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Abstract

The 3–5 µm mid-infrared spectral region is of great interest as it contains the funda-

mental molecular fingerprints of a number of pollutants and toxic gases, which require

remote real-time monitoring in a variety of applications. Consequently, the development

of efficient optoelectronic devices operating in this wavelength range is a very fascinating

and pertinent research. In recent years, there has been a rapid development of optical

technologies for the detection of carbon dioxide (CO2), where the detected optical inten-

sity at the specific gas absorption wavelength of 4.26 µm is a direct indication of the gas

concentration, the main applications being in indoor air quality control and ventilation

systems. The replacement of conventional infrared thermal components with high per-

formance semiconductor light-emitting diodes (LEDs) and photodiodes in the 3–5 µm

range allows to obtain sensors with similar sensitivity, but with an intrinsic wavelength

selectivity, reduced power consumption and faster response. Gas Sensing Solutions Ltd.

has developed a commercial CO2 optical gas sensor equipped with an AlInSb-based

LED and photodiode pair, which has demonstrated a significant reduction in the energy

consumption per measurement.

The aim of this Ph.D. project, supported by an EPSRC Industrial CASE Studentship,

was to improve the performance of mid-infrared AlInSb LEDs. This was achieved

through the optimisation of the layer structure and the device design, and the appli-

cation of different techniques to overcome the poor extraction efficiency (∼ 1 %) which

limits the LED performance, as a consequence of total-internal reflection and Fresnel

reflection. A key understanding was gained on the electrical and optical properties of

AlInSb LEDs through the characterisation of the epi-grown material and the fabrication

of prototype devices. Improved LED performance, with a lower series resistance and

stronger light emission, was achieved thanks to the analysis of a number of LED design

parameters, including the doping concentration of the contact layers, the LED lateral

dimensions and the electrode contact geometry. A Resonant-Cavity LED structure was

designed, with the integration of an epitaxially-grown distributed Bragg reflector be-

tween the substrate and the LED active region. The advantage of this design is twofold,

as it both redirects the light emitted towards the substrate in the direction of the top

LED surface and adds a resonant effect to the structure, resulting in a three-times

higher extraction efficiency at the target wavelength of 4.26 µm, spectral narrowing and

improved temperature stability. Finally, 2D-periodic metallic hole array patterns were

integrated on AlInSb LEDs, showing potential advantages for spectral filtering and en-

hanced extraction of light emitted above the critical angle.
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Chapter 1

Mid-Infrared Optical Gas Sensing

This Chapter gives an overview on the project background and motivations. A descrip-

tion of the conventional methods for gas detection is given, focusing on the advantages

of optical gas detection based on the absorption of mid-infrared radiation. The different

types of mid-infrared light sources and detectors are recalled, highlighting the perfor-

mance of semiconductor-based mid-infrared light-emitting diodes and photodetectors.

The driving applications and performance requirements for commercial carbon dioxide

gas sensors are described to introduce the motivations for enhanced-efficiency low-power

light-emitting diodes, which have been developed throughout this thesis work.

1.1 Introduction

The mid-infrared region of the electromagnetic spectrum can be defined as the wave-

length interval between 2 µm and 12 µm, which corresponds to energies between 0.62 eV

and 0.1 eV. In the last decades, this spectral region has received increasing interest from

research and industrial institutions due to the presence of several transparent windows

of the atmosphere (2–2.5 µm, 3–5 µm, 8–12 µm), in which no water vapour absorp-

tion is present. These wavelength ranges have been exploited for both civil and defence

applications, such as thermal imaging and security countermeasures. Additionally, the

mid-infrared region contains the characteristic absorption bands of a number of impor-

tant molecules and gases that are useful to detect in our environment, and has therefore

become particularly attractive for the development of optical sensor instrumentation.

In fact, important gases such as methane (3.3 µm), carbon dioxide (4.2 µm), carbon

monoxide (4.6 µm) and nitric oxide (5.3 µm) require accurate, real-time and non-invasive

detection and monitoring in a wide range of concentrations (from ppb to almost 100 %).

Optical sensors in the mid-infrared region find application in a variety of areas, including

1
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Figure 1.1: Absorption bands (normalised intensity) of relevant gas species in the
2–6 µm range (data from SpectralCalc.com based on HITRAN database).

Figure 1.2: Zoomed in mid-infrared absorption spectra of CH4 and CO2 (data from
SpectralCalc.com based on HITRAN database).

environmental pollution monitoring, chemical process control, optical gas sensing and

non-invasive medical diagnostics [1, 2].

A typical plot of absorption bands of some relevant gas species in the 2–6 µm range is

shown in Figure 1.1. These absorption lines provide a way to detect the presence of a

gas and measuring its concentration, as described later in the Chapter.

The absorption of mid-infrared radiation is based on the fundamental transition of a

vibrational mode of a molecule [3]. The absorption band is centred at the wavelength

corresponding to the vibrational transition of the molecule. Commonly, the absorption

band has a 2% bandwidth around the main transition wavelength, due to a fine struc-

ture of additional absorption lines given by simultaneous rotational transitions in the

molecule. Examples of detailed absorption spectra of methane (CH4) and carbon dioxide

(CO2) in the mid-infrared range are shown in Figure 1.2.
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1.2 Methods for gas detection

A number of detection methods can be used to detect and monitor the presence of gas

molecules. These can be summarised in two main categories:

• Chemical detection, such as electrochemical, catalytic and fluorescence sensors [4],

and

• Spectroscopic techniques, based on the characteristic optical absorption of the gas

species at specific wavelengths.

The electrochemical and catalytic sensors can be inexpensive and sensitive at ppm or ppb

levels [5], but they suffer from some disadvantages, including poisoning, shorter lifetimes,

and low selectivity. In particular, they can cross-respond to other gas species, including

water vapour, causing false alarms or failing to danger. Moreover, they are based on gas

sampling, thus precluding real-time data acquisition, which can be important in some

applications such as process control.

In contrast, sensors based on optical absorption are immune to poisoning, they offer

fast response, minimal drift and high gas specificity, with potentially zero cross-response

to other gases. Additionally, the measurements can be made in real time and in situ

without disturbing the gas sample. However, optical sensors tend to be more expensive

than electrochemical sensors, mainly due to the cost of infrared sources, detectors and

transfer optics. For this reason, there is an increasing demand for affordable and high

performance sources and detectors operating in the mid-infrared wavelength range.

Optical gas detection using absorption spectroscopy is based on the application of the

Beer-Lambert law [6]:

I = I0 · exp(−αl) (1.1)

where I is the light transmitted through the gas cell, I0 is the light incident on the

gas cell, α is the absorption coefficient of the sample (in units of cm−1) and l is the

cell’s optical pathlength (in cm). The absorption coefficient α is the product of the

gas concentration and the specific absorptivity of the gas, which strongly depends on

wavelength. For low αl, Equation 1.1 is linear with α:

∆I

I0
≈ αl (1.2)

where ∆I = I0 − I and ∆I/I0 is the absorbance. Limits of detection can be quantified

as the noise equivalent absorbance (NEA) or the minimum detectable absorption coeffi-

cient (αmin), allowing instrumental techniques to be compared without reference to the

specific gas target.
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Figure 1.3: Schematic configuration of a non-dispersive infrared (NDIR) gas sensor
with a gold-coated light guide between the source and the detector.

Depending on the application and its requirements, different light sources can be used

in optical gas detector systems. For example, the narrow emission line of a laser source

can be tuned to a single absorption line of a gas. Generally, this is the preferred choice

for applications requiring high sensitivity and long distance target measurements. They

represent the high-cost, low-volume sector of the gas detection market. On the other

hand, light sources with a spectrally broad emission, like thermal sources and light-

emitting diodes (LEDs), are mainly used in low-cost, high-volume applications. In the

following sections, the focus will be on the latter, low-cost high-volume market sector.

1.3 Non-Dispersive Infrared sensors

The non-dispersive infrared (NDIR) gas sensing technique is one of the most widely used,

thanks to its quite straightforward implementation. Therefore, it has great commercial

significance, as traditional non-dispersive infrared sensors are low cost and can be built

in very compact configurations. In a single channel sensor, the infrared radiation emitted

from a broadband source is passed through an optical system, a gas sample volume and

an optical filter that defines the spectral region of interest. According to Equation 1.2,

the amount of radiation that reaches the detector is proportional to the absorption

coefficient of the sampled gas and the length of the optical path. Generally, a narrowband

optical filter is used to ensure that ideally no other gas species are absorbed in the

transmission window. Thanks to the strong optical absorption in the mid-IR, acceptable

limits of detection (≈ 50 ppm) can be achieved with relatively short optical path lengths

(≈ 10 cm) [7]. The measurement is affected not only by the gas concentration, but also

by any variation in the emission of the source. To minimise this additional effect, a

reference measurement can be done by using a second filter covering a non-absorbed

region of the optical spectrum.
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Figure 1.4: Schematic illustration of the étendue of an axially symmetric optical
system.

A NDIR gas sensor can be designed as an optical system with a collimating lens at the

source, plus a focusing optic and an optical filter at the detector. However, a simpler

and cheaper option is to use a gold-coated light guide with no further optics between the

source and detector. A schematic of this configuration is shown in Figure 1.3. Recent

research on NDIR sensors has focused mainly on the implementation of small footprint

sensors with optimised light coupling between source and detector and maximum optical

path length for improved sensitivity [8].

The light collection efficiency of an optical system can be defined using the concept of

étendue, also known as geometric extent, throughput or acceptance [9, 10]. The étendue

G is a geometric quantity that measures the light flux collection capability of an optical

system and it is invariant through an optical system with negligible scattering and

absorption losses. The total power collected by an ideal optical system is the product

of the étendue and the basic radiance of the source, L/n2 (in W sr−1 m−2), where L

is the radiance and n is the refractive index of the medium where the optical system

is immersed. From the definition of radiance, the total power flux for a uniform and

Lambertian source can be written as:

Φ = L

∫∫
dA cos θ dΩ = L/n2 ·G (1.3)

with the étendue defined as:

G = n2
∫∫

dA cos θ dΩ (1.4)

where A is the area of the aperture that limits the light beam, θ the angle with respect to

the optical axis and Ω the solid angle subtended by the aperture, as shown in Figure 1.4a.

In case of an axially symmetric system, as schematically illustrated in Figure 1.4b, the

étendue reduces to [11]:

G = πn2A sin2 θ (1.5)
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In a lossless optical system, the element with the smaller étendue defines the overall

throughput of the system, therefore geometrical considerations must be applied when

coupling light into and from an optical system. Considering the system sketched in

Figure 1.4b, if the source emits light outside the optics’ acceptance angle (Gs > Gt), a

portion of the light will be lost. In the same way, if the angle of emission is too small

(Gs < Gt), the coupled light will be less than in the ideal case when the étendue of the

system matches. The optimal coupling is achieved when Gs = Gt and the light emitted

from the source fills the acceptance angle of the optical system. Thus, the source area

can determined according to:

As =
Gt

π sin2 θ
(1.6)

Once this condition is met, stronger coupling to the target can be achieved only by

increasing the light emitted from the same source area and by having a more directional

far field, so that a larger fraction of the total light is emitted within the acceptance angle

of the optical system.

1.4 Infrared light sources for NDIR sensors

There are two main categories of broadband light sources that can be used in NDIR

sensors: thermal sources and semiconductor sources. The requirements for a suitable in-

frared source vary depending on the application. However, some relevant characteristics

can be identified as follows:

• High spectral radiance in the band of interest (≥ 4 % bandwidth around the ab-

sorption wavelength of the target gas)

• Low electrical driving power (preferably < 0.5 W);

• Fast modulation (> 50 Hz);

• Temperature and long-term stability;

• Low manufacturing cost;

• Expected lifetime in normal operation (> 5 years);

1.4.1 Thermal sources

The most common thermal sources used in NDIR sensors are microbulbs. The two main

advantages of microbulbs for gas sensors are the relatively high spectral emission (2 mW

over a 4% bandwidth at 4.2 µm) and their low cost ($ 1–2) [12].
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However, microbulbs are typically operated up to 3000 K, and their emission contains a

significant portion of visible and near IR radiation, that is not used in the measurements

and therefore wasted [13]. Moreover, the optical transmission of their glass envelope

drops to negligible levels at wavelengths longer than 5 µm, thus limiting their application.

Additionally, microbulbs have limited electronic modulation frequency, typically up to

10 Hz.

More recent research has focused on the development of sources that are more spectrally

efficient and capable of high modulation frequencies. Thin IR emitting membranes based

on MEMS technology have been proposed [14, 15]. Their emission spectrum follows the

Plank emission curve for a grey body. Their lower temperature operation (870 to 1700

K) gives improved spectral efficiency for the mid-IR region and longer device lifetimes.

Microstructured coatings have also been proposed to improve the spectral efficiency at

a given wavelength by plasmonic or photonic bandgap approaches [16–18].

1.4.2 Semiconductor sources

The most suitable semiconductor broadband light source for high-volume gas detection

applications is a mid-infrared light-emitting diode (LED) [12]. Mid-IR LEDs, based on

narrow bandgap III-V semiconductors, can be designed to emit at specific wavelengths,

giving an excellent spectral matching between the optical emission and the absorption

bands of the target gas, as shown in Figure 1.5. For this reason, they offer superior

spectral efficiency compared to thermal sources [19]. Moreover, they can be operated at

much higher modulation rates, when used in conjunction with semiconductor photode-

tectors.

A disadvantage of semiconductor sources is that their emission depends strongly on

temperature, due to their energy gap Eg being close to kT at room temperature. The

temperature coefficient can be as high as 1% K−1 for an LED operated at room tem-

perature compared to the 0.02% K−1 for a filament lamp. This requires the LED to be

maintained at a constant temperature or, alternatively, this variation can be taken into

account with a temperature compensation data processing technique. A second disad-

vantage is that semiconductor sources are generally more costly than thermal sources,

unless a high-volume production is established.

Considerable research work has been invested into the extension of room-temperature

LED operation to mid-infrared wavelengths, where thermally activated carriers reduce

the radiative efficiency [2, 20, 21]. Moreover, different techniques have been applied

to improve the optical coupling efficiency and improve the directionality of the output

[22–29]. These aspects are discussed in more detail in Chapter 2.
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Figure 1.5: Emission spectra of mid-infared LEDs designed for the detection of (a)
CH4 and (b) CO2 . The absorption spectra of the gases are shown to indicate the good
spectral matching.

1.5 Infrared detectors for NDIR sensors

The detection limit of the optical sensor system depends on the optical power emitted by

the source within a defined spectral range and on the detector noise. Optical detectors

are commonly characterised using a normalised figure of merit. The specific detectivity

D∗ is equal to the signal-to-noise ratio under uniform irradiance, normalised to the

detector area Ad and the measurement bandwidth ∆f :

D∗ =

√
Ad∆f

NEP
(cm Hz1/2 W−1) (1.7)

where NEP is the noise equivalent power.

Thermal detectors conventionally used in gas sensors are pyroelectric detectors and

thermopiles. Both have been already developed for low-cost, high-volume production.

They show a specific detectivity around 108 cm Hz1/2 W−1, but both their responsivity

and noise performance decrease significantly with increasing frequency above few Hz.

For this reason they can only be used in combination with thermal sources modulated

at low frequencies.

Photovoltaic and photoconductive detectors can cover the entire mid-infrared region

with high detectivity, but in most cases they require cooling to 77 K [30, 31]. This

adds unwanted costs and practical inconvenience, especially for portable applications.

An improved design for a photodiode operating at room temperature was pioneered by

QinetiQ [32–34], providing a specific detectivity D∗ around 109 cm Hz1/2 W−1 with no

additional cooling. This design is described in more detail in Section 2.3 and is used as

a reference throughout this work.
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1.6 Carbon dioxide sensing: Applications and requirements

The increasing market demand for carbon dioxide (CO2 ) gas sensors is mainly driven

by their application for control of indoor air quality within buildings and transports sys-

tems [35, 36]. As human exhaled air is rich in CO2 , the monitoring of its concentration

gives an accurate measurement of people occupancy in a known air volume. The use

of CO2 sensors, usually integrated with temperature and humidity sensors, has allowed

the development of demand control ventilation (DCV) systems. Through these tech-

nology, heating, ventilating and air conditioning systems can be controlled and adapted

to suit the levels of people occupancy [37]. Buildings with ventilation monitoring and

control based on DCV systems have demonstrated up to 25 % of energy savings [37]. As

commercial buildings are responsible for at least 40 % of the world’s total energy con-

sumption [38], the extensive use of DCV systems with CO2 sensors can give a significant

contribution in achieving global energy savings.

Moreover, the advancement towards autonomous wireless sensors allows the development

of sensors networks, which provide low-cost flexible installation and support real-time

data acquisition from multiple sensors. Other significant applications in which the use of

CO2 sensors can be exploited are in the horticultural [39], automotive [40] and medical

sectors [41].

These markets are creating high-volume demand for low-cost autonomous CO2 gas sen-

sors. The main requirements for this type of sensors are:

• reduced power consumption for extended battery life operation;

• fast stabilisation time; and

• sensor portability.

As introduced in Section 1.2, commercially available CO2 sensors are based on two

types of technology: solid electrolyte and non-dispersive infrared (NDIR) [1, 42, 43].

Solid electrolyte sensors have cost advantages, but are known to cross-respond to other

gas species, including water vapour, and thus are suitable only for the least demanding

applications. NDIR sensors, instead, are the most widely used for real-time measurement

of CO2 , thanks to their higher performance in terms of long-term stability and accuracy.

The majority of currently available NDIR CO2 sensors are based on thermal sources

and pyroelectric or thermopile detectors. These are associated with long stabilisation

times (typically 1 to 10 minutes) and high power consumption (typically > 200 mW),

which requires hard wiring or causes short battery life. An alternative configuration

consists of a NDIR CO2 sensor based on a semiconductor mid-infrared light-emitting

diode and photodiode. This configuration has been introduced by QinetiQ [21] and then
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Figure 1.6: (a) Emission spectra of an AlxIn1−xSb LED with optimised emis-
sion around the CO2 lines at 4.26 µm (x = 0.05). (b) Absorption spectra of an
AlxIn1−xSb photodiode with peak detectivity at 4.26 µm (x = 0.03).

successfully commercially exploited by Gas Sensing Solutions Ltd. [44]. Comparing the

performance with conventional NDIR sensors based on thermal sources and detectors

[12, 45, 46], this solution offers significant advantages:

• intrinsic wavelength selectivity and stability,

• room temperature operation,

• low power consumption (< 3 mW),

• rapid stabilisation time (< 2 s),

• fast modulation rates (tens of kHz).

The sensor comprises a narrow bandgap III-V semiconductor light-emitting diode (LED)

and photodetector (PD). As described in Section 1.3, the emitted mid-infrared radiation

is launched into an optical path into which the gas can diffuse, causing a reduction in the

detected light intensity at the specific gas absorption wavelength. The output parameter

is the CO2 concentration, stabilised over the sensor operating temperature range, and

the sensitivity is determined by the optical path length.

The LED and PD are designed to have maximum emission and detection in a relatively

narrow spectral region around the target wavelength. Therefore, it is not necessary to

use any additional optical filtering, which further reduces the cost and complexity of the

optical design. Optical modelling of the sensor sensitivity and noise were performed by

GSS Ltd. to identify the suitable optical path length and data processing to comply with

the required CO2 concentration detection range (from ambient up to 100 %) and mea-

surements accuracy (± 5 % of reading) [46]. A 20 mm path length provides the desired

accuracy for concentrations from 0.5 % to 100 %, while a 70 mm path length is required
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Figure 1.7: (a) Photodiode signal variation of a CO2 sensor from Gas Sensing Solu-
tions. The sensor is stepped through CO2 concentrations of 0.5%, 2%, 10% and 22%
over temperatures of −7 ◦C, 10 ◦C, 25 ◦C, 35 ◦C and 55 ◦C (Courtesy of Calum MacGre-
gor, Gas Sensing Solutions Ltd. [47]). (b) Linearised measured output signal against
set CO2 concentration at 25 ◦C.

for lower concentration levels, from 400 ppm (ambient) to 0.5 %. Depending on the de-

sired accuracy the sensor is built into either a dome geometry or with a folded optic that

provides multiple reflections between LED and PD. Both geometries are produced using

low cost injection moulded optics, coated with a thin gold layer. Dedicated electronics

control the LED drive current and the PD signal processing. Figure 1.7a shows an ex-

ample of the photodiode raw signal variation when the sensor is stepped through four

CO2 concentration levels (0.5%, 2%, 10%, 22%) and six temperatures (−7 ◦C, 10 ◦C,

25 ◦C, 35 ◦C and 55 ◦C). The linearised measured CO2 concentration is plotted in Fig-

ure 1.7b. From these data, the dependence of the sensor performance on temperature

can be analysed:

• The amplitude of the output signal decreases with increasing temperature. This
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Figure 1.8: (a) Variation in the measured CO2 concentration at a set gas concen-
tration of 0.5% as a function of temperature. (b) Standard deviation at a set gas
concentration of 0.5% as a function of temperature.

is due to the shift of the LED emission spectrum with temperature, which results

in a poorer alignment of the emission peak with the CO2 absorption band. The

variation in the measured CO2 concentration at 0.5 % as a function of temperature

is shown in Figure 1.8a.

• The noise amplitude increases with temperature, due to the dominant contribution

of the photodiode dark current noise for temperature ≥ 20 ◦C. The measured

standard deviation at 0.5 % as a function of temperature is shown in Figure 1.8b.

These features together contribute at the reduction of the signal-to-noise ratio (SNR)

with increasing temperature. As a consequence, a data compensation technique is re-

quired. A factory-based automated calibration procedure is performed by stepping the

sensors through the full span of CO2 concentrations and operating temperature. The

calibration data are uploaded into the signal processing electronics and used for real-time

compensation.

The sensor power-up/measurement time is typically one second, dominated by electronic

initialisation, with operating voltage of 3.3 V, average current of 1.1 mA and power con-

sumption of 3.3 mW in continuous operation [46]. Performance parameters in compar-

ison with other sensors available on the market are summarized in Table 1.1. Thanks

to the low energy required for each reading (≈ 12 mJ in pulsed operation), the sensors

has more than 10 year battery life when operated at less than 10 measurements per

hour, which is within the requirements for building control applications and portable

sensors for industrial safety and medical applications. The energy usage can be further

reduced by optimising the drive electronics and the signal processing. This allows to

break the 10 mJ per measurement limit that enables the use of energy harvesters in self-

powering devices. Industrial collaboration with world leaders Schneider Electric and

EnOcean Gmbh has allowed the development of a unique technology, which provides
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Table 1.1: Performance of commercial single channel NDIR CO2 sensors [46].

Manufacturer Measurement Range Accuracy (ppm) Power Consumption (mW) Warm-up Time (s)

GSS ambient-5000 ppm ±50 3.3 1.2
SenseAir ambient-5000 ppm ±70 315 60
OptoSense AS ambient-2000 ppm ±50 500 60
GE Telaire ambient-2000 ppm ±30 165 120

Figure 1.9: (a) Evolution of energy per measurement of LED/PD CO2 sensor in
comparison with conventional NDIR sensors and consumption limits compatible with
energy harvesting. (b) Battery life as a function of number of measurements per hour
(data from GSS Ltd. technical publications [46]).

CO2 detection from ambient to 3000 ppm, with ± 15 ppm resolution and compatible

with solar cell powering [46, 48].

1.7 Motivation and Overview

The work discussed in this thesis was developed as an Industrial CASE studentship,

funded by the Engineering and Physical Sciences Research Council (EPSRC). The

project was carried out in close collaboration with Gas Sensing Solutions (GSS) Ltd.,

with the main purpose of improving the overall performance of their commercial CO2

optical gas sensor.

As discussed in Section 1.6, the low power consumption is an essential requirement

for portable and autonomous sensors, which represent the main target market for GSS

devices. The current production LEDs show less than 2 % internal quantum efficiency

(IQE) and about 2× 10−4 external quantum efficiency (EQE), as discussed in more detail

in Section 2.4. Therefore, improving the LED efficiency is of fundamental importance:

while maintaining a low electrical input power, a higher output optical power is achieved.

This results in a higher signal-to-noise ratio of the detected signal and, therefore, a

higher sensitivity of the overall sensor. Improved sensor performance would allow GSS

to consolidate its current market of low power portable CO2 gas sensors and open up
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new opportunities to expand to different sectors of the optical sensors’ market, in which

devices with higher resolution and lower noise would be beneficial.

With these background and performance requirements in mind, this Ph.D. project fo-

cussed on the improvement of the electrical and optical performance of AlInSb mid-

infrared LEDs, with particular attention to the enhancement of the external efficiency

of the devices, by exploring different approaches:

• The improvement of the diode epi-layer structure for enhanced optical emission,

while maintaining the electrical characteristics compatible with the sensor’s driving

electronics.

• The optimisation of the device geometry design for the uniform distribution of

the bias current and the efficient use of the device area for light generation and

extraction.

• The evaluation of techniques aiming at overcoming the LED’s low extraction effi-

ciency, such as the introduction of distributed Bragg reflectors and periodic metal-

lic array patterns.

At first, significant progress had to be made on the understanding of the material system

and the existing devices’ operational characteristics. In fact, LED devices based on this

material system were never fabricated nor characterised at the University of Glasgow

before. A strong asset for this work has been the close collaboration with Dr. Matthew

Steer, responsible for the growth of the AlInSb material by Molecular Beam Epitaxy

(MBE) at the West of Scotland Science Park. This allowed a quick feedback process

between the growth and characterisation of LED devices, while varying a number of

design parameters. The following aspects of the LED design were evaluated during this

work and are discussed in detail in the following chapters:

• The effect of layers’ thickness and doping concentration on the current-voltage

characteristics and the emitted optical power of the LED;

• The effect of the device size on the coupling efficiency and contribution of the

surface leakage current in devices with higher surface-to-area ratio;

• The analysis of the current crowding effect and the development of an improved

contact geometry design;

• The introduction of a resonant-cavity structure to redirect a higher fraction of the

isotropic emitted light towards the top surface of the device;
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• The incorporation of a plasmon-resonant array pattern on the top device surface

to enhance the output coupling.

Both the last two approaches introduce an additional filtering effect of the transmit-

ted light around the target resonant wavelength, which can be beneficial for both the

LEDs and the photodiodes, by improving their spectral matching with the target gas

absorption band.

During this research activity, it has been of fundamental importance to keep into con-

sideration the application and requirements of the LED devices for their commercial

exploitation. Beside the initial investigation, it was necessary to consider the devices’

reliability and reproducibility, and evaluate any possible fabrication challenge for the

technology transfer to mass production. Some optimisation approaches and techniques,

developed during this research through device modelling and prototyping, have already

been transferred to Gas Sensing Solutions, and its partner Compound Semiconductor

Technology (CST) Ltd., for production via UV lithography on 4 inch wafers and for

testing in the commercial gas sensor configuration.

The next chapters are organised as follows:

Chapter 2 describes the background theory of LED operation and the performance lim-

itations in terms of light extraction efficiency. A review of the material systems used for

mid-infrared LEDs in the literature is reported. The material characteristics and perfor-

mance advantages of the antimonide-based structure used in this project are discussed.

Chapter 3 reports on the description of the standard process steps used in the fabrica-

tion of the devices. Photolithography, mesa etching, passivation and metal deposition

processes are briefly described and specific requirements for the fabrication of AlInSb

LEDs are discussed. The final fabrication flow developed during this work is presented

with schematics and representative images.

Chapter 4 discusses the electrical and optical characterisation of the devices fabricated

accordingly to the process described in Chapter 3. The current-voltage characteristic and

electroluminescence spectra are analysed as a function of a number of device parameters,

including the device layer structure, doping concentration of the contact layers, surface

passivation and dimensions of the mesa area. The transfer-length method (TLM) is used

to characterise the ohmic contacts to the semiconductor material and to evaluate both

the specific contact resistance and the bulk resistivity of the semiconductor material.

Reflectance and transmittance measurements are used to confirm the refractive index

dispersion of the semiconductor material used for the device modelling.



Chapter 1. Mid-Infrared Optical Gas Sensing 16

Chapter 5 focuses on the effect of current spreading and current crowding in mid-infrared

LEDs grown on semi-insulating substrates. The background theory is discussed, based

on the analysis of the device’s equivalent circuit. The theoretical analysis of the current

density distribution across the device area is confirmed by the experimental spatial

mapping of the photocurrent generated in the device under illumination. Consequently,

an improved contact geometry is designed and tested, giving a significant improvement

of the LED efficiency.

Chapter 6 describes the design, model and implementation of resonant-cavity LEDs.

The background theory of resonant-cavity enhanced optical devices is discussed, together

with the design parameters and the Distributed-Bragg Reflector (DBR) modelling by the

transfer matrix method. Results and parameters optimisation are discussed to obtain

maximum enhancement at the desired wavelengths. The effects of the significantly en-

hanced and spectrally narrower emission on the overall sensor performance are analysed

and the possibility of implementing the resonant-cavity structure in production devices

is discussed.

Chapter 7 reports on the research activity developed on plasmon-enhanced mid-infrared

optical devices. The background on optical enhancement through excitation and cou-

pling to surface plasmon modes at the interface between a patterned metal film and a

dielectric is reviewed. The process optimisation for the fabrication of plasmonic array

patterns on mid-infrared devices is discussed. The modelling of the spectral characteris-

tics of patterned metal hole arrays by Finite-Difference Time-Domain (FDTD) numerical

simulations is analysed and compared to the measured transmittance of fabricated test

samples. Measurement of the spectral response of fully processed LED devices with

2D-periodic metal hole arrays patterned on the top surface are presented and further

development work is discussed.

Chapter 8 summarises the significant progress that was achieved during this work on the

design of efficient mid-infrared AlInSb LEDs and highlights the improved performance of

the devices demonstrated through the implementation of the outcomes of this research.



Chapter 2

Antimonide-based Light-Emitting

Diodes

This Chapter outlines the physics and technology challenges associated with the realisa-

tion of efficient mid-infrared light-emitting diodes. The processes that limit the device

performance are considered, with particular attention to the specific aspects peculiar to

light-emitting diodes based on narrow bandgap III-V semiconductor materials.

2.1 Background on mid-infrared LEDs

As discussed in Chapter 1, the development of monochromatic sources in the mid-

infrared (3–5 µm) wavelength range has received significant research interest in the

recent years. In particular, the extension of mid-infrared LEDs operation to room tem-

perature, without the requirement of additional cooling, has attracted growing attention

due to their application in optical gas sensors [1, 2, 12, 23].

A number of semiconductor materials have been investigated by different research groups

in order to achieve high efficiency, uncooled LED operation in the mid-infrared spectral

region [20, 33, 49, 50]. The first mid-infrared LEDs were grown by liquid phase epi-

taxy (LPE). The advent of epitaxial growth techniques, such as molecular beam epitaxy

(MBE) and metalorganic vapour phase epitaxy (MOVPE), allowed a wider range of

available materials and the development of more efficient LEDs based on double het-

erostructure and quantum structures [51, 52]. Extensive research was carried out on

p-n junction devices from II-VI and IV-VI materials, in particular the lead salts (al-

loys of PbS, PbSe, PbTe and CdS) [53, 54]. Even if these materials have a significant

lower Auger recombination rate than III-V narrow bandgap semiconductors, they are

17



Chapter 2. Antimonide-based Light-Emitting Diodes 18

Figure 2.1: Bandgap versus lattice constant plot for common semiconductor materials
(adapted from [30]).

characterised by low thermal conductivity, poor substrate quality and low immunity to

moisture [55]. Despite the massive development of HgCdTe infrared detector, only few

reports are available on electroluminescence from this material. The best results were

reported from devices grown on CdZnTe substrate, showing 6 % efficiency at 3.5 µm at

300 K thanks to the use of an optical immersion lens [56].

Consequently, structures based on narrow bandgap III-V semiconductors, such as InAs

and InSb and their related alloys, were identified as the best candidates for the devel-

opment of efficient mid-infrared LEDs operating at room temperature. In particular,

for the development of optoelectronic devices in the near to mid-infrared wavelengths,

much interest has been focused on InAs and GaSb based alloys (for example InAsSb,

InGaAsSb and InAsSbP) [20]. A number of LEDs have been successfully developed

covering the mid-infrared range up to 3.8 µm [57–59]. Less results are instead available

for III-V LEDs operating at room temperature in the 4 µm to 5 µm range, particularly

interesting for the detection of carbon dioxide (4.26 µm) and carbon monoxide (4.6 µm).

The main technology is based on InAsSb heterostructures, developed by Yakovlev’s and

Matveev’s research groups at the Ioffe Institute in St Petersburg and by Krier’s group at

the University of Lancaster. Electroluminescence from InAsSb/InAsSbP bulk symmet-

ric double heterostructure LEDs, grown by LPE, have been demonstrated at 300 K up to

4.6 µm [60]. The output power is higher than 1 mW when operated at a peak injection

current of 2 A, pulsed at 1 kHz and at 0.2 % duty cycle. This correspond to an external

quantum efficiency of 2× 10−3. However, when increasing the pulse width to 5 %, the

measured output power decreases significantly, suggesting lower internal efficiency as

effect of Joule heating and dominant non-radiative recombination mechanisms at higher

injected currents. Electroluminescence around 4 µm has also been reported from multi-

quantum well (MQW) structures grown by MBE [61]. The measured output power at
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Table 2.1: Operating parameters of III-V mid-infrared LEDs at room temperature
[62].

Material system Technology Peak Power (pulsed) λpeak (µm) ηext Ref.

InAs LED 560 µW 3.5–3.7 [58]
InAs/GaInSb/InAs/AlGaAsSb WQW 4 µW 3.3 3× 10−4 [57]
InAsSb/InAsSbP BSDH > 1 mW 4.6 2× 10−3 [60]
InAsSb/InAs MQW 1.4 µW 3.6–4.0 2× 10−5 [61]
InSb/AlInSb LED (4x4 array) ≈ 17 µW 5.3 4× 10−4 [21]

room temperature was 1.4 µW when biased at a peak injection current of 500 mA with

50 % duty cycle, giving an external quantum efficiency of 2× 10−5.

The material system and diode heterostructure used in this work follow from the struc-

ture proposed by Ashley et al. at QinetiQ Malvern [50]. The LEDs are based on

MBE-grown InSb/AlInSb, with a thin barrier of wider bandgap material that provides

carrier confinement in the active region and helps reducing the effect of thermally gen-

erated carriers, which contribute to leakage currents in narrow bandgao materials. At

room temperature, InSb has an energy gap of 0.18 eV, thus potentially allowing emis-

sion up to 7 µm. The structure is similar to the one developed for uncooled mid-infrared

detector and its behaviour is described in more detail in Section 2.3. Room tempera-

ture electroluminescence from this structure has been reported up to 5.3 µm for 2.5 %

Aluminium composition with an external quantum efficiency of 4× 10−4 [21].

A summary of the most significant work discussed in the literature with operating pa-

rameters of room temperature mid-infrared LEDs is listed in Table 2.1.

2.2 LEDs performance limitations

An ideal LED would emit a photon into air for each injected electron-hole pair. This

means having a unit efficiency, where every injected electron-hole pair generates a photon

from the active region and each photon is extracted from the LED chip and emitted into

air. This, however, cannot happen because of a number of limiting loss mechanisms. The

overall power conversion efficiency, or wall plug efficiency ηWPE, of an LED is defined as

the ratio of the radiant flux over the electrical input power [22]:

ηWPE =
emitted flux (W)

electrical input power (W)
= ηel ηext = ηel ηint ηextr (2.1)

where ηel is the electrical efficiency and ηext is the external quantum efficiency, defined as

the product of the internal quantum efficiency ηint and the extraction efficiency ηextr. The

electrical efficiency ηel is associated with the ohmic losses given by the finite resistance

of the contacts and the epitaxial layers. The internal quantum efficiency ηint and the

extraction efficiency ηextr are discussed in more detail in the following sections.
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2.2.1 Internal Quantum Efficiency

The internal quantum efficiency is defined as the ratio of the number of photons gener-

ated into the active region per second to the number of electron-hole pairs injected into

the LED per second [63]. In semiconductors, there are two fundamental mechanisms for

electrons and holes recombination:

• radiative recombination, when an electron-hole pair recombines with the genera-

tion of a photon of energy equal to the bandgap energy of the semiconductor;

• non-radiative recombination, when the energy of the electron-hole pair recombi-

nation is transferred to a phonon, a vibrational energy of the lattice atoms.

The ratio between radiative and non-radiative recombination defines the LED internal

quantum efficiency, which can be expressed as the probability of radiative recombination

over all possible recombination processes [22]:

ηint = ηinj
τ−1rad

τ−1rad + τ−1non−rad
, (2.2)

where τrad and τnon−rad are the radiative and non-radiative carrier lifetime, respectively.

The probability of non radiative recombination is the sum of the probabilities of the two

main non radiative recombination mechanisms, Schockley-Read-Hall and Auger, which

are discussed in the following: τ−1non−rad = τ−1SRH + τ−1Auger. Additionally, the injection

efficiency ηinj takes into account the efficiency of the carriers confinement in the active

region.

Figure 2.2 schematically illustrates the three main recombination mechanisms in direct

bandgap semiconductors that contribute to LEDs internal quantum efficiency.

The non-radiative Shockley-Read-Hall (SRH) recombination is caused by defects in the

semiconductor crystal structure [64]. These can be native defects and dislocations,

which create one or more energy levels within the bandgap of the semiconductor. SRH

recombination through these trap levels is proportional to the carrier concentration

and mainly contributes to the internal quantum efficiency at low temperature and low

injected current densities.

Radiative recombination occurs when an electron in the conduction band recombines

with a hole in the valence band, with emission of a photon. In the limit of a high level of

injection, in which the excess carrier concentration generated by the injected current is

higher than the equilibrium concentration (∆n� (n0+p0)), the radiative recombination

rate is proportional to the square of the carrier concentration [63]:

Rrad ≈ B · n2 (2.3)
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Figure 2.2: Schematic illustration of the three main recombination processes in direct
gap semiconductors, ordered by the dominant contribution as a function of injected
current density. Shockley-Read-Hall (SRH) recombination through deep levels in the
bandgap associated with defect and impurities; radiative recombination with emission
of a photon with energy equal to the material bandgap; and Auger recombination with
excitation of a second electron to a high level within the conduction band (CCCH).

where B is the recombination coefficient and has typical values of 10−11–10−9 cm3/s in

direct gap III-V semiconductors. As radiative recombination involves two charge carri-

ers, it is the dominant recombination process at intermediate current densities.

In the non-radiative Auger recombination process, the energy generated by the electron-

hole recombination is transferred to a third carrier, which is excited to a higher energy

level within the same band and in the end relaxes back to the band edge by transferring

its energy to multiple phonons [65, 66]. For high injection levels, the Auger recombina-

tion rate reduces to:

RAuger ≈ C · n3 (2.4)

where C is the Auger coefficient and has typical values of 10−28–10−29 cm6/s in III-V

semiconductors. As the Auger recombination involves the interaction of three charge

carriers, it is generally the main non-radiative recombination mechanism at high temper-

ature and high current densities. The two dominant processes in narrow bandgap direct

semiconductors are Auger-1 (CCCH) and Auger-7 (CHHL) [65, 67]. The letters in the

notation indicate the bands containing the carriers taking part in the Auger process, C is

the conduction band, H the heavy holes band and L the light holes band. In the CCCH

process, an electron from the conduction band recombines with a hole in the heavy holes

band, while a second electron is excited to a higher level within the conduction band. In

the CHHL process, instead, the recombination of an electron from the conduction band

with a hole from the heavy holes band, is accompanied by the transfer of a high-energy

hole from the heavy to the light holes band. CCCH dominates in n-type material, while

CHHL prevails in p-type narrow bandgap semiconductors.
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Table 2.2: Electronic and optical properties of III-V semiconductors at 300 K. Data
from [68].

GaAs InAs InSb

energy gap Eg (eV) 1.42 0.35 0.18
intrinsic carrier concentration ni (cm−3) 2.1× 106 1.0× 1015 2.0× 1016

intrinsic resistivity ρ (Ω cm) 3.3× 108 0.16 4× 10−3

effective mass ratio me/m0 0.063 0.023 0.014
electron mobility µe (cm2/V s) 8.5× 103 ≤ 4.0× 104 ≤ 7.7× 104

hole mobility µh (cm2/V s) 400 ≤ 500 ≤ 850
refractive index 3.3 3.51 3.96
radiative coefficient B (cm3/s) 7.0× 10−10 1.1× 10−10 5.0× 10−11

Auger coefficient C (cm6/s) 1.0× 10−30 2.2× 10−27 5.0× 10−26

Additionally, significant contribution to the non-radiative recombination can derive from

the semiconductor surface. Surfaces represent a strong perturbation of the crystal lat-

tice periodicity and introduce electronic states in the semiconductor bandgap where they

act as recombination centres. Surface recombination causes reduced internal quantum

efficiency and heating of the semiconductor surface, which can lead to a reduced lifetime

of the LED device [63].

Some particular considerations need to be made on the relative contribution of the dif-

ferent non-radiative recombination mechanisms depending on the III-V semiconductor

material [20]. Compared to the more conventional and developed GaAs-based com-

pounds, narrow bandgap III-V semiconductors such as InAs and InSb have about an

order of magnitude lower radiative recombination coefficient and three to four orders of

magnitude higher non-radiative recombination coefficient, as can be seen from data in

Table 2.2. Therefore, the internal quantum efficiency of LEDs based on such materials

are significantly lower compared to GaAs-based LEDs. Additionally, surface recombina-

tion becomes more significant and has to be addressed adequately. SRH recombination

through impurities and traps has a significant contribution in the efficiency of InAs de-

vices at room temperature. Auger recombination is instead the dominant non-radiative

recombination mechanism in InSb devices due to its high intrinsic carrier concentration

at room temperature [62].

With the improvement of the material quality and an accurate design of the LED layer

structure and device geometry, aiming at minimizing the non-radiative recombination

processes, higher internal quantum efficiency can be obtained.

2.2.2 Extraction Efficiency

The extraction efficiency is defined as the ratio of the number of photons emitted into

free space to the number of photons generated in the LED active region. The poor
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Figure 2.3: Schematic illustration of (a) Snell’s law and (b) escape cone in case of a
small critical angle of 15◦ for high refractive index semiconductor materials.

extraction efficiency is a common problem for most LEDs due to the high refractive

index of the semiconductor material compared to the surrounding medium, which is

typically air. This large difference in refractive index results in most of the light being

trapped inside the semiconductor material, as a result of total internal reflection (TIR)

and Fresnel reflection [22, 69]. This issue is even more pronounced in mid-infrared LEDs

due to the even higher refractive index values of narrow bandgap material (nInSb ≈ 4).

Snell’s law of refraction is used to describe the relation between the incident θs and

refracted θair angle of light when incident on a planar semiconductor-to-air interface, as

illustrated in Figure 2.3:

ns sin θs = nair sin θair (2.5)

For angle of incidence greater than the critical angle θc = arcsin(ns/nair), the value of

the refracted angle becomes complex and the light is totally internally reflected at the

interface. Therefore, the critical angle for TIR defines the so-called escape cone: photons

emitted at an angle outside the escape cone will be trapped inside the semiconductor

material. The extraction efficiency is determined by the fraction of photons emitted into

the escape cone. For an isotropic light source emitting from a high-index semiconductor

material into air:

ηextr =
1

2

∫ θc

0
T (θs) sin θsdθs (2.6)

where T (θs) is the polarisation-averaged Fresnel transmission. The TIR gives a con-

tribution which can be approximated by 1/4n2s . The Fresnel reflection at the interface

gives an additional reduction of 4ns/(ns + 1)2. Therefore, the extraction efficiency can

be approximated to:

ηextr ≈
1

ns(ns + 1)2
(2.7)

For InSb, the high refractive index results in a small critical angle for total internal

reflection of ≈ 14.5◦. This translates to an extraction efficiency as low as 1 %, leaving

most of the generated light trapped inside the LED device.

Several methods have been proposed in order to maximise the extraction efficiency of

LEDs by maximising the number of photons incident on the emission surface within
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Figure 2.4: Bandstructure of InSb at 300 K. The direct energy gap at the Γ-valley is
Eg = 0.18 eV.

the escape cone. Despite the rapid development of LED technology in the visible and

near-infrared spectral region, only few approaches were extended to the mid-infrared.

The main adopted techniques for mid-infrared LEDs are the use of immersion lenses and

optical concentrators [24], surface patterning [25] and resonant cavity structures [26–28].

These techniques will be discussed in more detail in Chapter 5 to present the advantages

of the approach used in this work.

2.3 InSb/AlInSb LEDs

The dispersion relations for the conduction, heavy holes and light holes bands of InSb

at room temperature are shown in Figure 2.4, as in Refs. [70–72]. Due to the many

interesting properties arising from its band structure, including a small direct energy

gap, small electron effective mass and high room temperature electron mobility, InSb and

its related compounds have many potential applications in a wide range of electronic and

optoelectronic devices. However, for a long time these properties have not been accessible

at room temperature. In fact, due to the high intrinsic carrier density and thermal

generation rates, InSb-based devices generally require cryogenic cooling (commonly at

77 K), leading to bulky and expensive systems. Table 2.2 reports on the most significant

electronic and optical properties on InSb at 300 K compared to InAs and GaAs [68].

These data can be summarised as follows:

• The direct energy gap of InSb at 300 K is only 0.18 eV, which is about eight times

smaller than the energy gap of GaAs, and the intrinsic carrier concentration in

InSb is ten orders of magnitude higher than in GaAs.
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Figure 2.5: (a) Three-layer two-terminal homojunction diode structure. (b) Four-
layer two-terminal heterojunction diode structure incorporating a wide bandgap barrier
layer.

• The electron mass ratio in InSb is about five times lower than in GaAs. Con-

sequently, the electron mobility is up to an order of magnitude higher than in

GaAs.

• Thanks to the particularly low intrinsic resistivity, InSb offers a very low contact

resistance, which makes it more suitable than InAs for efficient electrically-pumped

devices.

• The Auger recombination coefficient is higher than both GaAs and InAs, making

it the dominant recombination process in InSb devices.

Non-equilibrium techniques have been used to increase the operating temperature of

InSb and MCT detectors [32, 34]. These are based on minority carriers exclusion and

extraction configurations, which aim at the reduction of the electron and hole concen-

trations from their intrinsic values. Additionally, these configurations contribute to the

suppression of the dominant Auger generation mechanism, which strongly affects the

efficiency of diode devices. As described in Refs. [73, 74], the basic diode structure,

schematically illustrated in Figure 2.5a, is a two-terminal homojunction made of three

regions: p+, π and n+, where the ’+’ indicates a high-doped material, and ’π’ refers

to a low-doped material which at room temperature is nearly intrinsic. At room tem-

perature, the dominant generation process in the n+ region arises from the Auger-1

(CCCH) mechanism. However, due to the low density of states in the conduction band

(4.2× 1016 cm−3), the n+ material becomes degenerate at relatively low doping levels

(≤ 1018 cm−3). Consequently, the leakage current associated with this mechanism can

be strongly reduced. In the p+ region, instead, the dominant generation mechanism is

the Auger-7 (CHHL) process. The valence band has a large density of states, therefore
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Figure 2.6: (a) Energy band diagram of the InSb LED structure under zero bias at
300 K; (b) Equilibrium (n0, p0) and reverse bias (n, p) carrier concentrations in the
active region. The software nextnano was used for the calculations [76].

a significantly higher doping level would be necessary to achieve degeneracy in the p+

material and reduce the Auger-7 generation. As calculated in Ref. [75], the dominant

contribution to the saturation leakage current in such a structure comes from the p+

region. The proposed solution, illustrated in Figure 2.5b, is to introduce a thin layer of

a wider energy gap material p+, which forms a barrier in the conduction band to the

electron flow from the highly doped p+ region to the low doped active layer. Therefore,

the injection of carriers from the p+ layer is strongly reduced. As the wider bandgap

material of the barrier is not lattice matched, the thickness of the barrier must be kept

below the critical thickness for strain relief, but still sufficiently high to avoid electron

tunnelling. A suitable thickness of 20 nm has been identified for up to 1 % lattice mis-

match between the barrier and bulk material [75]. The energy diagram at zero bias

of the p+p+πn+ layer structure was calculated by the software nextnano [76] and is

illustrated in Figure 2.6a. It is worth noting that, for high doping levels in the barrier,

the discontinuities in the valence band are sufficiently abrupt so that hole tunnelling

occurs and there is no barrier to the majority carriers flow [75]. Under reverse bias,

minority carrier extraction occurs at the diode junction π − n+, which results in a sub-

stantial reduction of the minority carrier density in the low-doped material. At the same

time, the p+p+ − π junction represents an excluding contact, limiting the injection of

electrons into the low-doped region. Consequently, the minority carrier density drops

substantially in the low doped region and the same happens for the majority carriers in

order to maintain the space charge neutrality. The carriers concentrations in the active

region under zero bias and reverse bias were calculated with nextnano and are plotted

in Figure 2.6b.

QinetiQ investigated the use of the same heterostructure with the thin barrier of wider

energy gap material as a mid-infrared light-emitting diode when operated in forward

bias [21, 50]. The bandstructure at zero bias, plotted in Figure 2.6a, shows how this
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heterostructure can give a good carrier confinement when forward biased. The electrons

are confined in the low-doped active region by the barrier in the conduction band given

by the thin layer of wider bandgap material. At the same time, the holes are confined

by the step in the valence band, which arises from the degeneracy of the highly-doped

n+ layer.

Based on this structure, mid-infrared light-emitting diodes operating at room tem-

perature were reported [21, 77]. The device epi-layer design consists of a 0.5 µm p+-

AlxIn1−xSb layer, a 20 nm p+ AlyIn1−ySb barrier with y = x + 0.15, a 1 µm intrinsic

AlxIn1−xSb active region and a 3 µm n+-AlxIn1−xSb layer. The peak emission shifts to

shorter wavelengths with increasing aluminium composition in the alloy, according to the

wider bandgap of the bulk material. Therefore, as a function of aluminium composition,

emission in the whole mid-infrared range, from 3.4 µm to 5.7 µm is achieved. From exper-

imental data, the peak emission wavelengths of electrically-pumped devices are shifted

towards shorter wavelengths compared to the ones expected from the intrinsic energy

gap. This is due to the Moss-Burnstein effect [78]: the actual energy gap appears wider

as a result of the Fermi energy level being well above the conduction band minimum

at the applied current injection levels. This effect is more evident at room temperature

and for devices with lower aluminium concentration and therefore narrower bandgap

[62]. A detailed analysis of the recombination processes in these devices is performed in

Ref. [62], based on current-voltage and emittance-current characteristics as a function

of aluminium concentration, injected current density and operating temperature. As

expected, at low temperatures, non-radiative Schockley-Read Hall recombination occurs

through defect states related to carrier trapping. At higher temperatures (300 K) and low

current injection levels (≤ 50 mA), the radiative recombination is the dominant mecha-

nism for all the tested devices. Finally, at high temperature and high injection currents,

the contribution from the Auger recombination processes starts to be significant.

The maximum bias current that can be injected into a single element LED device is

limited by Joule heating and non-radiative Auger recombination processes. Therefore, a

configuration consisting of an array of smaller devices connected in series was proposed

[79]. By dividing the LED area into N smaller devices connected in series, the total

applied bias current is reduced proportionally, I ′max = Imax/N , and the bias voltage is

increased, Vseries = N · Vfw = N · hν/e ≈ N · 0.3 V for an LED emitting around 4.2 µm,

where ν = c/λ. This eliminates the problems associated with high bias currents and

improves the voltage matching with the external drive electronics. When the LED is

biased with a current source, the wall plug efficiency can be expressed as:

ηWPE =
ηext ·N (hν/e)

JAtotRs/N +N (hν/e)
(2.8)
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Figure 2.7: Normalised efficiency for an LED with increasing number N of individual
elements connected in series, emitting around 4.2 µm, and driven by a current source.
The effect of the decreasing fill factor due to necessary electrical connections between
the individual elements is taken into account.

where ηext is the LED external efficiency, hν/e is the forward bias voltage of an individual

diode element, J is the bias current density, Atot is the total area of the LED and Rs is

the series resistance associated with the metal contacts and bond pads. Therefore, the

wall-plug efficiency is improved as the forward bias resistance of the series of individual

LED elements increases relative to the series resistance determined by the metal contacts.

However, with increasing number N of individual elements, the total brightness of the

LED decreases due to the smaller fill factor, as more area is needed to accommodate the

electrical contacts to connect all the individual elements. The effective emitting area is

given by:

Aeff = Atot (1−N ·Ametal) (2.9)

where Aeff is the effective emitting area of the LED and Ametal the area occupied by the

electrical contacts for each individual element. The product of the wall-plug efficiency

(Equation 2.8) and the effective emitting area of the LED (Equation 2.9) can be used

as a figure of merit to identify the optimal number of individual LED elements in the

array. An example of the normalised efficiency for an LED emitting around 4.2 µm

plotted against N is shown in Figure 2.7. Nine times improvement was demonstrated

for a 3-by-3 array configuration, with 2.4× 10−4 wall-plug efficiency [79]. It is worth

noting that the series connection of the individual elements requires the growth and

fabrication of the LED structure on a semi-insulating substrate. This is particularly

difficult to achieve on lattice-matched narrow bandgap semiconductor substrates due to

the particularly high values of intrinsic carriers density. Therefore, the layer structure

is epitaxially grown on a semi-insulating GaAs substrate, which has a lattice mismatch

with InSb as high as 15 %. This requires the growth of a GaSb intermediate buffer layer
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Figure 2.8: (a) AlxIn1−xSb diode layer structure. The material is epitaxially grown on
a GaAs substrate with a 300 nm GaSb buffer layer to partially accommodate the 15 %
lattice mismatch. Beryllium and Tellurium are used as dopants for the p-type and n-
type contact layers, respectively, at a concentration of 7× 1017 cm−3. The thin barrier
of wider bandgap material had a composition y = x+0.15 and a thickness of 20 nm. (b)
Typical forward bias emission spectrum at room temperature of an AlxIn1−xSb LED
with aluminium composition x = 0.05. The CO2 absorption bands at 4.2 µm are clearly
visible.

to partially accommodate the lattice mismatch are reduce the concentration of threading

dislocation, as discussed in more detail in Section 3.1.

2.4 GSS device performance

The light-emitting diode, used as a mid-infrared source in the CO2 optical gas sensor

developed by Gas Sensing Solutions Ltd., is based on the design considerations discussed

in the previous section [44, 46, 47]. The epitaxially grown AlxIn1−xSb layer structure of

a typical LED is shown in Figure 2.8a. The p-type and n-type contact layers are doped

with Beryllium and Tellurium, respectively, at a concentration of 7× 1017 cm−3. The

thin barrier layer has the same doping concentration as the contact layer and an alu-

minium composition y = x+ 0.15, where x is the composition of the LED active region

and contact layers. A typical forward bias emission spectrum at room temperature is

shown in Figure 2.8b, clearly showing the CO2 absorption bands at 4.2 µm.

The peak emission shifts to longer wavelengths with increasing temperature (−0.37 meV/K),

according to the bandgap dependence on temperature [80, 81]:

Eg(T ) = Eg(0)− α · T 2

β + T
= 0.24− 6× 10−4 · T 2

500 + T
(eV) (2.10)
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Figure 2.9: (a) Measured EL spectra for LEDs with varying aluminium composition,
showing the effect on the alignment with the CO2 absorption lines. (b) Energy gap
values as a function of the aluminium composition in the range of interest. The linear
fit gives a value of 18.7 meV/% Al. The black dotted line shows the linear dependence
according to Ref. [81].

The spectra of emission intensity of devices with different aluminium composition are

shown in Figure 2.9a. As expected, the emittance peak shifts towards shorter wave-

lengths as the aluminium concentration increases [21, 81]. Figure 2.9b shows the varia-

tion of the energy gap, calculated as: Eg = Epeak − 1
2kT [63], with aluminium compo-

sition. The linear fit of the experimental data gives a value of 18.8 meV/% Al, which

corresponds to 276 nm/% Al at 4.26 µm. These values are in good agreement with the

experimental values reported in Ref. [81]:

Eg = 0.183 + 1.976 · x (eV) at T = 300K (2.11)

, which are plotted in Figure 2.9b as well for comparison. In conclusion, by tailoring

the aluminium composition, it is possible to improve the alignment between the peak

emission wavelength and the characteristic absorption of the target gas at the desired

temperature of operation. In this case, a composition of x = 0.05 aluminium is found

to be optimal for emission around the CO2 absorption line at room temperature.

The LEDs are designed as 3-by-3 arrays of individual elements, giving a total emitting

area of about 1 mm2. The fabrication of the production devices is performed by Com-

pound Semiconductor Technology Ltd. [82] on 3” wafers, giving a yield of about 1500

devices per wafer. Optical images of a single LED and a fully processed wafer are shown

in Figure 2.10.

The total emitted power from a standard production device was measured by the group

of Professor Anthony Krier at the University of Lancaster. The LED is placed with

the top emitting surface in close contact with the collection port of a 4-inch gold-coated

integrating sphere and the radiation is measured with a 77 K-cooled InSb detector placed

at the detection port. In this configuration, light emitted at all angles is collected with
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Figure 2.10: (a) Production LED device with a 3-by-3 array configuration. The
individual elements are electrically isolated by the etching of mesa structures and con-
nected in series. The active surface is of about 1 mm2. (b) Fully processed 3” wafer with
about 1500 AlxIn1−xSb LED devices. (Courtesy of Dr. Stewart McDougall, Compound
Semiconductor Technologies Ltd. [82])

the same efficiency and the total emitted power is evaluated by comparison with a

known source. The measurement resulted in a total emitted power of 6 µW for the

production LEDs, when biased at 100 mA, 1 kHz, 50 % duty cycle. This value will be

used as a reference for the improvement to the device output power discussed in the

following chapters. From the measured total emitted power, values for the external and

internal quantum efficiency can be extracted. The external quantum efficiency can be

calculated by dividing the measured output power by the photon energy and by J/e,

where J is the peak injected current density and e is the electronic charge. In these

operating conditions, ηext = 2× 10−4. From here, the internal quantum efficiency can

be calculated by multiplying for a factor n(n+ 1)2 ≈ 94, where n is the refractive index

of the active layer (n ≈ 3.9 for AlxIn1−xSb with x = 0.05). Therefore, the production

devices show an approximated internal quantum efficiency of 1.9 %.

2.5 Conclusions

In this Chapter, the challenges and limiting mechanisms for the realisation of efficient

room-temperature mid-infrared light-emitting diodes were reviewed and discussed, with

the main focus on the InSb material system. In particular, it was shown how the com-

peting non-radiative recombination mechanisms have a more dominant effect in narrow

bandgap materials, therefore requiring accurate design of the LED layer structure. Addi-

tionally, the particularly high value of the refractive index in narrow bandgap materials

makes the common issue of low extraction efficiency even more pronounced than in vis-

ible and near-infrared LEDs, reducing the fraction of light emitted into air to less than

1 %. The InSb/AlInSb based heterostructure proposed by QinetiQ is presented: this
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includes a thin barrier of wider bandgap material to confine the carriers in the active

region and to reduce the effect of the thermally generated carriers, which contribute to

the device leakage current. AlxIn1−xSb LEDs based on this design with peak emission

around 4.26 µm (x = 0.05) are used as a mid-infrared light source in Gas Sensing So-

lutions’ commercial CO2 gas sensor. The production LEDs have a total emitted power

of ∼ 6 µW when operated in pulsed bias at room temperature, showing an external

quantum efficiency of 3× 10−5.

As discussed in Section 1.7, the aim of this research work is to improve the performance

of AlxIn1−xSb LEDs emitting around the CO2 absorption line at 4.26 µm. The epi-

layer structures grown for production devices were used for the fabrication and initial

characterisation of test LED devices. The fabrication process performed in the James

Watt Nanofabrication Centre (JWNC) at the University of Glasgow is described in

Chapter 3. Electrical and optical characterisations were performed as a function of a

number of design parameters in order to achieve an optimised epi-layer structure and

device geometry, as discussed in Chapter 4 and Chapter 5. In addition, two different

techniques to enhance the LEDs’ extraction efficiency were tested and will be analysed

in Chapter 6 and Chapter 7.



Chapter 3

Devices Fabrication

In this Chapter, the challenges associated with the growth of AlxIn1−xSb on GaAs sub-

strates are briefly discussed. The main fabrication techniques used in the processing of

prototype LED devices are described in detail. Particular focus is given to the develop-

ment of processes specific to the AlxIn1−xSb material and to the main challenges that

had to be addressed.

3.1 Background on AlxIn1−xSb growth on GaAs

Antimonide-based infrared detectors are traditionally grown on GaSb or InSb substrates.

However, these substates suffer from high free-carrier absorption losses at infrared wave-

lengths due to the high intrinsic carrier density (1015 to 1017cm−3) of narrow bandgap

materials at room temperature. Additionally, high quality wafers, with a defect density

of less than 103 defect/cm2, are relative expensive and not yet abundantly available in

diameters larger than 3 inches. These limitations were circumvented by the develop-

ment of Sb-related compounds growth technologies on the very well established GaAs

platform. GaAs substrates are electrically semi-insulating and optically transparent at

infrared wavelengths thanks to the wider bandgap. Moreover, this technology provides

an effective solution for manufacturing, thanks to the availability of high quality, larger

diameter (up to 6 inches) and relatively cheaper substrates.

The lattice mismatch between an epitaxially grown InSb thin film (lattice constant

6.479 Å) and the GaAs substrate (lattice constant 5.653 Å) is as high as 14.6 %. For this

reason, the direct growth of InSb and its related compounds on GaAs results in a high

density of threading dislocations, which significantly degrades the electrical and optical

properties of the material, unless particularly thick layers of InSb are grown [83, 84]. In

fact, a high density of threading dislocations was proved to be the primary cause of low

33
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Figure 3.1: Optical microscope image, under Nomarski interference contrast illumina-
tion, of the typical surface morphology of AlxIn1−xSb grown on GaAs under optimised
growth conditions.

room temperature electron mobilities in highly mismatched InSb films [85]. Therefore,

to guarantee high quality thin films, it is necessary to use a dislocation-filtering buffer

layer between the film and the substrate, in order to controllably relax the strain due to

the lattice mismatch. Different approaches were proposed for the interposition of highly

mismatched resistive buffers to improve the electron mobility of epitaxially grown InSb

layers on GaAs substrate, including In0.88Al0.12Sb layers [83] and 1 µm-thick AlSb layers

followed by a 1 µm-thick InxAl1−xSb (x = 0.1–0.9) step-graded buffer [84].

Another suitable material to be interposed between InSb and GaAs as buffer layer is

GaSb [85]. In fact, GaSb has a lattice parameter (6.096 Å) intermediate between InSb

and GaAs and is highly resistive, with an intrinsic resistivity of 105 times that of InSb at

300 K [68]. Recently, a new technique has been reported for the growth of buffer GaSb

on GaAs, based on interfacial misfit (IMF) dislocations [86, 87]. With this technique, the

7.8 % lattice mismatch between GaSb and GaAs is accommodated by the formation of

a two-dimensional array of highly-periodic, 90◦ misfit dislocations. In contrast to meta-

morphic buffers, where thick layers are required to suppress the threading dislocations,

in this approach the excess strain is rapidly relieved at the heteroepitaxial interface.

The growth conditions of AlxIn1−xSb on GaAs substrates by Molecular Beam Epitaxy

(MBE) have been optimised for growth rate and temperature to obtain a high quality

planar surface morphology. First, a 250 nm GaAs layer is grown at 590 ◦C to guar-

antee a flat substrate surface. Then, the temperature is lowered to 500 ◦C and the

As flux is turned off, leaving the background to pump away for about 20 to 30 min-

utes. After that, the Sb flux is turned on and the 200 nm-thick GaSb buffer layer is

grown at about 0.7 ML/s. Finally, the temperature is reduced further to 450 ◦C and

the AlxIn1−xSb layers are grown at about 1 ML/s with a V-III flux ratio of 1.8 : 1.
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Figure 3.2: Surface roughness analysis of AlxIn1−xSb structures grown on GaAs under
(a) unoptimised and (b) optimised growth conditions. The values of Root Mean Square
(RMS) roughness Sq, maximum peak-to-valley magnitude Sz and peaks density Sds
are reported for comparison. The images and analysis are performed with a Bruker
Contour GT Optical Profiler.

Figure 3.1 shows an optical image, acquired in Nomarski mode, of the typical surface

morphology of the grown AlxIn1−xSb wafers grown with these parameters, in good agree-

ment with the optimised growth conditions presented in [88], which reports a typical

defects concentration lower than 1× 109 cm−2 close to the buffer interface. Figure 3.2

illustrates the surface roughness analysis, performed with a Bruker Contour GT Optical

Profiler, of two different wafers grown under unoptimised and optimised growth con-

ditions, showing an improved surface roughness and defect density. Square pyramidal

defects, associated with residual dislocations, are still observed in isolated areas on the

wafer surface; however, their presence has not showed any correlation with the electri-

cal or optical performance of the material. An electron mobility of 32 000 cm2/V s was

measured on a 3 µm-thick undoped AlxIn1−xSb layer with Al composition x = 0.05.

A standard wafer, grown with the optimised parameters listed above, was analysed

with a transmission electron microscope (TEM) by Dr. Ian MacLaren at the Kelvin

Nanocharacterisation Centre, Department of Physics and Astronomy of University of

Glasgow. Figure 3.3 shows the cross-sectional TEM image of the epitaxially-grown

AlxIn1−xSb on a 200 nm-thick GaSb buffer layer. It can be observed that the GaSb

buffer layer has relaxed with the formation of an array of misfit dislocations, which run

on the interface plane and do not propagate through the material above. The interface

between GaSb and AlxIn1−xSb , instead, appears less flat and regular, with threading

dislocations forming where island coalescence occurs. However, the higher density of

defects is confined to the first few hundreds nm of AlxIn1−xSb . As a consequence, a

2–3 µm n-doped AlxIn1−xSb layer is grown in order to achieve a higher crystallographic
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Figure 3.3: (a) Low magnification and (b) high magnification bright-field cross-
sectional TEM images of the AlxIn1−xSb structure grown on a 200 nm-thick GaSb buffer
layer on a GaAs substrate. The high magnification image in (b) is a zoom-in of the
GaSb buffer layer region. An in-plane array of misfit dislocations releases most of the
excess strain at the GaSb/GaAs interface. Threading dislocations are observed in the
first few hundreds nm above the AlxIn1−xSb /GaSb interface.

material quality and avoid the introduction of non-radiative recombination centres via

defects and dislocations close to the active region of the device.

The grown wafers are cleaved in square samples of typically 15 × 15 mm for the fabri-

cation of test LED devices. All the fabrication process is performed in the James Watt

Nanofabrication Centre (JWNC) [89] at the University of Glasgow. The fabrication

steps, described in the following sections, are schematically illustrated in Figure 3.4.

3.2 Lithography

Optical lithography is the process that allows the transfer of a pattern to an optically

sensitive polymer, called photoresist. The resulting binary resist pattern is used as a

mask to perform a subsequent fabrication step, such as etching or metal deposition.

After resist exposure and development, the originally designed pattern is transferred

onto the sample material. An important aspect of the lithography process is the accurate

alignment of each step to the patterns already present on the substrate. The standard

sequence of processing steps for a typical optical lithography process is briefly described

below:

• Substrate preparation: Substrate preparation is intended to remove any parti-

cle or organic impurity that may be present on the sample surface and to improve
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Figure 3.4: Schematic illustration of the fabrication steps for the definition of LEDs.

the adhesion of the photoresist to the substrate. Samples are immersed in op-

ticlear, acetone, methanol and isopropyl alcohol (IPA) for 3 minutes each. An

additional rinsing in deionised (DI) water can be used. After the last soak, the

remaining liquid is dried from the sample surface with a nitrogen gun. A dehydra-

tion bake on a hot plate at 115 ◦C removes adsorbed water, which may decrease

resist adhesion. The substrate is then allowed to cool in a dry environment and

coated as soon as possible.

• Photoresist coating: Spin coating is the process that allows to obtain a thin,

uniform coating of photoresist with a specific thickness on the substrate surface.

A small amount of photoresist, dissolved in a solvent, is distributed onto the sub-

strate with a clean pipette, and is then spun at high speed. Spin speed, time and

acceleration are crucial parameters that determine the thickness of the resist film.

Additionally, resist viscosity, substrate material and sample topography must be
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taken into account when determining the optimal conditions to obtain the desired

resist thickness and uniformity.

• Softbake: After spin coating, the resist is baked on a hot plate for a few min-

utes. This process helps to stabilise the resist by removing the excess solvent and

improves its adhesion to the substrate.

• Exposure: Resists are radiation sensitive polymers, whose chemical properties

can be varied upon exposure to UV light in the spectral range of 350 nm to 450 nm.

The spatial variation in light energy incident on the photoresist, through the pho-

tomask pattern, causes a photochemical reaction which determines a spatial varia-

tion in solubility of the resist in the developer. Photoresist are generally classified

in two groups, depending on their response at radiation exposure:

– Positive resists become more soluble in the developer after exposure to light.

The pattern formed on the substrate is the same as on the mask.

– Negative resists become less soluble in the developer after exposure to light.

The pattern formed on the substrate is the reverse as on the mask.

The optical lithography mask aligner tool available in the JWNC is a Süss MA6

[90] with a 350 W mercury lamp. The light source gives an exposure dose of

25 mW/cm2 for the emission line at 365 nm.

• Post-exposure bake: An additional baking can be performed just after expo-

sure and before development. In case of negative resists, this is normally used

to activate additional chemical reactions initiated during exposure, such as cross-

linking, which are essential to create the solubility differential between exposed

and unexposed areas of the resist.

• Development: The resist is selectively removed, depending on the areas that

have been exposed. Most commonly used resists use aqueous bases as developers.

The characteristic of the resist-developer interactions determines to a large extent

the shape of the resist profile and the minimum feature size.

The two main limitations of our optical lithography process are related to the minimum

feature size that can be patterned and the alignment that can be achieved with previously

defined patterns on the substrate. Depending on the resist, minimum features of 1± 0.5

µm and minimum alignment of 1 µm can be achieved.

A photolithography mask was designed for the fabrication of test LED configurations.

The minimum features size is in the order of 5 µm. Therefore, the performance of the

our optical lithography process are sufficient to achieve the desired feature shape and



Chapter 3. Devices Fabrication 39

Figure 3.5: Schematic illustration of the exposure and development process for posi-
tive and negative tone resist.

alignment.

However, due to the small throughput requirements and the need of flexible pattern de-

sign during the device prototyping, e-beam lithography was also used for some fabrica-

tion steps, such as the metal contacts definition and sub-wavelength hole array patterns.

E-beam lithography is briefly discussed in Section 7.3.

3.3 Mesa Etching

Mesa etching is the process that defines table-top elevated features by removing the

surrounding material. In this case, it is used to create isolated p-n junctions on the

substrate. The mesa are defined by a positive resist mask and formed by etching the

p-type and intrinsic material, until the n-type contact layer is exposed. The etching

process determines the step profile of the mesa sidewalls. For the definition of the mesa

pattern, Shipley Microposit S1818 positive photoresist [91] is used, accordingly to the

process described below:

• Sample clean in acetone and IPA, 3 minutes dehydration bake at 115 ◦C.

• Spin S1818 for 30 seconds at 4000 rpm, which gives a film thickness of about 1.8 µm.

• Pre-bake on a hotplate for 2 minutes at 115 ◦C.

• Expose for 7 seconds through mesa pattern mask using MA6.

• Develop in neat MF-319 developer for 75 seconds.

Dry etch processes generally produce accurate geometric control over designed geome-

tries, especially over small device structures. However, the sidewall damage caused by

the physical sputtering of ions and unwanted deposition of etch by-products may re-

sult in electrical degradation of devices, especially for narrow bandgap semiconductor

materials. Wet etch processes are generally limited by their typical isotropic nature
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resulting in concave sidewall profiles and unavoidable undercut of the etch mask. How-

ever, wet etch is presently the technique of choice for InSb-based compounds because it

is simple, cost-effective and limits the additional electronic damage to the semiconductor

surface. Section 3.3.1 discusses the citric acid-based wet etch used for the fabrication of

the LEDs throughout this work. A dry etch process based on a CH4/H2 plasma in an

Inductively-Coupled Plasma Reactive Ion Etching (ICP-RIE) tool was also developed

and is described in Section 3.3.2.

3.3.1 Wet Etch

Citric acid/hydrogen peroxide (C6H8O7 : H2O2) solutions have been studied intensively

in processing GaAs-based materials [92, 93], and detailed for InSb etching by Chang et al.

[94]. Chemical etching proceeds by an oxidation-reduction reaction at the semiconductor

surface by the hydrogen peroxide, with the dissolution of the oxide products by the

citric acid. In Chang’s experiment, the super-linear etch rate dependence on time,

exponential etch rate dependence on temperature and trench-free behaviour indicate

that the InSb mesa etching in citric acid/hydrogen peroxide solution is dominantly

controlled by surface reaction rate-limited mechanism [92, 94]. Chang et al. suggested

that the increase of etch rate with time is caused by the slow decomposition of H2O2,

and subsequent increase in citric:H2O2 ratio.

A reliable citric acid based wet etch process was developed in collaboration with Kelvin

Nanotechnology Ltd. (KNT) [95] for the fabrication of AlInSb LEDs and used through-

out this work. The desirable features that characterised the wet etch process are:

• positive sloping sidewall angles, suitable for subsequent fabrication steps, such as

thin-film coating, without discontinuities;

• smooth etch surfaces, without defect delineation;

• repeatable etch rate;

• minimum selectivity to layers with different Aluminium compositions, avoiding

re-entrant profiles at the wider bandgap barrier.

The literature on etching of antimonides and arsenide-based compounds using citric:H2O2

solutions highlights the importance of conditioning the semiconductor surface prior to

etching. In particular, the native surface oxide should be minimised before etching to

allow repeatable control of the step height of the mesa. Therefore, an initial deoxidation

sequence is used as follows:
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Figure 3.6: SEM cross-sectional image of an Al0.05In0.95Sb etched profile in citric
acid:H2O2:H2O solution at 20.5 ◦C.

• 1 minute soak in 5:1 BHF (buffered hydrofluoric acid, 5 parts 40 % NH4F:1 part

49 % HF), 3 minutes rinse in DI water;

• 1 minute soak in 1:1 HCl (37 % hydrochloric acid):H2O, 3 minutes rinse in DI

water;

The sample is directly transferred from one solution to the next, without exposing the

surface to air, and immersed straight after into the citric acid-based solution,. This con-

sists of a 11:1:7 citric:H2O2:H2O solution, which gives a uniform reaction-rate limited

etching with an etch rate of ≈ 20 nm/min. The etching is performed in a tempera-

ture controlled (T ≈ 20.5 ◦C) stirring bath to avoid localised depletion/accumulation or

reactants/products in solution that could lead to big variations in etch rate due to oxi-

dation/reduction imbalances. A scanning electron microscope (SEM) image of a typical

etched profile is shown in Figure 3.6.

3.3.2 Dry Etch

Reactive Ion Etching (RIE) is the most common dry etch method, based on the chemical

and physical interaction of plasma ions and radicals with the target material. During

a dry etch process, the plasma ions and radicals not only chemically react with the

target material, but physically bombard and remove it due to the accelerating bias volt-

age. This combination of chemical and physical etching process result in a controllable

anisotropic etching profile. In conventional RIE, only one RF source is used to gener-

ate and accelerated the plasma at the same time, thus limiting the control on density

plasma and energy [96]. An additional RF source is present in the Inductively-Coupled

Plasma RIE (ICP-RIE) configuration, which allows to separately control the plasma

density and energy [97]. A schematic illustration of an ICP-RIE machine is shown in



Chapter 3. Devices Fabrication 42

Figure 3.7: Schematic diagram of an Inductively Couple Plasma (ICP) Etching tool
(from Oxford Instruments [99]).

Figure 3.7. The ICP source generates the plasma and controls its density. The RF bias

source, instead, provides a voltage potential that accelerates the plasma in the main

chamber. The ICP-RIE machine available in the JWNC and used in this work is an

Oxford Instruments ICP-180 [98].

Chlorine-based dry etch chemistries are widely used for the etching of GaSb and re-

lated compounds. Cl2/Ar plasma was used for GaSb etching with high etch rates

(> 1 µm/min) and mirror-like etched surfaces [100]. However, when applied to InSb,

Cl2 based recipes still provide high etch rates but result in rough surfaces, due to the

low volatility of indium chloride (InClx) compounds depositing on the etched surfaces

[101]. Increasing the process temperature can help increasing the InClx desorption pro-

cess. Both Cl2/CH4/H2 and BCl3/Cl2/Ar plasma recipes were tested on Al0.05In0.95Sb

material, resulting in high etch rates (between 500 and 1000 nm/min) but unacceptable

surface roughness and high temperatures (T > 150 ◦C) registered on the sample sur-

face during the etching process. An alternative plasma chemistry for the dry etch of

antimonides is based on CH4/H2. After ionisation, the methyl radicals tend to bond

with the metal elements (In or Ga), while H-radicals capture the antimony and form

a volatile hydride (SbH3). The reported etch rates are lower (< 250 nm/min) than for

chlorine-based plasma recipes, but with smooth etched surfaces and sidewalls [102]. The

main advantage of CH4/H2 plasma is the formation of carbon polymers that deposit on

the etched sidewalls, preventing them from being overetched and avoiding the formation

of undercut profiles. In the JWNC, CH4/H2/O2 is already a mature recipe for the dry

etch of InP, providing smooth surfaces and slightly positive sidewalls with an etch rate

of 65 nm/min.

Therefore, the etching of Al0.05In0.95Sb in ICP180 with a CH4/H2/O2 plasma was tested
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Figure 3.8: SEM images showing the surface morphology (left) and sidewalls cross-
sectional profile (right) of Al0.05In0.95Sb etched by CH4/H2/O2 plasma in ICP180. The
process parameters are: gas flow CH4/H2/O2 = 6/50/0.2 sccm, ICP power = 350 W,
RF power = 150 W, pressure = 15 mTorr. The effect of the set table temperature is
shown.

in the JWNC as a function of a number of process parameters. An etch test pattern was

defined on the samples using standard photolithography to pattern a 200 nm-thick layer

of silicon nitride, then used as an hard mask for the dry etch process. An O2 ash and

HCl deoxidation steps are added to the standard sample cleaning procedure to ensure

that no surface oxides are present before the etching process. In the etch tests, the

CH4/H2/O2 gas flow is kept constant at 6/50/0.2 sccm, while ICP power (200–600 W),

RF bias power (100–200 W), chamber pressure (10–30 mTorr), table temperature (20–

200 ◦C) are varied one by one to evaluate their effect on etch rate, sidewall profile and

surface morphology. The observed features are discussed in the following:

• With increasing ICP power from 200 W to 600 W, the etch rate increases from

30 nm/min to 70 nm/min. The sidewalls profile goes from positive to slightly

undercut, due to the more isotropic etching of high density plasma.

• Higher RF power results in higher acceleration voltage across the chamber. The

physical reaction is enhanced and the bombardment of the target material by high

energy ions improves the desorption process of the dry etch by-products, resulting

in smooth surface morphology.

• The chamber pressure is kept between 10 and 20 mTorr, which guarantees smooth

surface due to the fact that the chemical by-product of the dry etch process are
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Table 3.1: Parameters chosen for the ICP180 CH4/H2/O2 process for the etching of
Al0.05In0.95Sb.

Parameter Value

Gas CH4/H2/O2

Flow 6/50/0.2 sccm
ICP Power 350 W
RF Power 150 W
Chamber Pressure 15 mTorr
Table Temperature 100 ◦C

generated at a slow rate and can be completely removed by the physical ion bom-

bardment.

• Increasing the table temperature increases the desorption process of the dry etch

by-products, therefore increasing the etch rate and improving the surface morphol-

ogy. Beyond 100 ◦C, the carbon polymers deposited on the etched sidewalls are

also removed, resulting in more pronounced undercut profiles.

The parameters chosen for the final ICP-RIE dry etch process of Al0.05In0.95Sb are listed

in Table 3.1. The process has an etch rate of about 50 nm/min, giving a smooth sur-

face morphology and vertical sidewalls, while limiting the sample temperature to about

100 ◦C.

Despite the achieved suitable dry etch process, there was no evidence of improved per-

formance from processed devices. Therefore, the wet etch process was chosen for the

final fabrication process of the LEDs.

3.4 Passivation

The surface condition of an etched mesa diode is important to ensure low surface leakage

current, especially in narrow bandgap semiconductors such as InSb. Combined with a

suitable etch process, an appropriate surface passivation is an important step to prevent

surface degradation and high leakage currents. As narrow bandgap semiconductor ma-

terials are more susceptible to the formation of conductive channels along the sidewalls,

native fixed charges in the passivation layer may cause the deterioration of the device

electrical performance [103, 104]. Passivation with standard dielectrics, such as silicon

nitride (SiNx) and silicon dioxide (SiO2), was proved effective, but requires high qual-

ity dielectric deposition at room temperature. More recently, passivation with SU-8 was

demonstrated particularly successful in reducing the leakage current of InAs/GaSb type-

II strained layer superlattice detectors [103] and InAs avalanche photodiodes [105, 106].
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SU-8 is a high-contrast epoxy-based negative photoresist, which is designed to give uni-

form thick films for high aspect ratio devices [107]. A high cross-link density is caused

in the film during exposure to UV radiation, giving the resist a high chemical resistance

to the developer. The resulting SU-8 film has good chemical and mechanical stability

[103, 108]. SU-8 is transparent at wavelengths > 350 nm and is easy to integrate in

the fabrication process as it requires only a standard spin-coat and photolithography

process at room temperature, which is important to avoid surface degradation of narrow

bandgap materials. For these reasons, SU-8 has been chosen as the passivation material

for the devices fabricated in this work. The results of passivation on the current-voltage

characteristic and the leakage current of AlInSb LEDs are discussed in Section 4.1.1.

The fabrication steps for the SU-8 passivation are listed below:

• Sample clean in acetone and IPA, 3 minutes dehydration bake at 115 ◦C, 2 minutes

oxygen ash at 80 W.

• Prepare a dilution 2:1 by volume of SU-8 3005 : Cyclopentanone to reduce resist

thickness to about 2–2.5 µm.

• Spin using a ramp step to spread the resist uniformly : 5 seconds at 1000 rpm,

then 30 seconds at 4000 rpm.

• Pre-bake the sample on a hotplate for 1 minute at 65 ◦C, then 3 minutes at 95 ◦C,

then again 1 minute at 65 ◦C.

• Exposure to UV light using MA6 for 15 seconds. A slight overexposure is recom-

mended to improve curing and avoid resist cracking.

• Post-exposure bake for 1 minute at 65 ◦C, then 3 minutes at 95 ◦C, then again 1

minute at 65 ◦C. This step is crucial for resist cross-linking.

• Develop the exposed pattern in neat EC solvent for 1 minute and rinse with IPA.

Note that SU-8 hard-bake and curing is not performed as it requires high temperature

(> 150 ◦C), which can cause significant surface degradation of the narrow bandgap diode

material.

3.5 Metal deposition and lift-off

Metal deposition is used to define the electrical ohmic contacts and bond pads of the LED

devices. Moreover, it is used to deposit the thin metal layer used in plasmonic-enhanced

devices, as discussed in Section 7.3.
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Figure 3.9: Schematic illustration of the lift-off process using either a double layer of
positive resist (top) and a negative resist (bottom).

The metal deposition is carried out using a Plassys (MEB 400s or 550s) electron-beam

evaporator [109]. A target of the source metal is bombarded with an electron beam,

generated by a tungsten filament under high vacuum (pressure < 5× 10−7 mbar). The

atoms of the source metal evaporate into the gaseous phase and then precipitate into

solid form only when they reach the surface of the substrate, coating it with a uniform

thin film. The main advantages of this deposition technique are the coating uniformity

and the precise thickness monitoring, thanks to the low deposition rate (0.3 nm/s).

Lift-off is the patterning technique used to define the metal film, as described in Fig-

ure 3.9. The metal is deposited on top of the sample, covering all the areas with and

without resist. After the deposition, the sample is soaked in acetone at 50 ◦C for a

time varying from under 1 hour to a few hours, depending on the pattern shape and

minimum feature size. The acetone dissolves the resist mask, lifting off the metal that

was deposited on top of the resist and leaving only the metal that was in contact with

the substrate. The thickness of the resist should be at least 3 times larger than the

thickness of the metal to assure a successful lift-off. An undercut profile of the resist is

also essential for the lift-off release process.

Positive resists are generally not suited for lift-off processes as they only allow positive

or at best vertical sidewalls. This promotes the coverage of the sidewalls during metal

evaporation, making lift-off problematic. However, a process consisting of a double layer

of positive resist with different exposure doses can be used to obtain an undercut pro-

file, which favours a successful lift-off. A lift-off process using a double layer of AZ4562

resist [110] was developed in collaboration with Dr. Corrie Farmer (at KNT [95]). The

processe steps are listed below:

• Sample clean in acetone and IPA, 3 minutes dehydration bake at 115 ◦C, 2 minutes

oxygen ash at 80 W.

• Spin AZ4562 for 30 seconds at 3000 rpm.
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Figure 3.10: Optical microscope image of different structures fabricated by metal
deposition and lift-off: (a) LEDs with different mesa dimensions and contact geometry
and test structure for the characterisation of the contact resistance; (b) 1 µm-periodic
array of holes in a 50 nm-thick gold film.

• Oven bake for 1 hour at 90 ◦C.

• Flood exposure of first layer for 30 seconds using MA6.

• Spin second layer of AZ4562 for 30 seconds at 4000 rpm.

• Oven bake for 1 hour at 90 ◦C.

• Expose for 25 seconds through pattern mask.

• Develop in 1:4 AZ400K:H2O for 3 minutes.

Negative resists are generally the best choice for lift-off processes because the exposure

dose strongly impacts the resist profile. In fact, low exposure doses keep the resist

close to the substrate surface almost unexposed, thus allowing to achieve a pronounced

undercut. The post-exposure bake step is essential as it cross-links the exposed resist

areas which become insoluble in the developer. With the availability of the AZ2070 [111]

thick negative resist, a lift-off process was developed in collaboration with Dr. Antonio

Samarelli and colleagues at the University of Glasgow. The process steps are as follows:

• Sample clean in acetone and IPA, 3 minutes dehydration bake at 115 ◦C, 2 minutes

oxygen ash at 80 W.

• Spin AZ2070 for 60 seconds at 3000 rpm.

• Bake on hotplate for 1 minute and 30 seconds at 113 ◦C.

• Expose for 20 seconds through pattern mask.
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• Post-bake on hotplate for a minute at 113 ◦C. This step is very important for the

cross-linking of the negative resist.

• Develop in MF319 for 1 minute and 20 seconds.

The ohmic contacts on both the p-type and n-type layers consist of Ti/Au 50 nm/250 nm.

The titanium is used to guarantee a good adhesion onto the semiconductor surface. Gold

layers thinner than 200 nm proved to be too fragile and resulted in bond pads pealing

off during the wire bonding process. To obtain a better ohmic contact with lower

resistance, thermal annealing of the metal contacts is usually performed. However, due

to the narrow bandgap, AlInSb gives a low resistance even without annealing. Moreover,

baking the devices at temperature higher than 120–150 ◦C can degrade the performance

of the diodes. Thus, to prevent any surface degradation and avoid unnecessary metal

diffusion from the contact into the semiconductor, thermal annealing of contacts was

not carried out in the final fabrication process. The performance of the ohmic contacts

are discussed in Section 4.1.2.

3.6 Summary of fabrication process for AlxIn1−xSb LEDs

After few test runs to optimise the different fabrication steps, a final process was iden-

tified for the fabrication of AlInSb LEDs. The most significant constraints in the fabri-

cation of AlxIn1−xSb LEDs are as follows:

• Ultrasonic agitation is never used in the fabrication process to avoid damaging the

brittle material.

• A temperature budget of 120 ◦C is set for all the processes to prevent any surface

degradation. Steps that may require higher temperature are performed prior to

the mesa etching to avoid exposure of the device active region.

According to standard fabrication techniques for III-V semiconductors, the most signif-

icant process steps developed specifically for AlxIn1−xSb LEDs are summarised below:

• Sample cleaning is performed before every step using acetone and isopropyl alcohol,

followed by 3 minutes dehydration bake at 115 ◦C and 2 minutes oxygen plasma

ash at 80 W.

• The mesa pattern is defined using S1818 positive resist and photolithography. A

deoxidation cleaning is done with 5:1 BHF and 1:1 HCl:H2O, followed by wet
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etch in 11:1:7 citric:H2O2:H2O solution. The etching is performed at a constant

temperature of 20.5 ◦C and with constant stirring at 100 rpm. The etch profile is

isotropic with an etch rate of about 20 nm/min. As H2O2 degrades with time, it

is recommended to use it from a freshly opened bottle.

• Surface passivation is achieved with a 2 µm-thick SU-8 layer. SU-8 was chosen

as the preferred passivation material thanks to its stability performance and ease

of integration in the fabrication process. The improvement of the LED leakage

current obtained with surface passivation are presented in Section 4.1.1.

• The metal contact pattern is defined using the AZ2070 negative resist process de-

scribed in Section 3.5. Ti/Au ohmic contacts are deposited by e-beam evaporation

to both p-type and n-type layers.

The optical and SEM image of a completed device are shown in Figure 3.11.

The designed photolithography mask is shown in Figure 3.12a. It comprises four 5 ×
5 mm patterns including about twenty devices with different mesa widths (w = 200 µm,

400 µm and 800 µm) and top contact geometries. This design allows to investigate the

contribution of design parameters on LEDs electrical and optical performance, which is

discussed in Chapter 4. Once ready, each pattern is cleaved separately, mounted on a

chip carrier with a thermal conductive paste and wire bonded for electrical and optical

characterisation. The final device, ready to be measured, is shown in Figure 3.12b.
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Figure 3.11: (a) Schematic illustration and (b) SEM image of a complete fabricated
device with cross-shaped top contact geometry; (c) detail of a corner of the mesa struc-
ture with n-type and p-type metallisations.

Figure 3.12: (a) Photolithography mask design with LED patterns of varying mesa
dimensions and top contact geometries. (b) Optical image of a wire bonded chip carrier.



Chapter 4

Devices Characterisation

In this Chapter the main characterisation techniques are reviewed and described in

detail. These techniques are tailored and applied to the characterisation of the fab-

ricated LEDs. Both electrical and optical characterisation were performed to assess

the performance of devices with different mesa dimensions, surface passivation, doping

concentration, ohmic contacts and bias conditions.

4.1 Electrical Characterisation

4.1.1 Current-voltage measurement

The most basic characterisation measurement for an LED is the current-voltage (I-

V) curve, which can provide significant information about the characteristics of the

fabricated diode. This measurement is performed using a HP 4155A semiconductor

parameter analyser and a source-measurement unit (SMU). A bias voltage is applied

across the diode and the corresponding value of current is recorded.

A number of device parameters, such as the quality of the material, the formation of

the junction and the quality of the contacts, can be retrieved from the forward voltage

characteristic. At small current, the forward I-V can be fitted using an empirical diode

model [63]:

IF = I0

(
exp

(
qV

nkT

)
− 1

)
, (4.1)

where I0 is the saturation current, n the ideality factor, k the Boltzmann’s constant

and T the absolute temperature. An ideality factor close to 1 indicates that the current

flow is mainly dominated by diffusion, while an ideality factor close to 2 indicates that

there is a significant contribution from generation and recombination of carriers. At

51
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Figure 4.1: (a) Schematic illustration of the square mesa geometry with a square top
contact pad placed in the centre of the mesa. (b) Optical image of a fabricated device
with w = 400 µm and wc = 180 µm.

Figure 4.2: (a) Measured full I-V characteristic of the the device illustrated in Fig-
ure 4.1. (b) Measured and fitted I-V curve under forward bias. The fitting of the
measured data according to Equation 4.2 result in an ideality factor of 1.8 and a series
resistance of about 3.3 Ω.

higher forward voltage, the diode I-V curve deviates from the theoretical one, due to

device heating from the series resistance. For this reason, an equivalent series resistance

is added to the equation:

IF = I0

(
exp

(
q(V − IR)

nkT

)
− 1

)
. (4.2)

The value of the series resistance can be determined by fitting the experimental I-V data

to Equation 4.2.

The schematic illustration and optical image of an AlInSb p-i-n diode with a mesa width

w = 400 µm and a square top contact pad of width wc = 180 µm are shown in Figure 4.1.

The dimensions of the contact pad were chosen in order to minimise the area covered by

the opaque metal (∼ 20 %) to allow the measurement of the optical emission from the

same device and at the same time guarantee a minimum size of the contact pad suitable

for wire bonding. Additionally, the distance between the edge of the contact pad and

the edge of the mesa is larger than a current spreading length, therefore minimising the
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Figure 4.3: Measured forward I-V curves for devices fabricated in the JWNC and by
CST. The good agreement of data confirms the repeatability of the fabrication process.

contribution of surface recombination.

The measured I-V characteristic and the fitted curve according to Equation 4.2 are

plotted in Figure 4.2. The fitted value of the ideality factor n is close to 2, possi-

bly due to higher recombination current at the heterojunction with the wider bandgap

Alx+0.15In1−(x+0.15)Sb barrier layer. The series resistance is dominated by the contact

resistance between the metal and the semiconductor, which scales with contact area

according to Ohm’s law: Rc = ρc · (tc/Ac).
The contact resistance can be reduced by choosing contact metals with an appropriate

work function and by increasing the doping concentration of the semiconductor contact

layer. According to the Schottky model [112], the barrier height at the contact depends

on the metal work function φM and the semiconductor electron affinity χ: φB = φM−χ,

while the barrier width is proportional to the doping concentration: W ∼ N−1/2D . In the

case of narrow bandgap materials, as AlInSb, ohmic contacts with metals can be easily

achieved thanks to the high values of electron affinity (χInSb = 4.59 eV), which give low

barrier heights at the contact. As a result, the measured diodes show a low series resis-

tance even for relatively low doping concentrations and without any thermal annealing

of the contacts. The detailed measurements of the contact resistance for p-type and

n-type AlInSb layers is discussed in Section 4.1.2.

The I-V curves of devices with similar mesa area and contact pattern fabricated using the

process discussed in Chapter 3 and the production process by Compound Semiconductor

Technologies Ltd. [82] are compared for reference. Figure 4.3 shows the forward I-V

curves for devices with two different mesa widths. The good agreement in the measured

data indicates the high quality and repeatability of the fabrication process.
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Figure 4.4: Optical images of fabricated devices of mesa width w = 200 µm, 400 µm
and 800 µm and same contact pad area (wc = 90 µm).

Figure 4.5: (a) Measured forward J-V characteristics for devices with different mesa
width w and same contact area. The current was normalised to the mesa area. (b)
The current density values at Vbias = 0.1 V are extracted and plotted against the mesa
area. An inverse dependence over the mesa area is shown for comparison.

The effect of the mesa width on the current diffusion was evaluated by comparing devices

with the same contact area. In this case, the central contact pad has a width wc = 90 µm

for all devices, covering 20 %, 5 % and 1.3 % of the area for devices with w = 200 µm,

400 µm and 800 µm, respectively, as illustrated in Figure 4.4. Therefore, all devices have

the same contact resistance and the same injected current density under the contact pad.

The forward I-V curves, plotted in Figure 4.5a, were normalised to the mesa area and

the values of current density at a constant bias voltage of 0.1 V were extracted from the

J-V curves. As shown in Figure 4.5b, the extracted values of current density still exhibit

an inverse dependence on the mesa area (w2) and deviate from it for the larger devices.

This has been attributed to the current crowding effect, which is a consequence of the

higher sheet resistance of the p-type top contact layer. The current does not spread

uniformly across the device area and the current density shows an exponential decay

away from the central contact pad. From the data in Figure 4.5b, it can be calculated

that only about 60 % of the total device area is effectively biased in case of a device with

w = 800 µm and wc = 90 µm. The current crowding effect will be discussed in detail in

Chapter 5.
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In the reverse bias region, different mechanisms contribute to the leakage current. This

is particularly relevant when devices are used as photodetectors, as the leakage current

translates into shot noise that will affect the signal-to-noise ratio (SNR) of the device.

The two main contributions are the bulk and surface leakage currents.

The former is due to diffusion or generation-recombination currents. Its contribution

scales with the junction area and reduces proportionally with decreasing intrinsic carrier

concentration as a function of temperature.

The surface leakage current is determined by the abrupt termination of the periodic

crystalline lattice at the air-semiconductor interface, causing the formation of dangling

bonds. As a consequence, a non-zero surface potential builds up at the sidewall interface,

resulting in conductive leakage channels parallel to the surface of the etched mesa [103].

Additionally, native oxides and contaminants create interfacial states which contribute

to the leakage current. Therefore, the surface leakage current is expected to be more

significant for small devices, which have a larger surface-to-volume ratio.

For a square mesa diode, the leakage current density can be expressed as the sum of

its bulk and surface components. By plotting the resistance-area product at zero bias

for variable area diodes, it is possible to evaluate the surface dependence of the leakage

current. This relation can be written as:

1

R0A
=

1

(R0A)bulk
+

1

rsurf

P

A
(4.3)

where (R0A)bulk is the bulk contribution (Ω cm2), rsurf the surface resistivity (Ω cm),

P the diode perimeter and A the diode area [103]. If the leakage current is dominated

by the bulk component, the curve has a slope close to zero. Otherwise, if the surface

leakage component is significant, the smaller devices will show a higher current density.

The reverse I-V characteristics for AlInSb p-i-n diodes with variable mesa width are

shown in Figure 4.6. The data are normalised to the mesa area to factor out the

contribution of the bulk leakage current. However, the scaling of the current densities

with mesa width (and therefore with perimeter) indicates that there is still a contribution

of the surface leakage component at room temperature. This could be reduced with

improved etching and passivation processes.

As discussed in Section 3.4, SU-8 was chosen as a suitable material for the mesa side-

walls passivation. Previously reported experimental data for SU-8 passivation of InAs/-

GaSb superlattice detectors show a similar level of leakage current density at room

temperature, but a significant reduction at lower temperature, with up to four orders

of magnitude improvement at 77 K [113]. Figure 4.7 presents the plot of (R0A)−1 as a

function of P/A for two different sets of variable area diodes with no passivation and
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Figure 4.6: Measured leakage current densities for devices with different mesa width
w. The dependence on the mesa dimension suggests that the contribution of surface
leakage current is dominant.

Figure 4.7: Dynamic resistance-area product at zero bias (R0A)−1 as a function of
the perimeter-to-area ratio P/A for diodes with w between 200 µm and 800 µm at room
temperature, showing the effect of SU-8 passivation.

SU-8 passivation according to the process described in Section 3.4. The higher value of

surface resistivity (4.6 Ω cm compared to 4.1 Ω cm for the unpassivated device) indicates

a slightly weaker dependence of the current density on surface leakage effects at room

temperature.

4.1.2 Transfer Length Method (TLM)

The linear Transfer Length Method (TLM) is one of the more common techniques to

evaluate the specific contact resistance and therefore the quality of ohmic contacts to

semiconductors [112]. The two-terminal test structure consists of a series of identical
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Figure 4.8: Schematic illustration of a TLM contact resistance test structure. (a)
Top view of the TLM contact pads with increasing gap spacing. (b) Perspective view
of the test structure with resistance components.

Figure 4.9: Example plot of the measured total resistance as a function of the distance
between the contact pads of a TLM structure for a Ti/Au p-contact.

contacts pads, with length l and width W , with increasing gap dt, as illustrated in Fig-

ure 4.8. The contact resistance Rc and specific contact resistance ρc can be determined

from the linear relation between the measured resistance and the increasing gap spacing

dt between the contact pads. Assuming the contact resistance is the same for all pads,

the total resistance, measured when applying a current between two consecutive pads,

can be written as:

RT =
Rshdt
W

+ 2Rc (4.4)

where Rsh is the sheet resistance of the semiconductor thin film.

An example of a plot of RT as a function of dt is shown in Figure 4.9. From the

slope of this linear relation, the semiconductor sheet resistance Rsh (in Ω�−1) can be
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Figure 4.10: (a) Optical image of a CTLM test structure defined by photolithography
and lift-off. The inner contact pads have a radius r of 100 µm and the gap width dt varies
from 10 µm to 200 µm. (b) Total resistance as a function of gap width, as measured
and after correction according to Equation 4.5, for a Ti/Au p-contact. The linear fit
of the corrected data allows the retrieval of the significant values: Rc = 383 mΩ, Lt =
3.9 µm, Rsh = 60.6 Ω/�, ρc = 9.6× 10−6 Ω cm2.

extracted. The contact resistance Rc can be obtained from the intercept with the y-

axis, which corresponds to RT (dt = 0) = 2Rc (in Ω). The intercept with the x-axis gives

the transfer length Lt =
√

ρc
Rsh

(in µm). The transfer length can be considered as the

distance over which most of the current transfers from the metal to the semiconductor.

For good ohmic contacts, with a specific contact resistance ρc ≤ 10−6 Ω cm2, the transfer

length is generally in the order of few µm. From the sheet resistance and the transfer

length, the specific contact resistance can be calculated as ρc = RshLt (in Ω cm2).

The main drawback of the linear TLM technique is that it requires the etching of a

mesa structure of width Z around the TLM pattern, to prevent the current spreading

laterally in the thin film material under test. Even so, as Z 6= W , the linear TLM

suffers from an inhomogeneous distribution of the current density at the edge of the

contacts, which results in an underestimation of the contact resistance. An isolation

mesa of the same width of the metal pads, Z = W , is particularly difficult to achieve

by photolithography with the alignment tolerances of the mask aligner available in the

JWNC. For this reason, circular TLM (CTLM) test structures were used, as proposed in

the literature [112, 114]. These structures consist of circular inner contact pads of radius

r, separated from a metallic outer region by a ring-shaped gap of width dt, as shown in

Figure 4.10(a). The circular geometry simplifies the fabrication process by reducing the

definition of this test structure to a single lithography exposure and metal lift-off. By

forcing a current between the inner and the outer contact pads, the total resistance as

a function of the gap width can be measured. The non-linear relation obtained can be

reduced to the linear TLM model with a correction factor, which takes into account the
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Table 4.1: Measured specific contact resistance ρc for p-type and n-type contacts on
AlInSb with Ti/Au and Ti/Pt/Au metallisation.

Contact Metal Specific Contact Resistance ρc (Ω cm2)

AlInSb p-contact Ti/Au 5.1× 10−6

Ti/Pt/Au 2.0× 10−3

AlInSb n-contact Ti/Au 1.1× 10−6

Ti/Pt/Au 3.4× 10−5

effect of the circular geometry:

RT =
Rsh
2πr

(dt + 2Lt)C (4.5)

with C being the correction factor, defined as:

C =
r

dt
ln

(
1 +

dt
r

)
(4.6)

The measured total resistance as a function of gap spacing before and after the correction

is plotted in Figure 4.10(b). From the linear fit of the corrected data, the significant

values of semiconductor sheet resistance Rsh, contact resistance Rc, transfer length Lt

and specific contact resistance ρc can be derived as described for the linear TLM.

Two different metallisation, Ti/Au and Ti/Pt/Au, were tested for both p-type and

n-type contacts on doped AlInSb. Ti/Pt/Au is known to have superior metallurgical

properties, especially at elevated temperatures, as the Pt acts as a barrier metal to the

interdiffusion of the contact metal (Au) with low melting point group III elements, such

as In [115]. However, as shown in Table 4.1, the measured values of the specific contact

resistance for Ti/Pt/Au are significantly higher than for Ti/Au for both p-type and

n-type contacts. This can be attributed to the higher work function of Pt, which results

in a higher potential barrier at the semiconductor-metal interface. Therefore, Ti/Au

was chosen as the metal stack for both p-type and n-type contacts.

As discussed in Section 3.5, narrow bandgap semiconductors like AlInSb form good

ohmic contacts with low contact resistance even without performing a thermal anneal-

ing process straight after the metal deposition. In fact, an annealing experiment was

performed, but did not show a significant improvement in the contact resistance values.

Moreover, as discussed in Section 3.5, baking the devices at temperatures higher than

150 ◦C results in surface degradation of the exposed mesa sidewalls. Therefore, thermal

annealing of contacts is not performed in the fabrication of AlInSb LEDs.

Besides the choice of metals, the doping concentration of the p-type and n-type con-

tact layer gives a substantial contribution in defining the contact resistance. In this

case, thanks to the narrow bandgap semiconductor material, good ohmic contacts can
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Figure 4.11: (a) Specific contact resistance ρc for Ti/Au contacts on p-type and n-
type AlInSb single layers as a function of doping concentration. (b) Bulk resistivity
ρbulk for p-type and n-type AlInSb single layers as a function of doping concentration.

Table 4.2: Extracted values of specific contact resistance ρc of Ti/Au contacts and
AlInSb bulk resistivity ρbulk for relevant p-type and n-type doping concentrations.

Contact Doping Concentration (cm−3) ρc (Ω cm2) ρbulk (Ω cm)

AlInSb p-contact 6.9× 1017 4.7× 10−6 2.0× 10−2

1.0× 1018 4.0× 10−6 1.8× 10−2

2.7× 1018 1.5× 10−6 6.6× 10−3

AlInSb n-contact 1.0× 1018 1.3× 10−6 4.4× 10−4

2.7× 1018 6.5× 10−7 2.6× 10−4

be formed with both p-type and n-type AlInSb layers having doping concentration

> 5× 1017 cm−3. To evaluate the effect of the doping concentration on the contact re-

sistance, CTLM test structures were fabricated on 3 µm-thick p-type and n-type AlInSb

single layer wafers. The extracted values of specific contact resistance ρc and AlInSb

bulk resistivity ρbulk as a function of doping concentration are plotted in Figure 4.11.

The more relevant values are listed in Table 4.2 as well. Due to the larger effective mass

of the holes in the narrow bandgap material [116], both the specific contact resistance ρc

and the bulk resistivity ρbulk are always higher for p-type doped layers than for n-type

doped layers. In particular, the difference of about two orders of magnitude in the bulk

resistivity has a significant effect on the preferential path followed by the current, when

injected into the p-i-n diode structure of a AlInSb LED. This can result in the so called

current crowding effect, which will be discussed in detail in Chapter 5.

4.2 Optical Characterisation

Fourier Transform Infrared (FTIR) Spectroscopy is a well-established and developed

method for the characterisation of material and devices in both research and applica-

tion laboratories, with particular relevance to the mid-infrared and far-infrared spectral
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Figure 4.12: Schematic illustration of the beam path, including the Michelson inter-
ferometer, in a VERTEX 70 FTIR spectrometer.

ranges.

The FTIR spectrometer, of which a schematic illustration is given in Figure 4.12, is

based on a Michelson interferometer [112, 117, 118]. Light emitted by an infrared source

(generally an internal heated element or Globar source) is collimated and directed onto a

beam splitter. This creates two separated optical paths by reflecting half of the incident

light and transmitting the other half. In one path, the beam is reflected back to the

beam splitter by a mirror at a fixed distance L. In the other path, the beam is returned

to the beam splitter after being reflected by a movable mirror, which can be precisely

translated back and forth by a distance x around its position starting at L. When the

two components recombine at the beam splitter, they are in phase if x = 0. Otherwise, if

the mirror is moved, an optical path length difference δ = 2x is introduced. The beam is

then focused on a detector, which measures the intensity of the recombined beams as a

function of the mirror displacement I(x). The detector gives maximum signal when the

two beams interfere constructively, if their optical path difference is an exact multiple of

the wavelength: 2x = n · λ, with n being a positive integer. The detector gives a mini-

mum signal when destructive interference occurs, if the optical path difference is an odd

multiple of λ/2. The accuracy of the optical path difference is controlled by using the

interference pattern of the monochromatic light of a He-Ne laser. The detector output

signal, the interferogram I(x), can be described by the equation:

I(x) =

∫ f

0
S(f)[1 + cos (2πxf)]df (4.7)

where S(f) is the source intensity. The interferogram always has its maximum at x = 0,

when the optical paths are equal and all wavelengths interfere constructively. The height

of the central peak can be used as a measure of the average spectral intensity. For x 6= 0,

the modulation depth of the interference pattern decreases as the difference in the optical

path length exceeds the coherence length of the broadband source [119]. The spectral



Chapter 4. Devices Characterisation 62

Figure 4.13: Example of (a) the measured interferogram and (b) the corresponding
spectrum for the FTIR internal Globar broadband source measured with a 77K-cooled
InSb detector.

response is calculated from the interferogram by Fourier transform:

S(f) =

∫ ω

−ω
I(x) cos (2πxf)dx (4.8)

S(f) contains the spectral information of the light source, of any sample placed along

the optical path and the ambient in which the measurement is performed. One of the

main advantages of FTIR spectrometry is that the entire spectrum is measured in a

single scan.

In this work, optical measurements were carried out with a VERTEX 70 FTIR spec-

trometer in the energy range from 0.18 eV to 1.7 eV. The instrument is equipped with

a CaF2 beam splitter and an internal Globar broadband source. The interferograms are

detected with a 77K-cooled InSb detector. Figure 4.13 shows an example of the inter-

ferogram and corresponding spectrum of the internal broadband source. The very sharp

and strong peak corresponds to the broad linewidth of the spectrum, while the wings

of the interferogram contain most of the higher resolution spectral information, corre-

sponding to the fine H2O and CO2 absorption lines that can be seen in the spectrum at

2.7 µm and 4.2 µm, respectively.

4.2.1 Reflectance and Transmittance Measurement

To obtain a reflectance or transmittance spectrum for a sample under test, a two step

measurement has to be performed:

• The background measurement is taken with a gold mirror (in case of reflectance)

or without any sample (in case of transmittance) in the optical path.
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Figure 4.14: Computed refractive index dispersion of AlInSb according to the model
reported by Adachi [120, 121]: (a) comparison with numerical values available in the
literature [121]; (b) particular of the computed refractive index values in the spectral
region of interest (2–6 µm).

• The sample measurement is then performed with the sample to be analysed placed

in the optical path.

• The final reflectance and transmittance spectra are obtained by taking the ratio

of the sample spectrum and the background spectrum, which eliminates the ef-

fect of the source emission spectrum, the detector sensitivity and the surrounding

environment.

Both reflectance and transmittance spectra were used to validate the model of the re-

fractive index dispersion n(λ) for the epitaxially grown AlxIn1−xSb , and extend it over

the mid-infrared spectral range. These data were computed from the analytical expres-

sions reported in Adachi’s model [120, 121], which takes into account the contribution

of the different interband transitions to the dielectric function. The refractive index of

AlxIn1−xSb is evaluated as a linear interpolation of the values calculated for InSb and

AlSb:

n(AlxIn1−xSb) = n(InSb)− [n(InSb)− n(AlSb)] · x (4.9)

A plot of the real part of the complex refractive index is shown in Figure 4.14. The left

panel shows the computed dispersion relation over a wide range of photon energy (eV),

compared to the numerical data available in the literature for the near infrared range

[121]. The right panel shows the computed real refractive index for the mid-infrared

spectral region of interest (2 µm to 6 µm), not previously available in literature.

The refractive index model was used to calculate the theoretical reflectance and trans-

mittance spectra of a Al0.05In0.95Sb LED wafer. The AlInSb layer is about 4.5 µm-thick,

grown on a GaAs substrate with a 300 nm-thick GaSb buffer layer. Figure 4.15 shows

both the measured (red) and modelled (blue) reflectance and transmittance spectra in

the 3 µm to 6 µm range. With a small adjustment of the layer thickness (4.7 µm), which
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Figure 4.15: Measured and modelled (a) reflectance and (b) transmittance spectra
of a Al0.05In0.95Sb LED wafer. The discrepancy in the transmittance spectra at short
wavelength is related to the strong absorption of the Al0.05In0.95Sb material close to
the band edge.

can be attributed to the accuracy of the growth rate, the modelled spectra show a good

agreement with the measured curves. The difference of the transmittance curves for

shorter wavelengths is due to the strong absorption of the AlInSb material close to the

band edge. It is worth noting that the optical properties of the AlInSb narrow bandgap

material are more complicated compared to wider gap materials. In particular, the effect

of doping is more pronounced due to the contributions from intervalence band absorp-

tion (IVA) and Moss-Burnstein shift caused by band filling [72, 122]. Therefore, the

accuracy of the refractive index model in the spectral region of interest is of particular

importance for the design of the resonant-cavity structure, which will be discussed in

Chapter 6.

4.2.2 Electroluminescence

Electroluminescence (EL) is the emission of optical radiation as a result of the applica-

tion of an electric field or current across the LED p-n junction. Photons generated by

spontaneous recombination of electron-hole pairs in the active region are emitted into

free space. As described in Chapter 2, this process is quantified by an external quantum

efficiency, which is defined as the ratio between the number of photons extracted into

air to the number of injected charge particles.

The spectral emission from mid-infrared LEDs was characterised with a VERTEX 70

FTIR spectrometer. The instrument is equipped with an emission port, which allows

the use of the LED device under test as an external emission source. The interferogram

is measured with a 77K-cooled InSb detector. In the following section, the EL spectra of

AlxIn1−xSb LEDs are presented and discussed as a function of operating bias conditions,

contact layers doping and mesa width. These measurements allow the optimisation of

the device design, which is discussed at the end of the Chapter.
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Figure 4.16: Schematic diagram of the FTIR spectrometer setup for electrolumines-
cence measurement in step-scan mode.

4.2.2.1 Operating bias conditions

The first aspect that was considered is the bias condition. Mid-infrared LEDs are

generally operated at moderate injection current levels, due to their low internal ef-

ficiency. However, loss mechanisms such as Joule heating and current crowding prevent

continuous-wave (cw) operation [123]. Current crowding can significantly affect the per-

formance of long-wavelength LEDs, since it results in a strong spatial non-uniformity

of light emission and flattens out the output power versus bias current characteristic.

Additionally, at high injection current levels and high temperatures, the non-radiative

recombination process becomes more efficient and indeed the LEDs emit more heat than

light. This is confirmed by the measurements of the EL spectra for the same LED oper-

ated in cw at 25 mA and 400 mA, shown in Figure 4.17. The spectra are acquired using

the conventional rapid scan mode of the FTIR spectrometer. From the normalised spec-

tra, three features can be observed, which confirm the device heating for higher injected

bias current:

• Shift of the peak emission wavelength towards longer wavelength (+22 nm),

• Broadening of the emission peak,

• Four times stronger intensity of the thermal blackbody radiation tail.

In order to reduce these effects, the LEDs were characterised in pulsed bias operation.

The injected bias current is a modulated square wave with frequency f and variable duty

cycle. In this way, the device is switched on only for a limited percentage of the square

wave period (T = 1/f), so as to reduce the device heating and decrease the overall
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Figure 4.17: Electroluminescence (EL) spectra of an AlxIn1−xSb LED operated in
continuous wave (cw) at 25 mA and 400 mA. The red-shift of peak emission, spectral
broadening and stronger thermal background signal are clearly seen. The spectra were
measured by rapid scan FTIR spectroscopy.

Figure 4.18: Emission intensity versus peak bias current for the same LED device
operated in cw and pulsed bias. With a square modulated bias current (1 kHz, 10 % duty
cycle), the saturation of the output intensity at high injection currents is significantly
reduced.

power consumption. Additionally, the LED modulation allows the use of the step-scan

mode of the FTIR spectrometer without restriction on the modulation frequency. In

step-scan mode, the moving mirror is moved in discrete steps, and at each step data is

collected and averaged. A lock-in amplifier, locked to the LED modulation frequency f

and with a suitable time constant (τ ≥ 3 ·1/f), is used to amplify the signal before being

sent back to the spectrometer. In this way, the modulated EL signal can be extracted,

while the unmodulated thermal background radiation can be effectively suppressed. A

schematic diagram of the setup for EL measurements is illustrated in Figure 4.16. A

modulation frequency of 1 kHz with 10 % duty cycle was chosen for all the subsequent
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Figure 4.19: Plot of ln(I) versus ln(L1/2) for an LED operated in pulsed bias at
1 kHz and 10 % duty cycle. The slope of the curve (1 ≤ z ≤ 3) indicates the dominant
recombination mechanism under the specific operating conditions.

measurements. For these settings, the time constant of the lock-in amplifier is chosen in

the tens of ms range (τ ∼ 10–30 ms), which gives a good signal-to-noise ratio without

resulting in excessively long data acquisition times. The LEDs give an output intensity

that can be easily measured on the lock-in amplifier in the 1–10 mV range, without

showing broadening or red-shifting of the emission spectra at higher injection currents

up to 400 mA. The comparison of the output intensity versus peak bias current for cw

and pulsed operation is shown in Figure 4.18.

Considering the main recombination mechanisms in an LED, which have been discussed

in detail in Section 2.2, the total current through the device can be written as[62, 124]:

I = e(ASRHn+Bradn
2 + CAugern

3)V + Ileakage (4.10)

where e is the electronic charge, V the active volume, n the carrier density and A, B, C

the temperature dependent recombination parameters for the SRH, radiative and Auger

recombination processes, respectively, as described in Section 2.2.1. Equation 4.10 can

be approximated by I ∝ nz, where z assumes a value between one and three depending

on the dominant recombination process. As the emitted intensity L is proportional to

n2, the same relation can be written as I ∝ (L1/2)z. Therefore, the value of z can

be obtained as the slope of the ln(I) versus ln(L1/2) plot. Figure 4.19 shows the plot

of ln(I) versus ln(L1/2) for an LED device operated at room temperature, 1 kHz and

10 % duty cycle pulsed bias. The value of z is between 1.8 and 2.1 up to 300 mA peak

bias current, suggesting that radiative recombination is the dominant process under

these operating conditions, for which a single element LED shows an external quantum

efficiency ηext ∼ 3× 10−5. For higher peak currents, the value of z increases rapidly
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Figure 4.20: Measured EL spectra of LEDs with the same nominal aluminium com-
position and varying doping concentration of both p-type and n-type contact layers.
Increasing the doping concentration from 7× 1017 cm−3 to 1× 1018 cm−3 results in 1.5
times stronger signal at 4.26 µm.

towards 3, confirming that the contribution of Auger recombination becomes more and

more significant.

The same analysis was performed with the device operated at 10 Hz, 10 % duty cycle,

therefore increasing the length of the bias pulse by two orders of magnitude (from 0.1 ms

to 10 ms). In this case, the value of z already exceeds 2 at a peak bias current of

150 mA, suggesting that the higher temperature in the active region makes the Auger

recombination dominant at lower injection current levels.

4.2.2.2 Doping Concentration

As discussed in Section 4.1.2, the doping concentration of the p-type and n-type contact

layers has a significant contribution in determining the LED series resistance, which is

dominated by the contact resistance between the metal and the semiconductor. The

measured values of the specific contact resistance ρc in Table 4.2 show that the narrow

bandgap material form good ohmic contacts with the metal even at moderate doping

levels. However, a higher series resistance causes Joule heating and results in increased

non-radiative Auger recombination and, thus, reduced internal efficiency of the LED.

For this reason, the effect of contact layer doping on the emission intensity is evalu-

ated. Figure 4.20 shows the EL spectra of three LEDs grown with nominally the same

aluminium composition, but increasing doping concentration of the contact layers from

7× 1017 cm−3 to 1× 1018 cm−3. In this case, the aluminium composition is slightly

higher than the optimal one, so that all the spectra are shifted towards shorter wave-

lengths with respect to the CO2 absorption lines. The devices were operated under the
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Figure 4.21: Measured EL spectra of LEDs with varying mesa width. Under the
same electrical bias conditions, the smaller devices give 30 % stronger emission intensity,
despite 80 % of the surface being covered by the top contact pad.

same injected current density. The LED with the highest doping concentration shows

1.5 times stronger signal at 4.26 µm thanks to the lower series resistance. Additionally, a

lower sheet resistance of the top p-type contact layer has a positive effect on the current

spreading, as will be discussed in more detail in Chapter 5.

On the contrary, increasing the doping concentration above 1× 1018 cm−3 is expected

to cause a stronger absorption (> 1000 cm−1) in the p-type contact layer due to inter-

valence band absorption (IVA) [72]. Therefore, a doping concentration of 1× 1018 cm−3

is chosen for both the p-type and n-type contact layers of the LED devices.

4.2.2.3 Mesa Width

Finally, the effect of the mesa width on the emission intensity was considered. Figure 4.21

shows the measured EL spectra of LEDs with 200 µm, 400 µm and 800 µm mesa width,

fabricated from the same wafer with 1× 1018 cm−3 doping concentration for both the p-

type and n-type contact layers. All three devices have a single square top contact pad of

width wc = 180 µm and are biased with the same square-wave modulated signal, having

a peak value of 0.5 V. Having the same contact area, and therefore the same contact

resistance, the three devices have almost identical series resistance. As a consequence,

all three devices are operated with the same input power. However, the 200 µm device

has only 1
16 of the active area compared to the 800 µm device. Therefore, as shown

in Figure 4.5b, the effective current density across the mesa area is ten times higher

for the smaller mesa devices, allowing the generation of a stronger optical emission for

the same electrical input power. Moreover, it is worth noting that the top contact pad

covers a significantly higher portion of the top surface of the smaller area LED (80 % for
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the 200 µm-wide mesa compared to 5 % for the 800 µm-wide mesa), suggesting that the

improvement of the emitted intensity from smaller mesa devices is more substantial than

the one measured in this experiment. Additionally, even if operated at the same current

density, the smaller area devices will benefit from a more uniform current spreading.

In fact, most of the mesa area will fall within a current spreading length from the top

contact, thus giving a more uniform distribution of bias current and, therefore, of light

emission.

4.3 Conclusions

A series of LEDs were characterised as a function of design parameters, including the

surface passivation, the metals for ohmic contacts, the doping concentration of the epi-

taxially grown Al1−xInxSb layers and the mesa dimensions. Significant progress was

made in understanding the material properties and the different contributions of the de-

sign parameters to the LED electrical and optical performance. These experiments and

results were performed in close collaboration with Gas Sensing Solutions Ltd (GSS),

industrial partner of the project, and allowed the identification of a series of design

guidelines that improve the LEDs electrical performance and emission intensity.

• The measurement of the reverse I-V characteristic and of the dynamic resistance-

to-area product at zero bias (R0A) proved that the surface leakage component has

a dominant contribution to the leakage current at room temperature, especially

in devices with higher perimeter-to-area ratio. Therefore, a passivation layer is

recommended to reduce the surface leakage effect. SU-8 epoxy-based photoresist

is proposed as an alternative passivation material to the conventional dielectrics,

thanks to the ease of integration within the fabrication process.

• A Ti/Au metallisation was confirmed to be the preferred choice for ohmic contacts

on both p-type and n-type Al1−xInxSb. Specific contact resistance values in the

order of 5× 10−6 Ω cm2 were measured for Ti/Au contacts without any additional

annealing step and with a relatively low doping concentration (7× 1017 cm−3) of

the semiconductor contact layer.

• A higher doping concentration in the p-type and n-type contact layers translates

into a lower series resistance of the LED, therefore reducing the Joule heating and

the associated non-radiative recombination mechanisms. Additionally, a lower

sheet resistance of the contact layers improves the current spreading across the

device area, resulting in a more uniform distribution of the injected current and of

the light emission. A doping concentration of 1× 1018 cm−3 was chosen for both
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the p-type and n-type contact layers to guarantee a good surface morphology of

the material and avoid additional optical losses in the top p-type contact layer due

to intervalence band absorption.

• Reducing the LED mesa dimensions resulted in an enhanced efficiency of the de-

vice. In fact, thanks to the higher current density and more uniform current

spreading associated with the smaller mesa area, the LEDs gave enhanced emis-

sion intensity under the same electrical bias conditions.

LED devices with 1× 1018 cm−3 doping concentration and 200 µm mesa width have

already been implemented by Gas Sensing Solutions Ltd. in production devices with

excellent results, giving 2 times stronger emitted power and 50 % improved signal-to-

noise ratio across the whole temperature range of operation.



Chapter 5

Current Crowding and Contact

Geometry Design

This Chapter focuses on the theoretical analysis and experimental characterisation of

the current crowding effect in top-emitting mid-infrared LEDs grown on semi-insulating

substrates. The theoretical current spreading well agrees with the experimental spa-

tial photocurrent distribution. These results are then used to design and evaluate the

performance of large area AlInSb LEDs with a top contact grid geometry and identify

the optimal configuration that leads to a more uniform distribution of the bias current

across the device active area.

5.1 Current crowding in mid-IR LEDs on insulating sub-

strates

Light-emitting diodes can be grown on conductive or insulating substrates. In the first

case, the applied bias current flows mostly in the vertical direction, normal to the sub-

strate plane. Instead, when LED structures are grown on insulating or semi-insulating

substrates, as in the case of AlInSb LEDs on GaAs, the current flow is mostly lateral,

parallel to the substrate plane. In both cases, the location and size of the metal con-

tact pads are important to achieve a uniform current distribution across the device area

and have a significant contribution on the efficiency of the light extraction [63]. There-

fore, an appropriate understanding of the current flow across the diode structure is of

fundamental importance for the device design, especially for top-emitting LEDs.

A schematic illustration of the device geometry and an equivalent circuit of the LED p-i-

n junction are illustrated in Figure 5.1a nad 5.1b, respectively. In this configuration, the

72
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Figure 5.1: (a) Lateral current injection geometry and (b) corresponding equivalent
circuit.

bias current is injected under the p-type top contact pad and mostly propagates laterally

in both the p-type and n-type contacts layers. Ideally, light should be generated in the

region between the contacts, so that the metal pads would not block the extraction

of light. However, this geometry can easily lead to a non-uniform current spreading,

because the p-type sheet resistance ρp/tp is much higher than the n-type sheet resistance

ρn/tn (where ρi and ti are the bulk resistivity and layer thickness of the p-type and n-

type material, respectively), as discussed in Section 4.1.2 [116]. Additionally, as the

applied voltage across the device increases, the non-linear resistance of the p-n junction

decreases exponentially. Therefore, the vertical path becomes dominant and the injected

current crowds in close proximity to the top contact pad. As a consequence, most of the

light is generated under the non-transparent metal pad, which results in a low extraction

efficiency.

Considering the equivalent circuit of Figure 5.1(b), with a current density J(x = 0) = J0

at the edge of the p-contact pad and distributed sheet resistances rp = ρp/tp and rn =

ρn/tn, the solution for the current density distribution is exponential with the distance

from the contact pad edge [63, 125, 126]:

J(x) = J0 exp(−x/Ls) (5.1)

where

Ls =

√
2Va

J0(ρp/tp + ρn/tn)
. (5.2)

is the current spreading length and Va is an activation voltage with magnitude of a few

kT/e, e.g. ∼ 75 mV [127]. With typical values of ρp/tp ∼ 400 Ω/� and ρn/tn ∼ 2 Ω/�,

the calculated current density distribution is plotted in Figure 5.2 for different values

of the injected current density J0. A long exponential decay length Ls indicates a more

uniform current distribution and, therefore, a more uniform light generation across the

region between the contacts.

The current crowding effect is even more pronounced in long wavelength emitting LEDs,

as demonstrated for InAs-based devices [128]. In fact, the resistance of the p-n junction
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Figure 5.2: Calculated current density distribution J(x) normalised to the injected
current density J0. The p-type sheet resistance is assumed to be two orders of magnitude
higher than the n-type sheet resistance (ρp/tp >> ρn/tn).

is proportional to the saturation current I0: this is a function of the intrinsic carrier con-

centration ni, which in turns depends on the material bandgap (I0 ∼ n2i ∼ exp(−Eg)).
Therefore, due to the high intrinsic carrier concentration in narrow bandgap materials,

the current crowding effect is already significant at lower voltages in mid-infrared LEDs.

The main effects of the current crowding are [123, 129–131]:

• The reduction of the effective area of the device, due to the strong spatial non-

uniformity of the injected current and, therefore, of the generated light;

• The generation of local heating of the structure in the regions with high current

density.

The thermal effect also contributes to the increase of the non-radiative recombination

mechanisms in the active region of the LED and, therefore, further reduces its inter-

nal quantum efficiency. For these reasons, room temperature mid-infrared LEDs are

generally operated at high injection current densities only in pulsed bias mode. Addi-

tionally, a number of LED parameters become spatially dependent and the theoretical

investigation of the current crowding becomes more complicated, often requiring the

experimental verification of the current distribution [123].

The current crowding problem was extensively studied in GaN-based LEDs with both

vertical and lateral injection geometries [132–135]. In the majority of high efficiency

LEDs emitting in the visible spectral range, the current crowding problem is alleviated

by the use of a transparent conductive oxide as a top current spreading layer. In these

materials, such as indium tin oxide (ITO), fluorine doped tin oxide (FTO) and doped
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zinc oxide, low values of sheet resistance can be obtained by varying their doping con-

centration. Therefore, optimal conditions for current spreading can be achieved while

maintaining high transparency to the emitted radiation. However, these oxides show

a reflectivity higher than 80 % at wavelengths longer than 2.5 µm, which limits their

application in mid-infrared LEDs [136].

Alternatively, the p-type sheet resistance could be reduced by increasing the p-layer

thickness or its doping concentration. However, both these options only marginally con-

tribute to the improvement of current spreading. In fact, due to the much larger effective

mass of the holes in the narrow bandgap material [116], the p-type bulk resistivity is

always significantly higher than the n-type bulk resistivity, as discussed in Section 4.1.2.

Additionally, it is worth noting that the square root dependence of Equation 5.2 trans-

lates into a modest
√

3 improvement in the current spreading length when the p-type

doping concentration is increased for example from 7× 1017 cm−3 to 3× 1018 cm−3. On

the other hand, a thicker p-layer results in stronger light absorption, due to intervalence

band absorption in the p-type material [72], and higher ohmic resistance of the device

that increases the Joule heating. Both these effects cause a lower overall efficiency of

the device.

An alternative solution, which is the one adopted in this work, is the design of a grid top

electrode that uniformly spreads the bias current across the device area. For maximum

current spreading, the electrode geometry should be designed taking into account the

expected current spreading length, while the electrode area should be minimised to

avoid shadowing losses from the opaque metal. Similar grid contact geometries have

been widely used in solar cells and visible LEDs [137].

5.2 Characterisation of Current Spreading via Spatially-

resolved Photocurrent

In LEDs emitting in the visible spectral range, the current crowding effect can be anal-

ysed by means of conventional optical microscopy [138]. Two-dimensional mapping of

the emitted power can be measured with standard CCD cameras and suitable contact

patterns can be designed accordingly to minimise the current crowding and significantly

improve the device performance. Similar techniques are used to characterise and im-

prove the performance of solar cells [139]. However, the characterisation of the spatial

current distribution in mid-infrared LEDs is not an obvious task. The two main limiting

factors are the following:
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• High resolution imaging of the emitted power requires infrared microscopy op-

timised for the mid-infrared spectral range, which is generally performed with

infrared focal plane arrays that are particularly expensive and require cryogenic

cooling;

• The total emitted power from mid-infrared LEDs is limited by the low internal

quantum efficiency and extraction efficiency, as discussed in Section 2.2. Addi-

tionally, due to the current crowding effect, the devices undergo a local heating

in the areas with higher current density. Therefore, mid-infrared LEDs operat-

ing at room temperature emit more heat than light, which require time resolved

measurements to distinguish the emission from radiative recombination of injected

carriers from the thermal background radiation.

Previously reported experimental results on InAs-based LEDs are based on time resolved

infrared microscopy [123, 129, 130]. The test system consists of an IR camera operating

in the 3–5 µm spectral range (HgCdTe cooled detector with ∼ 20 µm spatial resolution),

that can be synchronised with the pulsed bias current of the LEDs. With this technique,

the map of the emitted light can be obtained by subtracting the background radiation

from the measured intensity recorded from the biased device. An alternative configu-

ration was proposed in [129], where the device surface is scanned with a 250 µm-core

fluoride glass optical fibre which directs the radiation on an InSb cooled detector. The

fluoride fibre was modified to have a pointed tip of about 1 µm with lateral gold coated

surface, according to the technique described in [140]. The experimental results confirm

a strong non-uniformity in the light emission distribution, with the effective emitting

area reduced to less than 10 % of the LED surface [128, 129].

The technique proposed in this work to characterise the current crowding in mid-infrared

LEDs is a spatially-resolved photocurrent measurement by using the standard instru-

mentation available at the telecommunications wavelength of 1.55 µm. According to the

reciprocity of charge collection [139, 141], the contribution to the total collected cur-

rent Itot from each point P of the device area is proportional to the current flowing

into the point P due to an injected current Itot. Therefore, the detected photocur-

rent signal, generated in the p-n junction area under illumination, can be related to

the spatial current distribution of the device when operated in forward bias and, con-

sequently, to the light emission distribution. As shown in Figure 5.3, the absorption

coefficient α for Al0.05In0.95Sb is almost two times higher in the near-infrared spectral

range (6.5× 103 cm−1 at 1.55 µm compared to 3.3× 103 cm−1 at 4.26 µm). This results

in a absorption depth of about 1.5 µm and 3 µm at 1.55 µm and 4.26 µm, respectively.

Therefore, the devices would be less sensitive to short wavelength radiation because

more light is absorbed in the cap layer. However, this absorbed radiation will not be
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Figure 5.3: Absorption coefficient α for Al0.05In0.95Sb across the near- and mid-
infrared range. The values of α at 1.55 µm and 4.26 µm are 6.5× 103 cm−1 and
3.3× 103 cm−1, respectively.

Figure 5.4: (a) Measured photocurrent spectra of an Al0.05In0.95Sb LED and a 77 K-
cooled InSb detector when illuminated by a mid-infrared Globar source. (b) Typical
detectivity D∗ response of a 77 K-cooled InSb detector.

detected thanks to the thin wider-bandgap material that forms a barrier to the elec-

trons flow between the p-layer and the active region. Thus, it can be assumed that any

light that is detected at 1.55 µm has been absorbed in the active region, so that the

generated electron-hole pairs are swept away by the electric field across the depleted

region and generate a photocurrent. Consequently, the measurement at this wavelength

represent a valid indication of the current distribution in the device. Figure 5.4a shows

the absorption spectrum of an Al0.05In0.95Sb LED acquired with a VERTEX 70 FTIR

spectrometer by illuminating the device with the internal Globar broadband source. The

photocurrent spectrum of the FTIR 77 K-cooled InSb detector is plotted for comparison.

Figure 5.4b shows the typical detectivity of a 77 K-cooled InSb detector.

The schematic illustration of the measurement setup is shown in Figure 5.5. A modulated

1.55 µm laser beam is focused onto the device surface by a cone lensed glass optical
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Figure 5.5: Schematic illustration of the setup for the spatial photocurrent measure-
ment.

fibre. The working distance is (26± 2) µm and the spot diameter is (5.0± 0.5) µm. The

fibre can be scanned across the device surface thanks to a x-y stage with 5 µm spatial

resolution. The device photocurrent is detected with a current pre-amplifier and a lock-in

amplifier triggered by the laser modulation signal.

Two LEDs of different mesa width (w = 400 µm and 800 µm) with a cross-shaped con-

tact geometry were analysed and the two-dimensional spatial maps of the measured

photocurrent are shown in Figure 5.6. In device A, with mesa width w = 400 µm and

finger separation d = 130 µm, the measured photocurrent signal is quite uniform across

the area between the contact fingers. This suggests that the contact fingers separation is

small enough so that the majority of the points on the device surface are within a current

spreading length from the contact, and the generated photocurrent can be effectively

collected. On the contrary, device B, with mesa width w = 800 µm and finger separation

d = 320 µm, shows clearly the effect of current crowding, with a strong signal confined

to a small region around the contact edges. By considering the areas where the detected

signal is stronger than 50 % and subtracting the area covered by the opaque metal, this

result suggests that in large area devices the effective emitting area is only about 5 %

of the total LED surface. A single line scan acquired by scanning the beam on device

B, across the direction perpendicular to the contact fingers, is shown in Figure 5.7. A

fitting of the current distribution using the model described in Equation 5.1 is plotted for

comparison. Using the values of the layers thickness and resistivity listed in Table 5.1,

a current spreading length of 68 µm is extracted. The results suggest that the optimal

spacing between the contact fingers, that leads to a uniform current distribution, should

be in the order of the current spreading length.

The measurement was repeated for two different values of laser power, and Figure 5.8

shows the data for the first 100 µm from the edge of the contact. The values extracted

for the current spreading lengths are 95 µm and 68 µm, respectively. A decrease in
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Figure 5.6: 3D spatial map of the normalised measured photocurrent while scanning
a focused laser beam at 1.55 µm across the device surface. (a) Device A has mesa width
w = 400 µm and finger separation d = 130 µm. The detected signal has good uniformity
across the area between the contact fingers. (b) Device B has mesa width w = 800 µm
and finger separation d = 320 µm. The effect of current crowding is evident. The dips
in the maps are due to the opaque metal contacts. The colorscale is the same for both
plots.

the current spreading length by a factor of 1/
√

2 is compatible with a doubling of the

applied optical power, according to Equation 5.2. Therefore, even for smaller area

devices, it is important to take into account the values of current density at which the

LED is operated in forward bias, in order to design a contact geometry that guarantees

a uniform current distribution and an efficient use of the whole LED area for light

generation and extraction.
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Table 5.1: Physical parameters used in Equation 5.1 for the calculation of the lateral
current distribution.

p-layer n-layer

thickness ti (µm) 0.5 3.0
bulk resistivity ρi (Ω cm) 2.0× 10−2 5.7× 10−4

sheet resistance ρi/ti (Ω/�) 404 1.9

Figure 5.7: Experimental single line scan of the photocurrent intensity across a section
perpendicular to the contact fingers of device B. The theoretical exponential current
distribution, according to Equation 5.1 with a current spreading length of 68 µm, is
plotted for comparison. The device’s contact geometry is shown in the inset.

Figure 5.8: Zoom-in of the measured photocurrent intensity on device B for two
values of laser power: 0.5 mW (squares) and 1 mW (circles). The fitted theoretical
exponential current distributions give current spreading length values of 95 µm (dashed
line) and 68 µm (dotted line), respectively.
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Figure 5.9: Schematic illustration of the contact grid geometries for some of the
measured devices with increasingly narrower contact fingers separation.

5.3 Contact Geometry Optimisation

A series of large area (w = 800 µm) LEDs with different contact fingers separations was

designed and fabricated, in order to determine the optimal configuration for the top p-

type contact grid geometry. All devices have the same contact area, to avoid additional

shadowing losses from the opaque metal contact. The devices are numbered from 1 to 6

with decreasing contact finger separations of 320 µm, 217 µm, 131 µm, 73 µm, 47 µm and

31 µm. Some of the designed contact geometries are illustrated in Figure 5.9 for clarity.

The test LEDs were fabricated in the JWNC according to the process described in

Chapter 3. The light emission at room temperature was measured with a VERTEX

70 FTIR spectrometer and detected with a 77 K-cooled InSb detector, as discussed in

Section 4.2.2. All LEDs were tested under the same optical alignment and driving

conditions with the bias current being a square wave of frequency 1 kHz and 10 % duty

cycle. The total emitted intensity at a peak bias current of 100 mA as a function of the

contact fingers separation is plotted in Figure 5.10. The optimal configuration is found

to be the one of device B4, that shows about two times stronger EL intensity when

compared to device B1, which has a simple cross-shaped contact geometry. The EL

intensity seems to decrease for contact fingers separation narrower than the optimal one,

i.e. devices B5 and B6. Although the contact area is nominally the same for all devices,

0.5 Ω higher series resistance was measured for device B5 and B6, which was attributed

to the narrower fingers width. In case of device B4, the contact fingers separation is

73 µm, which is in the order of two times the expected current spreading length for

an injected current density of about 27.7 A/cm2. This value has been calculated as a

mean value of the two extreme possible assumptions about the uniformity of the current

spreading across the LED area, i.e. a vertical flow under the metal contact and a uniform

current flow across the mesa area.

In order to evaluate the benefit of an optimised contact grid geometry, the emission as

a function of the peak bias current was evaluated for two devices (B2 and B4) when

operated in quasi-cw bias. Figure 5.11 shows the electroluminescence spectra for the
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Figure 5.10: Measured electroluminescence intensity for LEDs with varying contact
fingers separation. The emission is measured at room temperature, with the LEDs op-
erated in pulsed mode (100 mA, 1 kHz, 10 % duty cycle). The stronger signal, indicating
the optimal contact geometry, is the one associated with device B4, with a contact fin-
ger separation of 73 µm. The contact geometries of relevant devices are shown in the
insets for clarity.

Figure 5.11: Electroluminescence spectra for device B2 and device B4 operated in
quasi-cw bias (300 Hz, 50 %) at (a) 100 mA and (b) 400 mA.

two devices at 300 Hz, 50 % duty cycle with peak currents of 100 mA and 400 mA. The

total emitted intensity as a function of the peak bias current in both pulsed bias (1 kHz,

10 % duty cycle) and quasi-CW bias conditions (10 Hz, 50 % duty cycle) are plotted

in Figure 5.12 for the same two devices. While the improvement given by the denser

grid contact is limited when the LEDs are pulsed at a low duty-cycle and relatively

low currents, the benefit is evident for quasi-CW operation and higher injection current

levels, resulting in up to a factor of 3 improvement.

These results confirm how the current crowding can represent a severe limitation to the

performance of mid-infrared LEDs operating at room temperature and at high injected

current levels. An optimised design of the top p-type contact grid geometry results in a
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Figure 5.12: Experimental emission intensity for device B2 and device B4 operated
in pulsed (1 kHz, 10 %) and quasi-cw bias (10 Hz, 50 %) as a function of the peak bias
current. The data highlight how the current crowding effect is more severe in quasi-CW
bias and at high injected current levels and how the optimal grid geometry can give up
to a factor of 3 stronger emitted intensity in these operating conditions.

more uniform current distribution across the device active region, even at high injected

current levels.

In this Chapter, the issues related to the current spreading in top-emitting mid-infrared

LEDs on semi-insulating substrates were addressed. It was experimentally confirmed

that the current crowding effect is particularly severe for long wavelength emitting de-

vices with large area. In fact, due to the lateral current injection geometry and the

high resistivity of the top p-type contact layer, the majority of the light is generated

underneath and in close proximity to the contact edge and, thus, shaded by the opaque

metal contact. The consequences of current crowding are even more significant at higher

injection current levels, because of the non-linear resistance of the p-n junction. Spatial

photocurrent measurements were performed to confirm the current density distribution

profiles and allowed the design of an improved contact geometry. By introducing a top

grid contact with a finger separation of around twice the expected current spreading

length at the operating current density, up to a factor of three improvement of the

emitted signal can be achieved.



Chapter 6

Resonant-Cavity LEDs

In this Chapter, the motivations and advantages of a Resonant-Cavity LED (RC-LED)

design are reviewed. The theory of Fabry-Pérot resonators and DBR designs are recalled,

highlighting the parameters that mostly affect the light emission enhancement at reso-

nant wavelengths and the peak emission linewidth. The modelling of the heterostructure

reflectivity spectra and the cavity spectral response by transfer matrix method is also

discussed. Iterative results of growth and fabrication of RC-LEDs are presented, lead-

ing to the design of a RC-LED with improved spectral emission and spectral purity at

the target mid-infrared wavelength. Finally, the advantages in terms of sensing perfor-

mance offered by the RC-LED compared to a non-resonant LED are presented and the

challenges for transferring the RC-LED designs to production devices are examined.

6.1 Background on Resonant-Cavity LEDs

As discussed in Section 2.2.2, the high refractive index contrast at the air-semiconductor

interface results in a small critical angle (∼ 15◦) and a narrow escape cone. Therefore,

the majority of the generated photons, which are isotropically emitted inside the LED,

are subjected to total internal reflection and Fresnel reflection at the air-semiconductor

interface, limiting the extraction efficiency to about 1 %, according to Equation 2.7.

Therefore, the design of a conventional planar LED has to be modified to increase the

probability of light extraction.

The optimisation of the LED structure for improving its light emission has been long

studied and several approaches have been investigated. Proposed solutions for the en-

hancement of extraction efficiency can be divided into two groups.

The first one involves the redistribution of light inside the LED by shaping the semi-

conductor chip [142], modifying the surface morphology [25, 29], or by introducing a

84
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reflector between the substrate and the LED active layers to redirect the light that is

emitted towards the substrate. These approaches aim at increasing the number of re-

flection and scattering events within the structure, therefore increasing the probability

of light meeting the air-semiconductor interface at an incident angle within the escape

cone. Another simple technique makes use of immersion lenses, where the devices are

encapsulated into a transparent epoxy with an intermediate refractive index between

the semiconductor and air, which effectively increases the escape cone. However, this

solution is not applicable to mid-infrared LEDs as most of the epoxy resins have strong

absorptions in the mid-infrared wavelength range. An alternative is offered by the fab-

rication of micro lenses and optical concentrators etched into the substrate [20, 24], but

with an impractical complication of the fabrication process, not suited for mass produc-

tion.

The second group of techniques explores the possibility of modifying the distribution

of the spontaneous emission of the LED. In particular, resonant cavity structures are

obtained by placing the active region of the LED within a Fabry-Pérot cavity, which

provides a way to redirect a larger portion of the spontaneous emission towards the

escape cone through interference effects [63, 69].

A particularly effective geometry is the Resonant-Cavity LED, since it both redirects

the light from the substrate to the top surface and adds a resonance effect to the struc-

ture. Resonant-Cavity LEDs (RC-LEDs) were first demonstrated in the early 1990s

[143], where electrically-pumped AlxGa1−xAs devices employed an epitaxially-grown

distributed Bragg reflector (DBR) and showed higher emission intensity and narrower

linewidth compared to the equivalent planar LED devices. Later, RC-LEDs were ex-

ploited in the visible and near-infrared, mainly for plastic optical fibre interconnects,

achieving extraction efficiencies as high as 27 %[144]. Mid-infrared RC-LEDs were first

reported in CdHgTe-based material [26], followed by InAs/GaAs [27, 28] and InAsSb

[145] material systems, demonstrating factors of 2 enhancement of the output power

and narrowing of the spectral linewidth, with significant advantages for trace gas de-

tection. However, the development of longer wavelength devices has been slower than

their near-infrared counterpart, mainly due to epitaxial growth problems associated with

the lattice mismatch between the layers of the DBR mirror and the substrate or active

region of the device.

Resonant-cavity structures offer significant advantages over conventional planar LEDs,

without having the stringent growth and fabrication requirements of Vertical Cavity

Surface Emitting Lasers (VCSELs). Therefore, they are particularly attractive for gas

sensing applications, which can significantly benefit for the improved performance in

terms of [20, 27, 28, 145, 146]:
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• Spectral emission enhancement. Thanks to the cavity effect, the light intensity

emitted along the axis of the cavity at resonance wavelengths is higher compared

to planar LEDs. This translates into an enhancement factor of 2 to 10 times the

output power at the designed resonant wavelength.

• Higher spectral purity. The emission linewidth is determined by the quality factor

of the cavity and not by the spontaneous emission spectrum of the semiconductor

active region, proportional to the thermal energy kT (∆E ∼ 1.8kT ). A narrower

emission linewidth, at a wavelength that matches the absorption line of the target

gas, results in a higher wavelength selectivity for gas detection.

• Improved temperature stability. The shift of the emission wavelength with tem-

perature is determined by the thermal expansion coefficient dn/dT of the optical

cavity and not by the energy gap of the semiconductor.

For these reasons, the design of a resonant-cavity structure was chosen as it offers the

most effective approach to enhance the extraction efficiency and improve the spectral

properties of the mid-infrared AlInSb LEDs. In the following sections, the theory of

Fabry-Pérot cavities and micro-cavity effects on the distribution of the spontaneous

emission is briefly reviewed. Then, the design of the DBR mirror is discussed, followed

by the design and characterisation of the resonant-cavity LED structures.

6.2 Fabry-Pérot Resonators and Microcavity Effect

An optical Fabry-Pérot cavity consists of two coplanar mirrors of reflectivity R1 and

R2 separated by a distance Lcav, comparable with the wavelength of light propagating

inside the cavity, as illustrated in Figure 6.1a [63]. Taking into account the multiple

reflections of plane waves inside the cavity, the transmitted light intensity through a

Fabry-Pérot cavity can be written as:

T =
T1T2

1 +R1R2 − 2
√
R1R2 cos(2φ)

(6.1)

where Ti = 1−Ri and φ is the phase change for a single pass between the two mirrors.

This is given by:

φ = 2π
nLcav
λ

= 2π
nLcavc

ν
(6.2)

where n is the refractive index inside the cavity, λ is the wavelength of light in vacuum

and ν the frequency of light. The maxima of transmittance occur when the condition of

constructive interference is met: 2φ = 2kπ, with k a positive integer. The cavity order



Chapter 6. Resonant-cavity LEDs 87

Figure 6.1: (a) Schematic illustration of a Fabry-Pérot cavity of length Lcav defined
by two coplanar reflectors R1 and R2. (b) Example of transmission spectrum for a
Fabry-Pérot cavity with mirror reflectivity R1 = 0.4, R2 = 0.7, refractive index n = 3.9
and cavity length Lcav = 2.2 µm.

mc is defined as the normalised cavity length and represents the number of resonant

modes in the cavity at one specific wavelength:

mc =
2nLcav
λ0

(6.3)

An example of a transmittance spectra as a function of wavelength is plotted in Fig-

ure 6.1b for R1 = 0.4, R2 = 0.7, n = 3.9, Lcav = 2.2 µm.

The cavity finesse F is defined as the ratio between the peak free spectral range λFSR

and the peak full-width half-maximum (FWHM ∆λ), and can be expressed as a function

of the mirrors reflectivities:

F =
λFSR
∆λ

=
π 4
√
R1R2

1−
√
R1R2

(6.4)

Another important parameter is the cavity quality factor Q, which is defined as the ratio

of the peak resonance wavelength and the peak FWHM:

Q =
λpeak
∆λ

=
2nLcav
λ

π 4
√
R1R2

1−
√
R1R2

= mcF (6.5)

For the cavity of Figure 6.1, we obtain F = 4.85 and Q = 19.4 at λ = 4.26 µm.

The resonant-cavity enhancement is achieved by placing the active region of the LED

within a Fabry-Pérot cavity. Depending on the required performance, the cavity can be

defined by two DBR mirrors, a DBR mirror and a metal mirror, or simply by a DBR

mirror and the bare air-semiconductor interface. The interference effects that take place

within the cavity strongly modify the spontaneous emission of photons from the active

region.

In a one-dimensional homogeneous medium, the density of optical modes per unit length
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per unit frequency ρ(ν) is given by [63]: ρ0(ν) = 2n/c, where n is the medium re-

fractive index. In a planar Fabry-Pérot cavity, the allowed optical modes are discrete

and have frequencies which are integer multiple of the fundamental mode at frequency

ν0 = c/(2nLcav). The optical mode density ρ(ν) of a one-dimensional cavity for emis-

sion along the cavity axis can be derived as a function of the transmittance through the

cavity T (ν) [63]:

ρ(ν) =
(R1R2)

3/4

T1T2

4n

c

(
1−

√
R1R2

)
T (ν) (6.6)

and allows to calculate the density of optical modes at the maxima and minima of the

cavity transmittance. As the mode density is conserved, it can be demonstrated that

the mode density is increased at resonant wavelengths at the expense of non-resonant

ones. Therefore, the enhancement factor at the resonance wavelength is given by the

ratio of the optical mode density in a planar cavity and in a homogeneous medium:

Ge = ρmax/ρ0. The emission rate enhancement at the resonance wavelength for emission

in a single direction can be derived as [63]:

Ge =
2 (1−R1)

2−R1 −R2

ξ

2

ρmax

ρ0
≈ (1−R1)

1−
√
R1R2

ξ

2

2

π
F ≈ ξ (1−R1) (R1R2)

1/4(
1−

√
R1R2

)2 (6.7)

where the first term takes into account the faction of light emitted from the mirror with

lower reflectivity R1, and ξ is the antinode enhancement factor, which is proportional

to the mode intensity at the source position, i.e. active region. Therefore, ξ has a value

of 2 if the active region is positioned exactly at the antinode of the standing wave inside

the cavity, a value of 1 if the active region is distributed over more than a period of the

standing wave, a value of 0 if the active region is placed at a node where no coupling

occurs. The emission rate enhancement at resonance has commonly a value between 2

and 10, depending on the finesse of the cavity. For example, the cavity in Figure 6.1,

assuming ξ = 1.5, gives an enhancement Ge ≈ 2.

Additionally, as the emission spectrum of the active region can be significantly broader

than the cavity resonance peak, the spectrally integrated emission enhancement needs

to take into account the ratio between the linewidth of the resonance and that of the

active region emission, and is given by [63]:

Gint = Ge
√
π ln 2

∆λ

∆λs
(6.8)

assuming a Gaussian emission spectrum of width ∆λs. The integrated emission enhance-

ment can be significantly different from the enhancement at the resonant wavelength and

even result in a suppression of the overall emission, depending on the spectral match-

ing between the cavity resonance and the emission spectrum of the active region. For
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example, assuming Ge = 2, ∆λ = 0.2 µm and ∆λs = 0.5 µm, the integrated emission

enhancement is reduced to only Gint = 1.18.

From this discussion, some fundamental criteria can be derived for the design of a

resonant-cavity structure with maximum enhancement of the spontaneous emission along

the axis of the cavity:

• To minimise the re-absorption in the active region, the probability of photon emis-

sion through the top mirror must be much higher than the probability of re-

absorption in the cavity:

2ξαLcav < (1−R1) (6.9)

This suggests that very high values of cavity finesse are not required as this would

reduce the cavity mode emission in the air by increasing the absorption losses.

• To maximise the integrated intensity, the resonant cavity mode needs to overlap

as much as possible with the active region emission spectrum. This is achieved

with a low cavity order mc, and therefore a cavity length which is comparable to

the wavelength of interest.

As the main objective of this work is to improve the overall performance of AlxIn1−xSb

LEDs for CO2 gas sensing, we have focussed on the design of a resonant-cavity LED

(RC-LED) with emission enhancement and reduced spectral linewidth around the CO2

absorption line. As seen in Chapter 1, CO2 has a strong absorption band centred at

4.26 µm with a spectral linewidth of about 0.2 µm (Figure 1.2b). As discussed earlier in

this Chapter, the emission linewidth of a RC-LED is determined by the quality factor

of the cavity. Therefore, in the case of the CO2 absorption spectrum:

QCO2 =
λpeak
∆λ

=
4.26 µm

0.2 µm
= 21.3 (6.10)

Considering the definition of the cavity quality factor (Equation 6.5), it is possible to

evaluate the effect of the mirror reflectivities R1 and R2 and of the cavity length Lcav

on the emission linewidth. For fixed values of λ= 4.26 µm, n = 3.9, and Lcav = 2.7 µm

(mc = 5), Figure 6.2 shows a contour plot of the quality factor as a function of R1

and R2. It can be observed that only moderate values of reflectivity are necessary to

achieve the desired quality factor. For example, Q ∼ 20 can be obtained with R1 =

0.35 and R2 = 0.65. These values of reflectivity can be obtained with a cavity defined

by the air-semiconductor interface and a DBR mirror, epitaxially grown between the

substrate and the LED active layers. In fact, the reflectivity at the interface between air

and a high refractive index semiconductor is given by the Fresnel’s equation for normal
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Figure 6.2: Contour plot of the Fabry-Pérot cavity quality factor Q as a function
of the cavity mirror reflectivities R1 and R2. The other cavity parameters are kept
constant: λ= 4.26 µm, n = 3.9, and Lcav = 2.7 µm (mc = 5).

incidence:

R1 =
(n− 1)2

(n+ 1)2
≈ 0.35 for n = 3.9 (6.11)

The modelling and design of a DBR mirror are discussed in the next section, followed

by the integration of a resonant-cavity on an AlxIn1−xSb LED structure.

6.3 Distributed Bragg Reflector (DBR)

A Distributed Bragg Reflector (DBR) consists of a stack of layer pairs of two materials

with different refractive index. As a result of the refractive index step, Fresnel reflection

occurs at each interface. The thickness of each layer is designed so that constructive

interference occurs at each interface. This condition is fulfilled when each material has

a thickness of a quarter wavelength of the light in the material:

dL = λ0/(4nL cos θL)

dH = λ0/(4nH cos θH)
(6.12)

where λ0 is the target Bragg wavelength in vacuum, dL,H is the thickness, nL,H is the

refractive index and θL,H the angle of incidence in the low-index (L) and high-index (H)

material, respectively.

The DBR is characterised by a narrow band of high reflectivity, usually referred to as

stopband. The reflectivity has a maximum at the Bragg wavelength and, for two given
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materials, is a function of the number N of layer pairs:

RDBR = |rDBR|2 =

[
1− (nL/nH)2N

1 + (nL/nH)2N

]2
(6.13)

The width of the DBR stopband is instead a function of the refractive index contrast:

∆λDBR =
2λ0∆n

2
(

1
nL

+ 1
nH

)−1 (6.14)

Among antimonide-based materials, AlSb and GaSb provide a strong refractive index

contrast of ∆n ∼ 0.7 at 4.26 µm, thus allowing a relative high reflectivity with a limited

number of quarter-λ layer pairs.

The DBR reflectance has been calculated with a transfer matrix method code imple-

mented in Matlab. The transfer matrix method [147] is a standard technique used

to analyse light propagation in layered media, based on the continuity of the electric

field across the interfaces between different materials. The propagation of light of given

wavelength λ through a single layer of thickness d can be expressed by a matrix, which

represents the electric field exiting the layer as a function of the incident one:

M =

(
cos(kqdq) sin(kqdq)/k

−kq sin(kqdq) cos(kqdq)

)
(6.15)

where kq = 2πnq/λ is the wave vector of the propagating light in the q-layer of refractive

index nq. The calculation can be extended in case of oblique angle of incidence. The

propagation through a layer stack is described by the product of the individual layer

matrices:

M =

2N∏
q=1

Mq (6.16)

Finally, the amplitude of the transmittance and reflectance can be obtained from the

elements of the system matrix:

r =
(M21 + k0ksM12) + i (k0M22 − ksM11)

(−M21 + k0ksM12) + i (k0M22 + ksM11)
(6.17)

t = 2ik0 exp−iksL
M11M22 −M12M21

(−M21 + k0ksM12) + i (k0M22 + ksM11)
(6.18)

The fraction of light intensity transmitted and reflected by the layer stack are given by

R = |r|2 and T = |t|2.

The DBR stack was designed to have a reflectivity stopband centred around 4.26 µm by

alternating quarter-wavelength layers of AlSb and Ga0.9In0.1Sb. A fraction x = 0.1 of
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Figure 6.3: AlSb/Ga0.9In0.1Sb DBR reflectance intensity (a) and phase (b) centred
at 4.26 µm for different numbers of layer pairs. The reflectance was modelled by the
transfer matrix method.

indium is used in the Ga1−xInxSb layers to achieve the lattice matching condition with

AlSb. This is of fundamental importance to avoid introducing additional stress to the

epitaxially grown structure and the formation of additional misfit dislocations in the

mirror and in the AlxIn1−xSb LED active layers. The layers have refractive indices of

nL = 3.12 (AlSb) and nH = 3.79 (Ga0.9In0.1Sb), resulting in ∆n = 0.67. The reflectivity

was calculated assuming infinite layers of Al0.05In0.95Sb and GaAs on the two sides of

the DBR stack. The amplitude and phase of the reflectivity are plotted in Figure 6.3

for different number of layer pairs. Thanks to the high refractive index contrast, a

reflectivity of 65 % is achieved with only N = 5. The spectral width of the stopband

is of about 1.6 µm, which guarantees a robust design and a good overlap with the LED

spontaneous emission spectrum.

A test wafer (C979) with a DBR stack for maximum reflectivity at 3.3 µm was grown to

evaluate the accuracy of the model. The first quarter-wavelength AlSb layer was used as

a buffer layer on the GaAs substrate, as described in Section 3.1. Above this, N = 5 pairs

of DBR layers were grown, resulting effectively in a N = 5.5 pairs DBR stack. According

to Equation 6.12, the layer thicknesses are dL = 264 nm for the AlSb layers and dH =

216 nm for the Ga0.9In0.1Sb layers. The total thickness of the DBR stack is of around

2.4 µm. The growth was terminated with a quarter-wavelength layer of Al0.09In0.91Sb,

with the same composition of the LED active layers for emission around 3.3 µm. An SEM

image of the wafer cross section is shown in Figure 6.4, which shows that the layers are

slightly thicker, but within 5 % of the designed value. The wafer reflectivity was modelled

by the transfer matrix method, taking into account the quarter-wavelength Al0.09In0.91Sb

layer which contributes around 35 % reflectivity at the interface with air. Reflectance and

transmittance spectra of wafer C979 were measured by a FTIR spectrometer equipped

with a Globar broadband light source, a CaF2 beam splitter and a liquid-nitrogen-cooled

InSb detector, as described in Section 4.2.1. The measured and modelled spectra are
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Figure 6.4: SEM cross section image of the N = 5.5 AlSb/Ga0.9In0.1Sb stack grown
on GaAs substrate.

shown in Figure 6.5 for comparison. The model includes the absorption coefficient in

the AlxIn1−xSb layer and a 2 % correction factor of the layer thicknesses, which accounts

for the variations in the grown structure. Excellent agreement is achieved in terms of

central wavelength, peak reflectance, bandwidth and sidelobes positions.

6.4 Resonant-Cavity AlxIn1−xSb LED

Following the successful design and growth of the DBR test wafer, a full resonant-cavity

Al0.05In0.95Sb LED (wafer C962) was designed and implemented for enhanced emission

around the CO2 absorption lines at 4.26 µm. The standard p-i-n Al0.05In0.95Sb LED

structure described in Section 2.4 was grown on top of a DBR structure. This results

in the LED active region being placed within a Fabry-Pérot cavity defined by the DBR

mirror and the top air-semiconductor interface, as illustrated in Figure 6.6. This first

design was chosen in order to evaluate the effect of the DBR mirror and the Fabry-Pérot

cavity on a tested and fully characterised LED structure, without the need of modifying

different design variables at the same time. Therefore, the cavity thickness is similar to

the one of the original structure, only adjusted to be equal to an integer number of half

wavelengths:

Lcav = mc
λ0
2n
≈ 4.94 µm for mc = 9 (6.19)

The DBR consists of N = 5.5 pairs of AlSb/Ga0.9In0.1Sb designed to have a stopband

centred at 4.26 µm. The layer thicknesses are dL = 340 nm and dH = 280 nm for

the AlSb and Ga0.9In0.1Sb layers, respectively, according to Equation 6.12. Figure 6.7

reports on the reflectance and transmittance spectra of the full layer structure measured

by an FTIR spectrometer, as described in Section 4.2.1. The modelled spectra are

calculated by the transfer matrix method, as discussed in Section 6.3, and show an
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Figure 6.5: Measured and modelled reflectance (a) and transmittance (b) spectra for
the N = 5.5 AlSb/Ga0.9In0.1Sb DBR stack grown on GaAs substrate and capped with
a λ/4 Al0.09In0.91Sb layer.

excellent agreement with the measured ones for a cavity thickness Lcav = 4.96 µm. This

confirms the accuracy of the refractive index model, discussed in Section 4.2.1 and used

in the simulations, and the good control of the growth parameters.

The resonant peaks of the Fabry-Pérot cavity are clearly visible in the measured

spectra, with three distinct peaks falling within the DBR stopband. The central peak

is successfully positioned at the target wavelength of 4.26 µm and the resonant modes

spacing is νFSR ≈ 6.5 THz, which corresponds to an effective cavity length of Leff ≈
6 µm. This can be explained taking into account the so-called DBR penetration length.

In fact, the effective number of DBR layer pairs seen by the optical wave electric field

can be expressed as [148]:

Neff ≈
1

2

nh + nL
nh − nL

tanh

(
2N

nh − nL
nh + nL

)
(6.20)



Chapter 6. Resonant-cavity LEDs 95

Figure 6.6: Schematic illustration of the MBE-grown RC-LED heterostructure with
Al0.05In0.95Sb LED active layers and a 5.5 pairs of lattice-matched AlSb/Ga0.9In0.1Sb
DBR layers located between the GaAs substrate and the lower n-type confinement
layer.

As illustrated in Figure 6.3b, the phase change of the wave reflected by the DBR is zero

at the Bragg wavelength and changes almost linearly with wavelength in the vicinity of

it (λ ≈ λBragg). Therefore, it is possible to approximate the DBR mirror with an ideal

metal mirror located at a distance Lpen from the first interface. The DBR penetration

length for the reflected optical power can thus be derived as:

Lpen =
1

2
Neff (dH + dL) (6.21)

Consequently, the effective cavity thickness of a Fabry-Pérot cavity including a DBR

mirror is given by the sum of the cavity thickness and the DBR penetration length. For

the values of refractive index and thickness of the DBR layers used in this structure, the

resultant DBR penetration length is ∼ 1.19 µm. Thus, the effective cavity length is:

Leff = Lcav + Lpen ≈ (4.96 + 1.19) µm = 6.1 µm (6.22)

which is in agreement with the effective cavity length calculated from the Fabry-Pérot

free spectral range. This is confirmed by the excellent agreement of the mode spacing

between the measured and modelled transmission spectra. The cavity has a finesse of

F = 4.15 and a cavity quality factor of Q ≈ 46.

The photoluminescence (PL) of the structure was investigated first. The PL was excited

at room temperature with a 300 mW diode-pumped solid state laser emitting at 532 nm.

The excitation beam was reflected onto the sample and the PL signal was collected with

an off-axis parabolic mirror into the FTIR spectrometer. The measured PL spectra of
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Figure 6.7: Measured and modelled reflectance (a) and transmittance (b) spectra for
the RC-LED layer structure illustrated in Figure 6.6. The N = 5.5 AlSb/Ga0.9In0.1Sb
DBR stack has a 1.66 µm stopband centred at 4.26 µm, shown for reference in (a). The
effective cavity length, given by the sum of the p-i-n Al0.05In0.95Sb LED layer structure
and the DBR penetration length, results in a Fabry-Pérot free spectral range νFSR of
6.5 THz, with three cavity modes falling within the DBR stopband.

the RC-LED structure is shown in Figure 6.8a, together with the reference spectra from

an identical LED structure without the DBR mirror. The effect of the Fabry-Pérot

cavity is evident with the presence of the three cavity modes peaks already observed in

the reflectance and transmittance spectra. The central peak at 4.26 µm has a linewidth

of about 125 nm. The ratio between the two spectra gives the emission enhancement

shown in Figure 6.8b, with a maximum value of ≈ 2.5 at 4.26 µm.

Following the initial optical characterisation, electrically-pumped LED devices were pro-

cessed from the same structure following the fabrication process described in Chapter 3.

After patterning by photolithography, 400 µm-wide square mesas were etched by citric-

acid based etching. An SEM cross section of the etched structure is shown in Figure 6.9b.
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Figure 6.8: (a) Measured room temperature photoluminescence (PL) spectra of the
RC-LED structure and a reference non-resonant LED. (b) Spectral photoluminescence
enhancement showing a factor of 2.5 for the central peak at 4.26 µm. The modelled
Fabry-Pérot cavity transmittance is plotted for comparison.

The etch was about 2.3 µm deep to expose the n-type contact layer. Ti/Au contacts were

defined by metal deposition and lift-off.

The electroluminescence (EL) signal of the electrically-pumped RC-LED devices was

measured at room temperature by a FTIR spectrometer in step-scan configuration, as

described in Section 4.2.2. The devices were pulsed biased at 1 kHz, 10 % duty cy-

cle with 100 mA peak current. Figure 6.10 shows that the resonant cavity modes can

still be clearly observed in the measured EL spectra and the peak emission linewidth,

determined by the cavity quality factor, is 50 % narrower compared to the reference non-

resonant LED. However, no significant emission enhancement is recorded at 4.26 µm in

comparison to the non-resonant LED. This can be attributed to the unoptimised position

of the active region relative to the electric field distribution inside the cavity. In fact,

the 1 µm-thick active region spans more than one period of the electric field oscillating

inside the cavity. Therefore, as discussed in Section 6.2, assuming the radiative recombi-

nation occurs across the whole active region thickness, the antinode enhancement factor
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Figure 6.9: (a) Schematic cross-section of the fabricated electrically-pumped RC-
LED. (b) SEM cross-sectional image of the RC-LED layer structure after the mesa etch
step. 2.3 µm-deep square mesa are etched into the Al0.05In0.95Sb LED layer structure
in a citric acid:H2O2:H2O solution, according to the process described in Section 3.3.
The lattice-matched AlSb/Ga0.9In0.1Sb DBR stack grown between the GaAs substrate
and the LED active layers is left unexposed.

Figure 6.10: Measured room temperature electroluminescence (EL) spectra of the
RC-LED and a reference non-resonant LED. The devices are operated in pulsed bias
(1 kHz, 10 % duty cycle) at 100 mA. The expected emission spectrum (dashed line)
is calculated by multiplying the reference LED emission spectrum and the modelled
emission enhancement (Equation 6.7), showing good agreement with the measured EL.

would have a value close to unity (ξ ≈ 1), resulting in no significant spectral enhance-

ment at the resonant wavelengths. The expected RC-LED EL spectrum, approximated

by the product of the EL spectra of the reference non-resonant LED and the spectral

emission enhancement calculated according to Equation 6.7, is shown in Figure 6.10 for

comparison with the measured one.
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Table 6.1: Design parameters of the RC-LED (wafer C1060) with reduced active
region and cavity thickness, illustrated in Figure 6.11.

Thickness (nm) Layer Repeats Material Doping Conc. (cm−3)

448 p-contact 1 Al0.05In0.95Sb p+ 1× 1018

200 active region 1 Al0.05In0.95Sb i 2× 1016

2094 n-contact 1 Al0.05In0.95Sb n+ 1× 1018

340 low index 5 AlSb undoped
280 high index 5 Ga0.9In0.1Sb undoped
340 buffer 1 AlSb undoped

substrate GaAs

6.4.1 Cavity Design Optimisation

A reviewed cavity design was implemented in order to obtain the desired emission en-

hancement at the target wavelength of 4.26 µm from electrically-pumped devices. A new

wafer (C1060) was grown accordingly. The main characteristic of this new cavity design

is the reduction of the active region thickness and of the cavity order mc. A number of

advantages are associated with these modifications:

• The thinner active region can be conveniently placed at the antinode of the cavity

electric field distribution. This increases the value of the antinode enhancement

factor ξ and therefore the emission enhancement at the resonant wavelength.

• A lower cavity order mc results in a wider emission peak linewidth, which guaran-

tees a better overlap of the emission peak with the CO2 absorption line.

• By reducing the cavity length, the free spectral range νFSR increases, thus reducing

the intensity of the two side peaks and eventually achieving the condition of only

one peak falling within the DBR stopband.

Figure 6.11 shows the schematic illustration of the cavity design and the electric field

distribution in the cavity, highlighting the position of the interfaces between the different

layers. The active region thickness was reduced to 200 nm and positioned at the antinode

of the electric field. The total cavity thickness was reduced to 2.74 µm, which corresponds

to a cavity order mc = 5. The thickness of the n-type Al0.05In0.95Sb layer was not

reduced below 2 µm to guarantee the relaxation of the material to an acceptable level

and, therefore, a good material quality in the LED active region. The cavity design

parameters are listed in detail in Table 6.1.

The measured reflectance and transmittance spectra of the grown layer structure are

shown in Figure 6.12. The spectra were normalised against the reflectance and transmit-

tance spectra of an identical non-resonant LED structure, which allowed the elimination
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Figure 6.11: (a) Schematic illustration of the RC-LED heterostructure with the active
region thickness reduced to 200 nm and the total cavity length reduced to 2.74 µm
(mc = 5). (b) Plot of the electric field in the cavity, showing the positioning of the
active region at the field antinode.

of the effect of CO2 and water vapour in the ambient air. The modelled spectra by

transfer matrix method show a good agreement with the experimental data for a cavity

thickness Lcav = 2.78 µm.

As expected from the reduced cavity order, only one peak is present within the DBR

stopband, with the side peaks sitting on the sidewalls of the DBR stopband and there-

fore being strongly attenuated. The resonant wavelength is found at 4.3 µm, slightly

longer than the designed one, suggesting that the DBR stopband is shifted towards

longer wavelengths. The cavity modes spacing is νFSR ≈ 9.9 THz, which corresponds

to an effective cavity length of Leff ≈ 3.9 µm. This value is in good agreement with

the expected effective cavity length taking into account the DBR penetration length

(Leff = Lcav + Lpen ≈ (2.78 + 1.19)µm = 3.97 µm). With a finesse of F = 4.15, the

cavity quality factor results to be of Q ≈ 29.5.

The photoluminescence of the layer structure was measured at room temperature and

is shown in Figure 6.13. The PL emission from the RC-LED exhibits only one resonant

peak corresponding to the cavity mode and shows a factor of 3 enhancement at the

peak wavelength over the reference non-resonant LED. The main resonant peak has a

linewidth of about 150 nm and is centred at 4.3 µm, slightly shifted towards longer wave-

lengths as can be seen from the CO2 absorption feature sitting on the short wavelength

side of the peak.

Electrically-pumped RC-LED devices were fabricated and the electroluminescence signal

was measured at room temperature under pulsed bias conditions (1 kHz, 10 % duty cycle,
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Figure 6.12: Measured and modelled reflectance (a) and transmittance (b) spectra for
the RC-LED layer structure illustrated in Figure 6.11. The effective cavity length gives
a cavity free spectral range νFSR of 9.9 THz, resulting in only one peak falling within
the DBR stopband. The discrepancy in the transmittance spectra at long wavelengths
is due to a variation in the relative intensity of the blackbody radiation between the
measured background and sample spectra.

100 mA peak current). The EL spectra of the RC-LED and the reference non-resonant

LED are shown in Figure 6.14. In contrast to what was observed from the devices on

wafer C962, a strong emission enhancement at the resonant wavelength is observed from

the electrically-pumped RC-LED. This is attributed to the improved cavity design and

in particular to the positioning of the active region at the field antinode within the cavity.

The ratio between the EL spectra of the RC-LED and the reference non-resonant LED

gives an emission enhancement factor of 3 at the resonant wavelength. This value is

in good agreement with the theoretical spectral emission enhancement, calculated with

Equation 6.7, assuming a value of ξ = 2.
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Figure 6.13: (a) Measured room temperature photoluminescence (PL) spectra of the
RC-LED and a reference non-resonant LED structure with reduced layers thicknesses,
according to the design parameters in Table 6.1. (b) Spectral photoluminescence en-
hancement showing a factor of 3 at the peak wavelength of 4.3 µm. The modelled
Fabry-Pérot cavity transmittance is plotted for comparison.

As discussed in Section 6.1, one of the main advantages of a resonant-cavity LED design

is the stability of the peak wavelength of emission over temperature. In fact, the resonant

peak wavelength is defined by the cavity length and, therefore, shifts with temperature

according to the temperature dependence of the cavity refractive index. This dependence

results in a fundamental improvement over conventional non-resonant LED, for which

the emission wavelength shifts according to the temperature dependence of the semicon-

ductor material bandgap. As seen in Section 2.4, the AlxIn1−xSb emission wavelength

shifts to longer wavelengths with increasing temperature at a rate of −0.37 meV/K,

which corresponds to 5.4 nm/K at 4.26 µm. Figure 6.15a shows the modelled normalised

PL spectra of a Al0.05In0.95Sb LED over a 100 K temperature range, assuming a perfect

alignment with the CO2 absorption line at 273 K. The peak emission wavelength shifts

by more than 500 nm over this temperature range, resulting in a significant variation

of the signal intensity. As shown in Figure 6.16, the LED signal intensity at 4.26 µm

for a standard LED can decrease to as much as 60 % of its original value over the
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Figure 6.14: (a) Measured room temperature electroluminescence (EL) spectra of the
RC-LED and a reference non-resonant LED. The devices are operated in pulsed bias
(1 kHz, 10 %) at 100 mA peak current. The expected emission spectrum (dashed line)
is calculated by multiplying the reference LED emission spectrum and the modelled
emission enhancement (Equation 6.7), showing good agreement with the measured EL.
(b) Spectral electroluminescence enhancement, obtained by the ratio of the measured
spectra in (a), showing a factor of 3 improvement at 4.3 µm. The modelled Fabry-Pérot
cavity transmittance is plotted for comparison.

100 K temperature range. This translates to a reduced sensitivity to CO2 concentration

and, therefore, affects the gas sensor performance over the range of operating tem-

peratures. On the contrary, the peak wavelength of a RC-LED shifts with temperature

according to the temperature coefficient of the cavity refractive index (for Al0.05In0.95Sb,

dn/dT ∼ 4.5× 10−4). The reflectivity of the RC-LED layer structure was modelled by

the transfer matrix method over the same 100 K temperature range, taking into account

the refractive index temperature coefficient of all the layers in the structure. As shown

in Figure 6.15b, the resonant peak at 4.3 µm shifts by less than 50 nm over this tem-

perature range, at a rate of only 0.4 nm/K. This represent more than a factor of ten

improvement in the emission wavelength stability with temperature, and guarantees a

high sensitivity to CO2 as the temperature varies. The normalised signal intensity at the
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Figure 6.15: Modelled (a) photoluminescence spectra and (b) Fabry-Pérot cavity
transmittance over 100 K temperature range. The PL shifts to longer wavelengths at
5.4 nm/K due to the variation of the semiconductor material bandgap with temperature.
The emission wavelength of the Fabry-Pérot cavity is determined by the optical cavity
length and, therefore, varies only by 0.4 nm/K in the same direction, because of the
semiconductor material refractive index dependence on temperature.

Figure 6.16: Normalised signal intensity at 4.26 µm for a non-resonant LED and a
RC-LED across a 100 K temperature range. The signal intensity decreases to as much
as 60 % for a non-resonant LED, while remains within 90 % of its peak value for a
RC-LED. This guarantees a good spectral matching and high sensitivity to CO2 across
the whole temperature range.

resonant wavelength is plotted in Figure 6.16 as a function of temperature, showing that

the CO2 absorption line will remain aligned with the region of strong LED emission.

To summarise, the three main advantages of a resonant-cavity LED over a conventional

non-resonant LED, as discussed in Section 6.1, have been demonstrated with experi-

mental data and simulations:

1. The interference effects within the Fabry-Pérot cavity, defined by the bottom DBR

mirror and the air-semiconductor interface, results in an enhancement of the light

intensity emitted along the axis of the cavity at the resonant wavelengths. With
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an optimised cavity design, in which a thin active region is placed at an antinode

of the electric field in the cavity, a spectral enhancement of up to 3.5 times is

obtained at 4.3 µm from electrically-pumped LED devices. As the LED series

resistance is unchanged and the same electrical driving conditions are applied, the

emission enhancement corresponds to 3.5 times improved efficiency of the LED at

the target resonant wavelength.

2. The emission linewidth is determined by the cavity quality factor and therefore

can be designed and tailored to match the absorption wavelength of the target gas.

With a cavity finesse of ≈ 4 and an effective cavity order of 7, the peak emission

linewidth is about 150 nm at full-width half-maximum (FWHM), which represent

a factor of ≈ 5 narrower linewidth compared to a non-resonant LED (the emission

linewidth of a non-resonant LED is ∼ 1.8kT , which corresponds to about 680 nm at

4.3 µm). The narrower emission linewidth can contribute to dramatically improve

the performance of the gas sensor. In fact, as the LED emission matches the target

gas absorption line, significantly less signal is detected outside the spectral band of

interest, which can generate unwanted signal and degrade the signal-to-noise ratio

of the sensor. Performance simulations of the overall sensor system by GSS have

confirmed that the narrower linewidth would result in a significant improvement

of the sensor noise level.

3. The emission linewidth of the resonant-cavity LED is dictated by the optical cavity

length. Therefore, the emission wavelength shift with temperature is determined

by the temperature coefficient of the cavity refractive index and not by the energy

bandgap dependence on temperature, as for a non-resonant LED. This results in

a factor of 10 improvement in the emission wavelength stability with temperature,

which guarantees a strong signal intensity at 4.26 µm and, therefore, a high sensi-

tivity to the CO2 concentration across a wide range of operating temperatures.

A design for a resonant-cavity LED emitting through the substrate was also prelimi-

nary investigated. In this configuration, the light is emitted through the DBR mirror

(R1 = RDBR), placed between the GaAs substrate and the LED active layers. The sec-

ond, highly reflective mirror, is provided by a solid layer of gold (tAu = 250 nm) deposited

on the top surface of the LED mesa, which acts as an ideal mirror with a reflectivity

R2 ≈ 0.95. The cavity thickness was extended by a quarter-wavelength compared to a

top-emitting RC-LED to account for the π phase shift given by the metal mirror. The

schematic illustration of the heterostructure design is shown in Figure 6.17. According

to Equation 6.7, the spectral emission enhancement, with these values of reflectivities,

is as high as 13. Additionally, the solid gold layer deposited on the top surface of the

device mesa acts both as a mirror and a p-type ohmic contact, therefore overcoming the
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Figure 6.17: (a) Schematic illustration of the RC-LED heterostructure with 200 nm-
thick active region and total cavity length increased to 3.02 µm to account for the
phase shift introduced by the top gold mirror. (b) Plot of the electric field in the
cavity, showing the positioning of the active regoin at the field antinode.

Figure 6.18: Measured room temperature electroluminescence (EL) spectra of the
substrate-emitting RC-LED. The device is operated in pulsed bias (1 kHz, 10 %) at
100 mA peak current. The RC-LED has a solid gold top layer that acts both as the
highly reflective mirror and the p-type ohmic contact. The EL signal is collected from
the GaAs substrate. The emission at the resonant wavelength of 4.23 µm is enhanced
by a factor of ∼ 4 compared to a reference non-resonant LED.
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Figure 6.19: ICP-RIE dry etch process parameters and SEM cross-sectional image of
the partially etched AlSb/Ga0.9In0.1Sb DBR stack. The average etch rate is 93 nm/min
and the undercut is limited to about 150 nm.

current spreading issue discussed in Chapter 5. The emitted light is collected from the

GaAs substrate side and measured by an FTIR spectrometer. The measured electro-

luminescence spectra of the substrate emitting RC-LED is shown in Figure 6.18. The

ratio with the EL spectra of a reference non-resonant LED results in a factor of ≈ 4

enhancement of the emission at the resonant wavelength of 4.23 µm. The fact that the

obtained emission enhancement is lower than the theoretical value can be attributed to

the uncertainty of the resonant conditions given by the non-ideal metal mirror and to

the unpolished surface of the GaAs substrate. This approach, however, has the potential

of providing even more pronounced enhancement of the LED performance.

Thanks to the successful implementation of RC-LEDs with improved spectral efficiency

and narrower spectral linewidth, Gas Sensing Solutions has initiated their development

as commercial sensors. As presented in Section 2.4, the production LEDs that serve

as the light source of Gas Sensing Solutions’ CO2 sensors is designed as a 3-by-3 array

of individual elements connected in series. Consequently, the individual LED mesa ele-

ments need to be electrically isolated. This is achieved by adding an additional etch step

in the fabrication process, which completely removes the n-type material and leaves the

insulating GaAs substrate exposed between the single elements. In the case of RC-LEDs,

the opening of these isolation trenches between the single elements of the array would

require etching through the DBR layer stack in order to reach the GaAs substrate, which

adds time and complications to the fabrication process. In fact, achieving an etching

of the AlSb/Ga0.9In0.1Sb layers with a suitable profile for the subsequent fabrication

steps is not trivial. In particular, due to the presence of aluminium-rich layers, the etch-

ing process with commonly used chemistries significantly slows down within the AlSb

layers, thus resulting in sidewall profiles with prohibitive undercuts. Additionally, the

AlSb layers undergo a rapid oxidation process if exposed to air, thus making the op-

tion of switching between different chemistries particularly impractical. The best result

achieved so far was obtained with an Inductively Couple Plasma Reactive Ion Etching
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Table 6.2: Measured resistivity values for the n-type doped Al0.05In0.95Sb,
Ga0.9In0.1Sb DBR layer and GaAs substrate.

Material Doping Conc. (cm−3) Resitivity (Ω cm)

Al0.05In0.95Sb n-type 1018 4.45× 10−4

Ga0.9In0.1Sb undoped 2.25× 10−1

GaAs undoped 3.25× 105

Figure 6.20: (a) Schematic illustration of the new proposed RC-LED heterostructure
design with an additional λ/2 Ga0.9In0.1Sb layer which can act as a non-oxidising stop-
etch layer and provide electrical insulation between the individual elements of the 3-by-3
LED array. (b) Modelled reflectance spectra of the proposed RC-LED layer structure,
showing no significant variation of the resonant peak. The narrower free spectral range
is due to the λ/2 longer cavity.

(ICP-RIE) process and a CH4/O2 chemistry at low temperature. The etching parame-

ters are indicated in Figure 6.19, together with an SEM cross-sectional image of a sample

from wafer C979, in which the first 3 DBR layer pairs have been etched. The process

gives smooth sample surface, a DBR average etch rate of 93 nm/min and a sidewall

profile with limited undercut of 100–150 nm. The sidewall surface could be smoothed

out by the deposition of a dielectric or SU-8 passivation layer before the deposition of

the metal contacts.

An alternative solution comes from the high resistivity of the undoped DBR layers.

In fact, GaSb is highly resistive, with an intrinsic resistivity about 105 higher than

that of InSb at room temperature [68], making the leakage current through the GaSb

buffer layer negligible. To confirm this, the measured bulk resistivities for n-type doped

(1× 1018 cm−3) Al0.05In0.95Sb, undoped Ga0.9In0.1Sb and the undoped GaAs substrate

are indicated in Table 6.2. The measured resistivity of the undoped Ga0.9In0.1Sb is

still more than two orders of magnitude higher than the n-type Al0.05In0.95Sb, thus

providing a suitable electrical insulation between the single elements of the LED array.
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An alternative DBR and RC-LED design is therefore proposed to provide a non-oxidising

and insulating Ga0.9In0.1Sb stop-etch layer. Figure 6.20a illustrates the revised layer

structure, with the introduction of a half-wavelength Ga0.9In0.1Sb layer between the

DBR stack and the LED active layers. The Ga0.9In0.1Sb layer is 560 nm thick, which is

suitable thickness to act as a stop etch layer in the fabrication process used for production

devices. The modelled reflectivity of the new RC-LED design is plotted in Figure 6.20b,

showing the unperturbed spectra of the main resonant peak. The slightly narrower free

spectral range is related to the λ/2 longer cavity.

In conclusion, the design and implementation of resonant-cavity LEDs demonstrated

improved performance over non-resonant LEDs in terms of spectral efficiency and spec-

tral purity. The investigation of substrate-emitting RC-LED suggests that an even more

substantial emission enhancements, up to a factor of 10, could be achieved. With fur-

ther optimisation of the layer structure tailored to the fabrication process of production

devices, RC-LEDs will be exploited in commercial CO2 gas sensors, with breakthrough

improved performance in terms of spectral efficiency, spectral selectivity and tempera-

ture stability.



Chapter 7

Plasmonic-enhanced LEDs

This Chapter reports on the investigation of plasmonic patterns integration on mid-

infrared LEDs for the enhancement of light extraction. The background theory of exci-

tation and coupling to surface plasmon polaritons is reviewed and the implementation

of 2D-periodic metal hole arrays on mid-infrared active devices for the enhancement of

optical emission and absorption is discussed. The transmittance spectra of 2D-periodic

hole arrays on a thin metal film is modelled by the Finite-Difference Time-Domain

(FDTD) method as a function of the geometrical design parameters and the results are

compared to the measured transmittance of fabricated test samples. The integration

of metal hole arrays on AlInSb required the optimisation of the pattern definition and

transfer process to achieve good uniformity and reproducibility of the designed features.

Measurements of the spectral response of fully processed LED devices with 2D-periodic

metal hole arrays patterned on the top surface are presented and further development

work is discussed.

7.1 Optical Enhancement via Surface Plasmon Polaritons

Thanks to the rapid development of nanotechnology, techniques based on surface pat-

terning via two-dimensional photonic crystals and surface plasmonic arrays have emerged

as an appealing solution for improving the light extraction from LED devices [69, 149,

150]. Although the effectiveness of these techniques is well assessed for LEDs emitting

in the visible spectral range, their integration on real devices is particularly challenging,

as it requires the positioning of the active region within few nanometres from the top

surface [151, 152]. In the mid-infrared region, the coupling to surface plasmon waves and

the patterning of periodic structure on metal films has been extensively used for achiev-

ing high confinement of the light in the waveguide of quantum cascade lasers (QCL)

110
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Figure 7.1: Real and imaginary part of gold (Au) relative permittivity up to 10 µm,
calculated according to the Drude model in Equation 7.2.

and for their potential for beam shaping and steering [153–156]. Additionally, periodic

metal hole arrays have been used for the realisation of passive optical filters to shape the

spectral response of thermal emitters [157–159] and, more recently, to strongly enhance

the light coupling to quantum-dots mid-infrared detectors [160–162]. Metal patterned

surfaces have, in fact, the potential for enhancing the optical coupling and absorption

thought the excitation of surface plasmon waves. Additionally, the patterned metal

can act as a scattering surface, promoting the redirection of light to or from the op-

tical device. The integration of plasmonic structure on mid-infrared optical devices is

particularly interesting as the geometrical constraints are significantly relaxed and the

required sub-wavelength features are in the order of 1 µm, which can be achieved with

well developed fabrication techniques, such as deep-UV lithography and nano-imprinting

[163, 164].

Surface plasmon polaritons (SPP) are electromagnetic modes that generates from the

interaction of light and mobile surface charges at the interface between two materials

with relative permittivity of opposite sign, such as a metal and a dielectric [165]. The

dispersion relation between the angular frequency (ω) and the in-plane momentum (k‖)

of a SPP mode, propagating along the interface between a semi-infinite dielectric and

a smooth metal, can be calculated by imposing the continuity of the tangential electric

and magnetic field components across the interface, and can be expressed as [166]:

kSPP = k0

√
εmεd
εm + εd

(7.1)

where k0 = 2π/λ is the momentum in free space and εm and εd are the relative permit-

tivities of the metal and the dielectric layer, respectively. The relative permittivity of
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Figure 7.2: Dispersion relation of a surface plasmon mode at the Au-air and Au-
AlInSb interface, according to Equation 7.1. The straight lines are the dispersion
relations of photons in air and in the high index semiconductor material.

metals can be calculated according to the Drude model:

εm (ω) = 1−
ω2
p

ω2 − iΓω
(7.2)

where ωp is the plasma frequency and Γ is the scattering rate which accounts for dissipa-

tion losses. The values of the Drude parameters for gold (Au), which is one of the most

commonly used metal for plasmonic devices thanks to its physical and chemical stability,

are ωp = 3.39× 1015 s−1 and Γ = 9.3× 1013 s−1. The real and imaginary part of the gold

relative permittivity up to 10 µm, according to Equation 7.2, are plotted in Figure 7.1.

By substituting the expression for εm into the dispersion relation of Equation 7.1, the

SPP dispersion relation at Au-air and Au-AlInSb interfaces were calculated and their

real part are plotted in Figure 7.2. The straight lines are the dispersion relations of

photons in air (k0 = ω/c) and in AlInSb (k =
√
εAlInSbk0, with εAlInSb = 15.2), respec-

tively. As the frequency increases, the in-plane momentum of the SPP mode increases,

moving away from the light line and approaching an asymptotic limit. This corresponds

to the surface plasmon resonant frequency ωSP, which occurs when the metal and the

dielectric have relative permittivities of the same magnitude, but opposite sign.

As the magnitude of the SPP momentum is always higher than the momentum of a

photon in the dielectric, the SPP modes cannot be directly excited at a planar interface

by incident radiation of any given frequency. Therefore, an additional momentum is

needed to match the momentum of the incident optical wave to that of the SPP. This

can be obtained by a metallic corrugation in the form of a periodic grating. In fact, the

incident light, scattered by the periodic patterned surface, gains an additional in-plane
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Figure 7.3: Schematic illustration of a periodic grating in a metal film with the
wavevector diagram of the light-SPP coupling occurring thanks to the additional mo-
mentum given by the periodically patterned surface.

Figure 7.4: SEM images of two-dimensional arrays of holes in a Au film with (a)
square and (b) triangular lattice fabricated in the JWNC. The array period a is 1 µm
and the holes diameter is d = 0.4 · a.

momentum multiple of the Bragg vector kG = 2π/a, where a is the grating period. Con-

sidering the structure illustrated in Figure 7.3, with a grating patterned Au layer at the

interface with a dielectric material, the matching conditions of the in-plane momentum

can be written as [158]:

kL +mkG =
2π

λd
sinϕ+m

2π

a
= kSPP (7.3)

where kL = 2π
λd

sinϕ is the in-plane momentum of the incident light, with λd the wave-

length in the dielectric and ϕ the angle of incidence, and m is an integer. Equation 7.3

can be extended to the two-dimensional case for an array of holes in a thin metal film, as

the ones illustrated in Figure 7.4. The transmission spectra of such an array is charac-

terised by resonance peaks, at the wavelengths for which the condition in Equation 7.3 is

met. In case of normal incidence (ϕ = 0), the wavelengths at which the resonance condi-

tions occurs can be calculated from the real part of the SPP momentum in Equation 7.1

and the condition in Equation 7.3, and are given by:

λm,l =
a√

(m2 + l2)

√
εmεd
εm + εd

(7.4)
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Figure 7.5: First order peak resonant wavelength λ1,0 as a function of the array period
a for both square-lattice and triangular-lattice arrays on GaAs (n ≈ 3.3) and AlInSb
(n ≈ 3.9).

for a square-lattice array, as in Figure 7.4a, and

λm,l =
a√

4
3 (m2 +ml + l2)

√
εmεd
εm + εd

(7.5)

for a triangular-lattice array, as in Figure 7.4b, where (m, l) corresponds to the scattering

order. As in the mid-infrared range |Re(εm)| � εd, the first order resonant wavelengths

λ1,0 are easily defined by the array periodicity and the refractive index n =
√
εd of the

dielectric, and are plotted in Figure 7.5 for both a square-lattice and a triangular-lattice

array on GaAs (n ≈ 3.3) and AlInSb (n ≈ 3.9). Interestingly, triangular-lattice arrays

on AlInSb should give very similar resonant peak wavelengths as square-lattice arrays

on GaAs.

The interest in SPPs has increased significantly after the experimental demonstration of

extraordinary optical transmission (EOT) through arrays of sub-wavelength holes, with

diameter d � λ, in thin metal films [167]. This is in contrast with what is predicted

by standard aperture theory, where coupling of light through a sub-wavelength hole can

only happen through evanescent waves. Even if there is still an open debate on the

physical explanation of EOT [164], mainly due to the different properties of metals over

different spectral regions, the main contribution to EOT from visible to mid-infrared

wavelengths can be explained with the excitation of SPP modes due to the grating

momentum [158, 168, 169]. Enhanced transmission and optical filters in the mid-infrared

wavelength range based on structured metallic films were reported in the literature

[159, 170–173], with transmission exceeding 80 % at 7.6 µm with deep sub-wavelength

hole arrays (λ/d ∼ 6) [168]. Two-dimensional hole arrays (2DHA) structures were
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Figure 7.6: Penetration depth δd of the plasmon mode into a high-index material
(AlInSb, n ≈ 3.9) as a function of free space wavelength λ0.

also successfully integrated on mid-infrared active devices. In particular, mid-infrared

photodetectors based on InAs quantum dots (QDs) showed up to 20 times enhancement

and significant narrowing of the photoresponse thanks to efficient coupling of the incident

field to the surface plasmonic modes and to the strong plasmon-QDs interaction [162].

In surface plasmon enhanced optical devices, a good spatial overlap between the surface

plasmonic field and the device active region is essential for an efficient coupling, as was

demonstrated in case of plasmon-enhanced quantum dots infrared detectors [162, 172].

Before this, several results were reported claiming improved spectral selectivity, but only

limited absorption enhancement due to the poor coupling between the plasmonic mode

and the detector active region [170, 174]. This effect can be understood by consider-

ing the penetration depth of the plasmonic field into the materials that determine the

interface along which the plasmonic mode propagates. Considering z the direction per-

pendicular to the interface, the relationship between the total momentum of light, with

freespace wavevector k0 in a material with relative permittivity εi, and its component

along z, kz, is given by [175]:

εik
2
0 = k2SPP + k2z,i (7.6)

where the SPP wavevector kSPP is the in-plane component of the total momentum. As

discussed for Figure 7.2, the SPP momentum always exceeds that of a photon propagat-

ing in the adjacent material, k2SPP > εik
2
0, so that the momentum component along the

z direction is imaginary in both materials. Therefore, the surface plasmon electromag-

netic field is confined near the metal-dielectric interface and decays exponentially with

the distance from it, in both the dielectric and the metal. The field penetration depth
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Figure 7.7: Schematic illustration of the structure used for the FDTD simulations
with a square-lattice array of holes in a thin gold (Au) film on a GaAs substrate.
The source is a plane wave incident along the z axis and the electric field is polarised
along the x axis. The computational domain including a single unit cell of the array is
highlighted.

in the dielectric material can be calculated by combining Equation 7.1 and 7.6 [175]:

δd =
1

k0

√∣∣∣Re (εm) + εd
ε2d

∣∣∣ (7.7)

The penetration depth into a high refractive index semiconductor, such as AlInSb, rela-

tive to the free space wavelength is plotted in Figure 7.6. The penetration depth of the

plasmon mode into the dielectric is always shorter than the free space wavelength, but

increases for longer wavelengths. This can be explained with the fact that the metal

behaves as a better conductor at longer wavelengths and, therefore, the plasmon mode

has a momentum closer to the light line and is less confined to the metal-semiconductor

interface. The dependence of the penetration depth on wavelength indicates how the

geometrical requirements for a good overlap between the tail of the evanescent plasmonic

field and the device active region are significantly relaxed in the mid-infrared spectral

region.

7.2 FDTD Modelling of 2D-periodic Metal Hole Arrays

At first, the transmittance spectra of a 2D-periodic metal hole array was modelled as

a function of the different design parameters. The simulation setup is illustrated in

Figure 7.7, with a square-lattice array of holes in a thin gold (Au) film on top of a GaAs

substrate, which is chosen for the initial characterisation of the arrays transmittance as

it is transparent at mid-infrared wavelengths and, therefore, allows direct comparison of

the simulated spectra with measured transmittance of fabricated Au hole arrays.
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Figure 7.8: Simulated transmittance spectra of an array of holes in a 20 nm-thick Au
film on a GaAs substrate. The periodicity is varied from 0.92 µm to 1.22 µm in steps of
100 nm, while the hole diameter is fixed at d = 0.5 ·a (ff = 19.6 %). The peak resonance
wavelength shifts linearly to longer wavelength with the increasing array period a.

The simulations were performed with the commercial software FDTD Solutions 8.9 from

Lumerical [176]. The finite-difference time-domain method (FDTD) is one of the most

popular numerical computational algorithms for the modelling of electromagnetics sys-

tems [177, 178]. The partial differential Maxwell’s equations are approximated using

finite differences in both space and time, and the temporal evolution of the electric and

magnetic fields are computed at every point in space within the computation domain.

One of the strengths of the FDTD method lies in its versatility, so that very diverse

structures can be analysed. Additionally, being a time domain method, the response of

the structure over a wide spectral range is obtained from a single simulation by using a

broadband source, which substantially accelerates the analysis of spectral transfer func-

tions.

A single unit cell of the array is modelled and symmetric boundary conditions are used

to reduce the computational domain. A plane wave source centred at 4.2 µm with 2 µm

bandwidth is used as a source, placed 500 nm below the metal-semiconductor interface.

The computed transmittance spectra as a function of the array periodicity is shown in

Figure 7.8. Periods in the range of 0.92 µm to 1.22 µm are chosen, which are expected to

give peak transmission wavelengths around 4.2 µm when fabricated on AlInSb, as seen

from the calculated values plotted in Figure 7.5. The gold thickness is kept constant at

tAu = 20 nm and the hole diameter is scaled accordingly to d = 0.5 · a. As expected,

the spectra are characterised by a pronounced transmittance peak, which shifts linearly

with the array periodicity a. The peak wavelengths are in good agreement with the

analytically calculated SPP resonant wavelengths, according to Equation 7.4. As the fill

factor, defined as the non-metal covered area over the array unit cell ff = π(d/2)2/a2,
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Figure 7.9: FDTD simulation results of (a) the electric field intensity at the trans-
mitted surface of the gold and (b) the cross-sectional view of the electric field intensity
on the x-z plane in the vicinity of a hole at the resonant wavelength. The intensity of
the incident field is 1 V/m. The colorbar in (b) is scaled to highlight the areas in which
the field intensity enhancement is at least 20.

is only 19.6 %, the higher transmittance is obtained thanks to the electric field enhance-

ment in the proximity of the holes, as predicted by the EOT effect. Figure 7.9 shows

the electric field intensity profile at the transmitted surface of the metal film in the x-y

plane and at a hole cross section in the x-z plane. The colorscale of both plots has

been adjusted to highlight the areas where the field intensity if at least 10 V/m and

20 V/m, respectively, which represents a significant enhancement as the incident electric

field intensity is 1 V/m. In particular, Figure 7.9b highlights how the strong field inten-

sity enhancement is found only in the first 200–300 nm from the metal-semiconductor

interface. This defines the region where the active region of an active optical device has

to be placed to experience the strong enhancement of the electric field caused by the

interaction with the SPP mode.

Next, the effect of the metal film thickness tAu is analysed. As shown in Figure 7.10,

the resonant wavelength blueshifts with increasing thickness of the metallic film until it

becomes almost independent of further increase above 50 nm. Finally, the effect of the

hole fill factor ff = π(d/2)2/a2 is considered, while the array period a and the metal

thickness tAu are fixed. As the holes become wider, the resonant wavelength redshifts

and the intensity of the transmittance increases, as reported in Figure 7.11. Addition-

ally, the bandwidth of the resonant peak becomes wider for higher fill factors, as the

SPP mode is less confined within the holes. Therefore, a trade-off has to be considered

between the intensity of the transmittance peak and the wavelength selectivity of the

designed structure.

Following the simulation results discussed above, some conclusions can be drawn regard-

ing the geometrical design parameters and their influence on the transmission properties
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Figure 7.10: Simulated transmittance spectra of an array of holes, with period a =
1.12 µm and hole diameter d = 0.5 · a (ff = 19.6 %), as a function of the metal film
thickness tAu. The peak resonant wavelength shifts to shorter wavelengths, and both
the transmittance intensity and the peak bandwidth decrease with increasing metal
thickness.

Figure 7.11: Simulated transmittance spectra of an array of holes in a 20 nm-thick Au
film on a GaAs substrate with period a = 1.12 µm and increasing hole diameter d. The
fill factor is defined as the ratio between the non-metal covered area and the array unit
cell ff = π(d/2)2/a2. With increasing fill factor, the peak resonant wavelength shifts
to longer wavelengths, and both the transmittance intensity and the peak bandwidth
increase.
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of a 2D-periodic hole array patterned in a thin metal film:

• The resonant peak wavelength of the hole array structure is mainly determined

by the array periodicity a and varies linearly with it. A preliminary calculation

of the peak resonant wavelength can be done using the analytical expression in

Equation 7.4 and 7.5. The expected periodicity to have a peak resonance at

4.26 µm on AlInSb are 1.07 µm and 1.23 µm for a square-lattice and a triangular-

lattice array, respectively.

• For a fixed array periodicity, the resonant wavelength redshifts with increasing

hole diameter and blueshifts with increasing metal thickness. Therefore, these two

parameters must be taken into account when designing the hole array if the peak

transmission needs to be aligned with the spectral response of an active optical

device.

• Both the holes fill factor and the metal film thickness have to be chosen consid-

ering a trade-off between the intensity of the transmittance and the bandwidth

of the resonant peak, which determines the wavelength selectivity of the grating

structure.

7.3 Process optimisation for the definition of the Metal

Hole Array

The first step towards the implementation of plasmonic hole array patterns on mid-

infrared LEDs was the process optimisation for the pattern definition.

The lithography mask was defined by electron-beam lithography (EBL), allowing high

resolution and pattern flexibility. The main feature that distinguish EBL from optical

lithography is that the user-defined pattern is sequentially transferred onto an e-beam

sensitive resist through a raster scan of a collimated electron beam on the surface of the

sample. The EBL tool available in the JWNC is a state-of-the-art Vistec VB6-UHR-

EWF 100 keV lithography tool [179], which provides 4 nm minimum spot size and 0.5 nm

step resolution. A careful mask design was necessary to minimise the writing time of

large hole arrays and to guarantee a good circularity of the holes.

Test patterns were fabricated on both GaAs and AlInSb samples in order to evaluate

the correct e-beam exposure dose for the pattern definition and the optimal fabrication

technique, while taking into account the fabrication constraints for the fabrication of

devices on AlInSb, as discussed in Section 3.6.

The first tested fabrication technique was based on the deposition of a uniform gold

layer onto a bare sample and its subsequent etch according to the designed hole array
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pattern. As the available wet etch recipes are based on strong acids that would etch the

underlying AlInSb material as well, a dry etch process was tested. The fabrication steps

are as follows:

• Metal deposition of a 50 nm-thick Au layer by e-beam evaporation;

• Deposition of a 200 nm-thick SiN layer by Inductively-Coupled Plasma Chemical

Vapour Deposition (ICP-CVD) at room temperature;

• Spinning of positive tone e-beam resist PMMA 2010 12% for 60 seconds at 5000 rpm,

giving a 550 nm-thick layer;

• E-beam exposure of the designed hole array pattern and development in 2:1 dilu-

tion of isoprophyl alcohol (IPA) and methyl isobutyl ketone (MIBK) developer at

23 ◦C for 45 seconds, followed by two subsequent rinse in IPA for 30 seconds each;

• Pattern transfer into the SiN layer by RIE etch in CHF3/O2 plasma at 20 ◦C for

4 minutes (Oxford Instrument Plasmalab 80 Plus etch tool [180]), followed by the

PMMA resist removal in hot acetone;

• Gold etch in Ar plasma in an Oxford Instrument System 100 RIE etch tool [181],

using the SiN layer as an hard mask for the pattern transfer.

The process allowed the pattern transfer with high fidelity onto the metal layer, however,

due to the strong physical etch process, it resulted in a seriously damaged surface of the

soft and brittle AlInSb material, as shown in Figure 7.12a.

An alternative fabrication technique is based on the metal lift-off process described in

Section 3.5. Two layers of PMMA positive e-beam resist with different sensitivities are

used, in order to achieve an undercut mask profile which allows an easier removal of

the undesired metal. As the PMMA is a positive tone resist, the whole area around the

holes has to be written by e-beam and pillars of double-layer PMMA resist are left on

the surface after the development. This makes the choice of the PMMA layers thickness

and the e-beam dose and development time crucial for the successful patterning of the

the hole arrays. In fact, as shown in Figure 7.12b and 7.12c, a number of fabrication

issues can arise when these parameters are not optimised. If the PMMA layer is too thin

or the undercut profile is not pronounced, the deposited metal layer covers the sidewalls

of the resist making the lift-off process unsuccessful. On the other hand, if the pattern is

over-exposed, as a consequence of too high an exposure dose or too long a development

time, the base of the resist pillars is reduced, making them unstable and causing them to

fall off before the metal deposition. Additionally, even with optimal resist thickness and

exposure dose, the resist removal process in hot acetone requires particular attention,
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Figure 7.12: SEM images of unsuccessful fabrication tests of hole array patterns in
thin Au layers on AlInSb: (a) holes etched into the AlInSb material after the Ar-
plasma dry etch process for the removal of the unwanted Au; (b) unsuccessful lift-off
process caused by the PMMA resist layer being too thin compared to the Au thickness;
(c) over-exposed pattern resulting in PMMA mask pillars falling off before the metal
deposition and being covered by gold; (d) re-deposition of unwanted Au disks caused
by unoptimised lift-off process.

as the unwanted metal can redeposit on the pattern surface as shown in Figure 7.12d.

The final developed fabrication process, that allowed the successful and reproducible

patterning of metal hole arrays on both GaAs and AlInSb substrates, is described below:

• Spin the first layer of PMMA 2010 12% for 60 seconds at 5000 rpm, which gives a

film thickness of about 550 nm;

• Bake on a hotplate for 5 minutes at 145 ◦C;

• Spin the second layer of PMMA 2041 4% for 60 seconds at 5000 rpm, which gives

a film thickness of about 110 nm;

• Bake on a hotplate for 5 minutes at 145 ◦C;

• E-beam exposure with a dose of 540 µC/µm2;

• Resist development in 2.5:1 dilution of IPA:MIBK at 23 ◦C for 45 seconds, followed

by two subsequent rinse in IPA for 30 seconds each;
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Figure 7.13: (a) Measured transmittance spectra of triangular-lattice hole arrays in
a 20 nm-thick Au layer on a GaAs substrate. The resonant transmittance peak shifts
to longer wavelengths with increasing array period a. The spectra are normalised to
that of an unpatterned GaAs sample. (b) Measured and predicted peak transmittance
wavelength as a function of the array period.

• Metal deposition by e-beam evaporation of Ti/Au 5 nm/50 nm. The thin layer of

Ti is used to improve the adhesion of Au on the semiconductor surface.

• Lift-off in acetone at 50 ◦C. After the first 10 minutes, ultrasonic agitation is

applied for 10 seconds to help the resist release process and the sample is turned

face down to avoid redeposition of the unwanted metal. After 3 hours in acetone,

the sample is rinsed in IPA and blow dried.

7.4 Characterisation of 2D-periodic Metal Hole Arrays

2D-periodic metal hole array test patterns were fabricated with varying array peri-

ods a on a GaAs substrate, transparent in the mid-infrared region. The transmission

spectra were measured with a Bruker Vertex 70 FTIR spectrometer, as described in

Section 4.2.1. The sample with the test patterns is illuminated perpendicularly by the

non-polarised internal broadband Globar source and the transmitted light is collected

with a 77 K-cooled InSb detector. To obtain the absolute transmittance, the spectra

obtained from the patterned samples are normalised to that of a bare GaAs sample.

The measured spectra for triangular-lattice arrays with periods of 1.02 µm, 1.12 µm and

1.22 µm are plotted in Figure 7.13a. The fill factor is designed to be nominally the same

for all three patterns, and the hole diameters have been measured from SEM images

to be 0.42 µm, 0.48 µm and 0.52 µm, respectively. The measured spectra show a clear

transmission peak, shifting to longer wavelengths for larger array period a. The mea-

sured resonant wavelengths are 3.04 µm, 3.29 µm and 3.65 µm, respectively, and are in

excellent agreement with the values calculated according to Equation 7.5 and confirmed

by the FDTD modelling, within a 3 % error in the periodicity of the fabricated array.
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Figure 7.14: Optical image of a fabricated 400 µm-wide AlInSb LED with a metal
hole array patterned on the top surface of the mesa structure, together with an SEM
image of the triangular-lattice hole array.

Figure 7.13b shows the comparison of the measured resonant wavelengths with the theo-

retical values for both square-lattice and triangular-lattice hole arrays over a wide range

of values. This consistency confirms a well controlled fabrication process and provides

useful informations for designing plasmonic patterns with transmittance spectra aligned

to the operating wavelength of mid-infrared active devices. A peak transmittance value

of 45 % is recorded at 3.65 µm. Given that the non-metal covered area is only 22.3 %, this

indicates a two-times stronger transmission flux compared to an unpatterned sample,

which can be explained with the enhanced field intensity in the proximity of the holes,

in good agreement with the modelled transmittance spectra in Figure 7.11 for similar

fill factors.

Finally, 2D-periodic metal hole arrays were integrated on AlInSb LEDs. The patterns

were defined as the first step on a bare AlInSb sample, according to the process dis-

cussed in Section 7.3; then, the LED were fabricated according to the standard process

described in Chapter 3. The wafer used for the fabrication is a standard LED structure

with a 500 nm p-type contact layer. Figure 7.14 shows an image of a complete device

with a plasmonic hole array pattern covering most of the LED top surface free from the

ohmic contact.

The results obtained from the transmittance measurements, validated by the FDTD

modelling of a 2D-periodic metal hole array with an incident plane wave, can be con-

sidered a representative indication of the spectral response of a plasmonic-enhanced

photodiode, when illuminated by a broadband source in the direction normal to the

surface. For this reason, the effect of the metal hole array on the LED photocurrent

signal was first evaluated. A device, with a triangular array of period a = 1.07 µm

and hole diameter d = 0.47 µm, was illuminated by a Globar broadband source and the

photocurrent was measured by an FTIR spectrometer. The photocurrent spectrum is

plotted in Figure 7.15 and clearly shows the optical filtering effect of the patterned metal

hole array, with a 30 % reduction of the spectral response when compared to a refer-

ence unpatterned device. The photocurrent peak wavelength is in good agreement with
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Figure 7.15: Measured photocurrent (PC) spectrum from an AlInSb LED, with a
triangular-lattice metal hole array patterned on the top surface, when illuminated by a
Globar broadband source. Compared to a reference LED, the patterned LED has a 30 %
narrower bandwidth, showing the optical filtering effect of the metal hole array. The
wavelength of the peak photocurrent intensity is in good agreement with the resonant
wavelength expected from a triangular-lattice array of period a = 1.07 µm, of which the
measured reflectance spectrum is plotted on the right axis.

Figure 7.16: Simulated electric field intensity along the z direction |E|2, with strong
enhancement limited to 200 nm from the metal-semiconductor interface.

the reflectance spectrum of the metal hole array measured on the same device, which is

shown as well in Figure 7.15 for comparison. However, no absolute spectral enhancement

is observed from the device with the patterned metal hole array. This was attributed

to the poor spatial matching between the LED active region and the region of field

enhancement associated with the plasmonic mode at the interface with the patterned

metal layer. The FDTD simulation of the electric field distribution in the proximity of

the holes confirmed that the intensity in the z direction decreases exponentially with the

distance from the interface, as plotted in Figure 7.16, showing that the region of strong
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field enhancement is limited to the first 200 nm from the metal-semiconductor interface.

Therefore, the location of the device active region is essential for the efficient coupling

to and from the exponential tail of the plasmonic mode. To overcome the poor spatial

matching, a new wafer was designed with a p-doped contact layer only 150 nm thick. In

order to compensate for the reduced thickness and avoid prohibitively high sheet resis-

tance of the p-type contact layer, which will significantly affect the current spreading

across the device area, the doping concentration was increased to 3× 1018 cm−3. The

fabrication of plasmonic patterned LED on the new wafer is currently ongoing and is ex-

pected to show a more pronounced enhancement of the spectral response at the resonant

wavelength of the metallic hole array.

In case of a LED device, the optimisation of a 2D-periodic metal hole array for enhanced

emission is more challenging because the photons are emitted isotropically within the de-

vice active region and, therefore, impinge on the semiconductor-interface within a range

of incident angles. As a consequence, the momentum matching condition discussed in

Equation 7.3 occurs for shorter wavelengths, making the patterns optimised for trans-

mittance at normal incidence ineffective for the LED light extraction. The electrolumi-

nescence (EL) spectra from the patterned LEDs were measured at room temperature

with an FTIR spectrometer as described in Section 4.2.2. The devices were biased with

a square modulated signal at 10 kHz, 10 % duty cycle and 100 mA peak current. The

measured spectrum from an LED with a square array of period a = 1.07 µm and hole

diameter d = 0.47 µm is plotted in Figure 7.17, showing only marginal spectral narrow-

ing and emission enhancement at 4.26 µm compared to a reference unpatterned LED.

Despite this, it is worth noting that the majority of the top surface of the LED is covered

by the metal hole array, as shown in Figure 7.14, which has a fill factor of only 16 %,

suggesting a contribution from the EOT through the metal hole array.

A 3D FDTD simulation was set up to evaluate the theoretical extraction efficiency

of the measured structure. The LED isotropic emission was modelled by performing

a set of simulations with a dipole source swept through different locations and orien-

tations with respect to the array square lattice [11, 182]. As large simulation volumes

and a fine mesh in the z direction are required, the lateral area of the simulation do-

main was mainly determined by the computational time. The extraction efficiency was

calculated from the power flux extracted from the structure in the vertical direction

with respect to the overall power emitted from the source. The extraction efficiency

enhancement as a function of wavelength is calculated by averaging the results for each

dipole orientation and location, and dividing it by the results for a non-patterned LED.

The modelled extraction efficiency enhancement for a square-lattice metal hole array

with period a = 1.07 µm on AlInSb is plotted in Figure 7.18, showing that the peak

enhancement is found at significantly shorter wavelengths (λpeak ≈ 3.7 µm) and that
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Figure 7.17: Measured electroluminescence (EL) spectrum of an AlInSb LED with
a square-lattice metal hole array patterned on the top surface. The array period is
a = 1.07 µm, which is expected to give a resonant wavelength of 4.26 µm according to
Equation 7.4. Compared to a reference LED, the patterned LED shows only marginal
emission enhancement and spectral narrowing.

Figure 7.18: Simulated extraction emission enhancement for an AlInSb LED pat-
terned with a square-lattice metal hole array of period a = 1.07 µm. The peak en-
hancement is shifted to shorter wavelengths due to the range of incident angles of the
LED isotropically emitted photons.

no enhancement is predicted at 4.26 µm. Figure 7.19 illustrates the amplitude of the

transmitted electric field in the x-y plane at the wavelength of maximum enhancement,

in case of both a bare AlInSb substrate and a square-lattice metal hole array.

The results of these simulations suggest that the array needs to be designed with a

longer periodicity in order to obtain the predicted extraction efficiency enhancement at

the target wavelength of 4.26 µm. Ultimately, an optimal array pattern could be de-

signed with a pseudo-random distribution of array periodicity to enhance the coupling

of photons emitted in a wide range of incident angles.
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Figure 7.19: FDTD simulation results of the transmitted electric field in the x-y plane
at the wavelength of maximum enhancement in case of (a) a bare AlInSb substrate and
(b) a patterned substrate with a square-lattice metal hole array of period a = 1.07 µm.
The source is an electric dipole polarised along the x axis.

In conclusion, the integration of 2D-periodic metal hole arrays on mid-infrared active

optical devices is a promising approach for the enhancement of light coupling and ex-

traction. This technique is of particular interest at mid-infrared wavelengths, were the

feature sizes and geometrical constrains for an efficient coupling design are relaxed com-

pared to visible wavelengths. A fabrication process based on electron-beam lithography

and metal lift-off was developed for the pattern definition, giving well controlled results.

The analysis of the geometrical design parameters and their effect on the spectral re-

sponse of the periodically patterned metal thin films was performed by Finite-Difference

Time-Domain (FDTD) modelling and good agreement was found between the simu-

lated response and the measured transmittance spectra of the fabricated patterns. The

integration of 2D-periodic metal hole arrays on AlInSb LEDs confirmed their optical fil-

tering properties, which can be beneficial for the wavelength selectivity of the target gas

absorption line. However, a significant absolute absorption/emission enhancement was

not observed from the patterned devices. The implementation of an optimised design

with a thinner p-type contact layer and a detuned array periodicity is expected to give

a stronger enhancement of the spectral performance of mid-infrared AlInSb LEDs.
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Conclusions and Future work

Antimonide-based light-emitting diodes (LEDs) with efficient emission in the 3–5 µm

mid-infrared spectral range are a valuable technology to improve the performance of

optical gas sensor. In fact, the replacement of thermal components in conventional

infrared optical sensors with high performance semiconductor-based LEDs and photo-

diodes offers substantial advantages in terms of power consumption, response time and

wavelength selectivity. The factors that still limit the performance of LEDs emitting in

the mid-infrared wavelength range are the low internal efficiency, related to the domi-

nant non-radiative recombination mechanisms in narrow bandgap semiconductors, and

the ineffective out-coupling of photons generated within the high refractive index mate-

rial, which sets the extraction efficiency to about 1 %.

AlInSb-based p-i-n diode heterostructures, with a thin barrier of wider bandgap material

to confine the carriers in the active region and reduce the thermally generated carriers,

allow room temperature operation of LEDs and photodiodes in the 3–5 µm mid-infrared

spectral range. These devices are employed by Gas Sensing Solutions Ltd. in their

commercial optical gas sensors for the detection of CO2 concentration. The AlInSb

LEDs have an emission spectrum centred at 4.26 µm, aligned with the CO2 absorption

lines, with a total emitted power of 6 µW and an external quantum efficiency of 3× 10−5.

The main objective of this project was to improve the performance of the AlInSb LEDs,

achieving a higher optical output power at the target wavelength of 4.26 µm, while main-

taining a low electrical input power, essential requirement for applications in portable

and autonomous CO2 optical gas sensors. For this purpose, three main approaches were

investigated:

• the improvement of the diode epi-layer structure for enhanced electrical and optical

performance;

129
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• the optimisation of the LED device geometry design to achieve a uniform distribu-

tion of the bias current which leads to an efficient use of the device area for light

generation;

• the integration of techniques for overcoming the intrinsic low extraction efficiency

from high index semiconductor material through optical scattering, interference

and resonance effects.

The direct involvement of the industrial partners in the project was fundamental to

ensure that the prototype devices met the application requirements from an early stage

of the research.

The main contributions of this research towards the implementation of efficient room

temperature operation of mid-infrared AlInSb LEDs are highlighted in the following:

Fabrication Development. A robust and repeatable fabrication process was developed

based on standard III-V semiconductor materials processing techniques, while keeping

in mind the constraints related to the handling of the particularly soft and brittle AlInSb

material and the relatively low temperature budget of 120–150 ◦C to avoid surface degra-

dation of the processed material. A citric acid/hydrogen peroxide based wet etch recipe

was characterised and optimised to achieve a reliable process characterised by:

• an etch rate of about 20 nm/min that allows a reasonable etching time for the

thick epi-layer structure;

• a sloped sidewall profile suitable for subsequent fabrication steps, including passi-

vation and metal deposition;

• a minimum selectivity to aluminium composition, to avoid re-entrant profiles at

the wider bandgap barrier.

Additionally, an ICP-RIE dry etch process based on CH4/H2/O2 plasma was investi-

gated with promising result. An etch rate of 50 nm/min, with a smooth surface mor-

phology and vertical sidewalls were achieved while maintaining the sample temperature

below 120 ◦C.

Ti/Au ohmic contacts with low specific contact resistance (in the order of 1× 10−6 Ω cm2)

were characterised on both p-type and n-type AlInSb material as a function of the doping

concentration in the contact layers. The established processing guarantees repeatable

electrical and optical performance of the fabricated LED devices.

Epi-layer Optimisation. Key understanding was gained on how different design parame-

ters affects the LED electrical and optical performance. In particular, an increase of the



Chapter 8. Conclusions and Future work 131

doping concentration in the contact layers to 1× 1018 cm−3 translated into a 1.5 times

stronger emission intensity at 4.26 µm, as a result of:

• lower sheet resistance of the top p-type contact layer that has a positive effect of

the bias current spreading;

• lower series resistance , which reduces the Joule heating and the associated non-

radiative recombination mechanisms.

Additionally, the reduction of the active region thickness from 1 µm to 200 nm resulted

in no degradation of the electrical and optical performance of the LED, while proving

beneficial for the design of resonant-cavity LEDs. Moreover, the n-type contact layer was

reduced from 3–3.5 µm to 2 µm. This thickness still guarantees the relaxation of the epi-

grown AlInSb material to an acceptable level, as no significant variation of the surface

morphology and of the LED electrical performance were observed, while significantly

reducing both the growth and the etching time for production devices.

Current Crowding. Experimental results show that the current crowding effect around

the top electrode can represent a significant performance limitation for top-emitting

long wavelength LEDs operating at room temperature. This effects is due to the lateral

injection geometry and the relatively high resistance of the p-type doped contact layer,

and needs to be properly addressed when designing efficient devices. LEDs in a range of

sizes and with variable electrode patterns were characterised, and the current crowding

effect was demonstrated to be particularly severe for large area devices at high injection

current levels. Therefore, the reduction of the LED mesa lateral dimension to 200 µm

resulted in devices with a more uniform current spreading and higher emission inten-

sity under the same electrical bias conditions. At the same time, spatial photocurrent

measurements were performed to confirm the current density distribution profiles and

allowed the design of an improved top-contact grid geometry that leads to a more uni-

form current spreading across the device area and allows a factor of three improvement

of the emitted intensity from LEDs with 800 µm mesa width.

Resonant-Cavity LEDs. A Resonant-Cavity LED structure was designed and imple-

mented with the integration of a lattice-matched AlSb/Ga0.9In0.1Sb Distributed Bragg

Reflector between the substrate and the LED active layers. The resonant-cavity design

is a particularly effective geometry for overcoming the low extraction efficiency of high

index semiconductor LEDs. The advantage of this geometry, in fact, is twofold: the

distributed Bragg reflector helps redirecting the isotropically-emitted photons towards

the top surface of the device, while the cavity design adds a resonant effect that en-

hances the light emission at the designed resonant wavelengths. A solid methodology
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was implemented for the modelling of the structure spectral response and iterative de-

signs and growth runs allowed to optimise the active region position within the cavity

and the DBR mirror alignment. This resulted in the successful implementation of RC-

LEDs with breakthrough performance improvement over non-resonant AlInSb LEDs,

the main features being:

• A three-times enhanced emission intensity at the target wavelength of 4.26 µm;

• A five-times reduction of the full-width half-maximum of the emission spectrum

compared to a non-resonant LED. The emission linewidth is determined by the

cavity quality factor and can be designed to match the target CO2 absorption line,

with substantially improved noise performance of the gas sensor;

• A ten-times improved peak emission wavelength stability that guarantees high

sensitivity to CO2 across a wide range of operating temperatures.

Plasmonic-enhanced LEDs. Finally, the integration of 2D-periodic metallic hole arrays

was investigated as a promising approach for the enhancement of optical extraction from

AlInSb LEDs. A fabrication process based on electron-beam lithography and metal lift-

off was developed for the pattern transfer on GaAs and AlInSb substrates, with well

controllable and repeatable results. The effect of the geometrical design parameters of

the metal hole arrays were analysed by Finite-Difference Time-Domain (FDTD) mod-

elling and good agreement was found between the simulated response and the measured

transmittance spectra of the fabricated patterns. The integration of 2D-periodic metal

hole arrays on AlInSb LEDs confirmed their optical filtering properties, which can rep-

resent a significant advantage for both LEDs and photodiodes for optical gas sensing, as

the spectral response can be tuned and shaped by changing the metal hole array geomet-

rical parameters. An optimised design with a thinner p-type contact layer and a detuned

array periodicity is currently under investigation to achieve a better spectral and spatial

matching between the plasmonic mode and the LED active region. This would result

in an enhanced optical emission intensity at the resonant wavelength, thanks to a more

efficient extraction of the photons emitted above the critical angle.

The optimisation approaches and techniques developed during this work through device

modelling and prototyping were transferred by the industrial partners to production

devices to be tested in their final gas sensor configuration. LEDs with 1× 1018 cm−3

doping concentration and 200 µm mesa width have already been implemented in produc-

tion devices by Gas Sensing Solutions Ltd. proving excellent performance, with 2-times

stronger emitted power and 50 % reduced noise across the whole temperature range of

operation. Research is currently ongoing to finalise a suitable design for the transfer of
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the RC-LEDs configuration to mass production. The advantaged of RC-LEDs in terms

of enhanced intensity at 4.26 µm, spectral narrowing of the emission spectrum and im-

proved temperature stability can represent a disruptive progress in the performance of

CO2 optical gas sensors. This would allow Gas Sensing Solutions to expand their cur-

rent market and exploit different applications that require high resolution and low noise

devices.

Undoubtedly, this research project has opened up different options that can be further

explored for the development of efficient AlInSb LEDs. The research activity is still

ongoing, with the employment of a new Ph.D. student who will continue the current

research activity. Additional funding opportunities are also being evaluated together

with Gas Sensing Solutions to explore novel device geometries. The main aspects that

are currently investigated and will be subject of future research activities include:

• The integration of a double heterostructure and multiple quantum wells in the LED

active region to achieve higher carrier confinement and injection efficiency. The

research activity is currently in progress and preliminary results have confirmed

numerical simulation by showing a three-times improved emission intensity from

devices with seven repetitions of GaxIn1−xSb/AlyGazIn1−y−zSb quantum wells.

However, further investigation is necessary to reduce the high LED series resistance

and make this devices compatible for mass production.

• An optimised resonant-cavity design for an LED emitting through the substrate,

which can potentially result in more than 10 times enhanced emission intensity of

the designed resonant wavelength.

• The extension of the resonant-cavity LED design to other mid-infrared wave-

lengths. The current design, optimised for the detection of CO2 at 4.26 µm, can be

modified to give maximum emission at different wavelengths in the mid-infrared

range by adjusting the aluminium composition of the LED active layers and the

thickness of the DBR mirror layers. Successful results have already been achieved

at 3.3 µm for CH4 detection. Other particularly interesting wavelengths are 4.6 µm

and 5.3 µm, where CO and NO have their main absorption lines, respectively.

• The further investigation of the integration of plasmonic metallic hole arrays on

the top surface of mid-infrared LEDs to better understand their contribution to

extraction light enhancement.

• The implementation of the investigated techniques to AlInSb-based photodiodes.

In fact, similar considerations in terms of current spreading and coupling of incident

radiation can be applied to the photodiode, which will benefit from an optimised
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contact geometry and a resonant-cavity design for enhanced response and wave-

length selectivity. This would translate into a further performance enhancement

when the whole LED-photodiodes system is considered.
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