RCLED structures developed and studied in this thesis exhibit significantly improved
optical properties compared to non-resonant LEDs, but with higher series resistance and higher
turn on voltage. Although we studied the features of these structures in details, there is still
much to follow up. Therefore, the following suggested work could be investigated in the future:
e Design a mid-infrared RCLED grown on Si substrate for the low-cost next generation

of mid-infrared applications. It can be designed to emit the light through the substrate

by using a high-reflectivity gold mirror as a top mirror and a low-reflectivity

AlAsSb/GaSb DBR as a bottom mirror.
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Interband cascade RCLEDs structures could be designed and developed to improve the
optical output power and the efficiency. This is could be achieved by increasing the
cavity order to increase the number of the electrical field antinodes inside the micro-
cavity, enabling multi-stage active regions to be grown inside the cavity.

Further investigation to improve the electrical properties of the RCLEDs by using other
materials or fabrication methods to reduce the reverse current, the series resistance and
the turn on voltage. The studies should include improvements to the electrical
properties of the DBR mirror.

Study the effect of the cavity order on the optical properties of the RCLEDs. Where the
simulated results suggest that the enhancement factors and the emission linewidth could
be effected when the cavity order increases. In our study we use cavity order equal 2
which corresponds to 1A-thick cavity with one electrical field antinode.

Develop our SLs and MQWs resonance cavity (RC) designs to investigate mid-infrared
(*>4 pm) VCSELs using high reflectivity (R~99.9%) AlAsSb/Ga(As)Sb DBR as a
bottom mirror and a dielectric DBR with reflectivity (R>99.0%) as a top mirror.
Interband cascade mid-infrared VCSELs could be also designed based on InAs
substrate using GaAsSb/InAs SLs as active region.

Investigate strain balanced AllnAs/InAsSb MQWs, obtained by increasing the
composition of Sb, which could be used to design RCLEDs and VCSELs for mid-

infrared applications (A>5 um).
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