The
University

Sheffield.

Simulation of lattice matched
InAs/GaAso.00Sbo.o1 Type 11
Superlattice Photodetectors

By:
Elizabeth Stark

A thesis submitted in partial fulfilment of the requirements for the degree of
Doctor of Philosophy

Submission Date

24" June 2021






Contents

ACKNOWICAEIMENES. ...\ttt ittt ettt et ettt et et et et et et et 5
List Of PUDLICALIONS . ...utitit ittt et et et et et et et e et e e e 5
N 01 1 O 7
LSt Of SYMDOIS ... .utntit e e 9
1 INtrOAUCTION. .. e e 11
1.1 Quantum wells and superlattices..........c.viriiiiiiiiiii e 12

1.2 Photodiode CharaCteriStiCs. . ... ..uuueutneenititit ettt 18

1.3 Photodiodes significant in literature...............ooooviiiiiiiiiiiiiiiiii e 19

L4 SUMMATY ..ottt e e et e et e e 27

1.5 MOtIVALION. ..ttt e 27

1.6 TRESIS OVEIVIBW. .. . euttinet ettt et e et 28

2 Background theory........c.ovuiiiiii i e 33
2.1 Wavefunctions and wavefunction overlap.................ocooeiiiiiiiiiiiiiinnn, 33

2.2 Periodic bouNdaries. ... .....eiuiiee e 34

0 T (G oI 1< ) 35

PR @01 (o7:1 ;1 o1-Ye) g 15 o) s WN 37

2.5 Current density SIMUIALIONS. ......iuititi et aere e 39
2.6 Temperature and bandgap relationship............ccovviieiiviiiiiiiniii e, 42

2.7 PN and PIN photodiodes. .......ccoviiiiiiiiiiiiii e 43

2.8 Dark current in photodiodes..........c.ovviiiiiiiiii e 45

2.9 Barrier photodiodes current density behaviours..................c.oooi 47

2.10 Infrared radiation...........ooueiniinii i 47

2,11 SUMIMATY ..t e ea 48

RETOIENCES. ...t e 50

3 Simulation details and experimental methods................ooooiiiiiiiiiiiiii i 51
3.1 Nextnano++ superlattice structure definition ..................oooiiiiiiiiiiiinn, 51

3.2 Nextnano++ current SIMulations. ...........oviiiiiii e 52

3.3 Optical calculations. .......c.oouiiiiie e 54

3.4 Sample fabrication. ........c.ooiuiiiii i e 55

3.5 Dark current Measurements. ... ....vvueutueenintat ittt eaeeeaeeeenens 60

3.6 Blackbody photoresponse measurements. ... .....vuveeereeereereenennerneanennennennn 61
REETOINCES. ...t 64

4 Design of lattice-matched InAs/GaAsg.0oSbo.oi type II superlattice photodetectors.........65
4.1 TNtrOdUCHION. . et 65

4.2 Model details and verification................oiiiiiiiiiii i 66

4.3 Simulated Results.........o.oiii i 69



O B Yot 8 113 (o) o WP 77

4.5 CONCIUSIONS. ..ttt ettt e et 79

RefTONCES. ... et 79

5 Temperature dependence of InAs/GaAso9Sboor superlattice cutoff wavelength and
absorption coefficient SIMUIAtIONS. ... .....iiiiti i 81

5.1 INtrOdUCHION. ... et 81

5.2 Model Validation...........ouieinini e e 81

5.3 Temperature dependence of cutoff wavelength simulation .......................... 83

54 CONCIUSIONS. . .. .eeei e e e 94

REfIeNCE. ... et 95

6 Temperature dependence of bandgap and current density simulations....................... 97
6.1 INtrOdUCION. . ....ee e 97

6.2 Current density model validation...............ccoviiiiiiiiiiiiiii e 98

6.3 Current densSity TeSUILS. ... .oviieiit ittt 105

6.4 Comparing InAs/GaAsSb superlattices with the same cutoff wavelength at

07 111

6.5 CONCIUSION. ...ttt ettt ae s 117

RETOIENCES. ..ottt 118

7 Fabrication and blackbody response of InAs/GaAsSb superlattice ......................... 119
7.1 INtrOAUCION. .. e ettt e 119
7.2 Wafer details. ... ..o 120

7.3 XRD simulations of wafer SF1625 ... 124

7.4 Low Temperature current voltage measurements ............ooeevevueeieennenennnn. 126

7.5 Blackbody emitter photoreSPONSe .......cvevvivviiriiiiitieieeeeie e ieeees 129

7.6 CONCIUSION. ...ttt 132

RETETOINCES. ...t 134

8 Conclusions and future plans .............oooviiiiiiiii e 135
8.1 CONCIUSIONS. ... ettt 135

8.2 FULUIC PlaNS. .. .eteetit ittt et 137

REETONCES. ...t e, 140

Appendix A- The parameters used in nextnano++ simulations.................cooeviiciiinn 143
Appendix B- The parameter script used in nextnano++ simulations ...................c.oeveennn. 144



Acknowledgements

I would like to express my thanks to Prof. Chee Hing Tan for supervising and supporting me
throughout my PhD. I truly appreciate your advice and guidance throughout my studies. I would
also like to thank Prof. Jo Shien Ng and all the members of the advance detector centre group past
and present, especially Dr Vladimir Shylak, Dr Leh Woon Lim and Mr Jonathan Taylor-Mew for
their help and advice on the fabrication of the samples in this thesis. Special thanks is given to Dr
Jon Petticrew for reading the many drafts of this thesis and helping this dyslexic’s writing make

sense to other people.

I would like to express my gratitude to Chris Maxey from Leonardo for giving this work
industrial relevance, and funding this project. A studentship from the EPSRC and CASE funding

has also been gratefully received.

This work would not have been possible without the National III-V Centre, with a special thanks
to Dr. Edmund Clarke and Dr Pallavi Patil for growing the wafers in this thesis, and also Dr.

Rob Airy and Saurabh Kumar for fabrication advice and training.

I also need to express thanks to Dr Stefan Biner and the rest of the team at nextnano for their help
and advice on the simulations in this thesis.

My final thanks are to my friends, family for their support during my PhD and the members of 5
Sheffield Guide Unit for keeping me grounded.

List of Publications

Poster presentations:

E. Stark, B. White, and C. H. Tan, “Evaluation of cut-off wavelength of lattice matched
InAs/GaAso.00Sboor type Il superlattices” poster presentation UK compound semiconductors
conference, Sheffield, UK, July 2019.

Journal Presentation:
E. Stark, and C. H. Tan “An evaluation of the cut-off wavelength of lattice matched
InAs/GaAso09Sboor type Il superlattices in the MWIR, LWIR, and VWIR.” manuscript in

preparation for submission.”






Abstract

Type II superlattices (T2SL) are important as an alternative to Mercury cadmium telluride (MCT)
photodetectors. MCTs offer some of the best performance figures, but are restricted in use due to
cost, and the phasing out of Mercury containing products in the EU from 2017. T2SLs have
several advantages over MCTs including cheaper lattice matched substrates, less sensitive
structure composition and reduced auger recombination. InAs/GaAsoosSboor T2SLs are lattice
matched, resulting in photodiodes grown with fewer defects in the crystal structure. In this thesis
the cutoff wavelength, absorption coefficient and current-density of InAs/GaAso.9Sbo.or
superlattices were simulated using the program nextnano++. Models were used first were
validated by benchmarking against published results. Simulations of a wide range of T2SL
structures were performed to identify the document design parameters that controls the cutoff
wavelengths, absorption coefficients and dark current densities. This offers the opportunity to
choose the best structure for the desired wavelengths before growth and fabrication, which

incurred high cost.

Simulations showed, nextnanot++ could produce excellent agreement to measured cutoff
wavelengths (L) of InAs/GaAso0sSbooi T2SLs in the mid wavelength infrared (MWIR), long
wavelength Infrared (LWIR) and very long wavelength infrared (VLWIR). The
InAs/GaAso.09Sboor T2SLs simulations achieved the LWIR and VLWIR ranges with superlattice
quantum well (InAs) thickness between 12 -20 monolayers (MLs). The simulations indicated the
cutoff wavelength of the superlattice had a greater dependence on the thickness of the InAs well.
For example using a fixed 7 ML InAs as the quantum well, changing the GaAsSb barrier
thickness from 7 to 20 ML, only resulted in A changing from 4.64 to 4.7 um at 77 K. On the other
hand, for a fixed 7 ML of GaAsSb barrier, changing the InAs well from 7 to 20 ML shifted Ac
from 4.64 to 10.5 um at 77 K. Simulations of absorption coefficient for InAs/GaAsy.0oSbo.oi
T2SLs at multiple temperatures showed that more symmetrical superlattice periods had higher

absorption coefficients at all the temperatures simulated.

The temperature dependence of A. and absorption coefficients was simulated in a wide range of
T2SL designs. The results show stronger temperature dependence of these parameters when the
thickness of InAs is changed. The change in A. is stronger in designs with a longer A.. For instance
in a VLWIR design with 20ML InAs/20 ML GaAsSb A. increases from 18.5 um at 77 K to
35.0 um at 300 K. In a MWIR design with 7 ML InAs/7 ML GaAsSb A. only increases marginally
from 4.6 to 5.7 um over the same temperature range. When different designs with similar cutoff
wavelengths are compared, the temperature dependence behaviours are similar. However, T2SL

designs with a more symmetrical design shows higher absorption coefficients across all



temperatures simulated. A 16ML InAs/10 ML GaAsSb T2SL show higher absorption coefficients
than a 20 ML InAs/7 ML GaAsSb T2SL, although they have similar A. The temperature

dependence of dark current was also investigated.

Finally an LWIR InAs/GaAso.00Sbo.oi PIN structure with a superlattice i-region and bulk p and n-
regions to act as barriers was fabricated. Simulations suggested the sample had a cutoff
wavelength at 9.5 um whereas the photo response from the blackbody emitter indicated that the

peak photoresponse signal is at 9-11 um.
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1 Introduction

Photodetectors are often made from semiconductor material. They convert light into electrical
current, referred to as photocurrent. This is achieved by taking advantage of the photoelectric

effect. Light is made of particles, called photons, which have discrete energy (Ephoton) Of,

hc
Ephoton = 7

(1.1)

where h is Planck’s constant (6.626x10* Js), c is the speed of light in a vacuum (3x10% ms™),
and A is the wavelength of the light. A photocurrent is induced when electrons in the valence band
are excited by the light into the conduction band. The bandgap, E,, of the material is the energy
difference between the highest occupied energy state in the valence band and the lowest
unoccupied energy state in the conduction band. The E, for semiconductors is smaller than the E,
for insulators and larger than the E, of metals. The wavelength of light a photodetector responds
to depends on E,. Only photons with energy greater than E, can excite an electron from the
valence band into the conduction band. E, corresponds to the high cutoff wavelength, Ac
represents the longest wavelength that can be absorbed and is defined by,

hc
Ac =

=%, -

(1.2)
The bandgaps of semiconductors are smaller than insulators and larger than metals.
Semiconductor bandgaps are small enough that a single infrared photon can give carriers enough
energy to promote the carrier into the conduction band. Binary semiconductors compounds are
commonly made from a group III element and a group V element. The smallest bulk binary I1I-V
material is InSb is 0.18 eV [1] this corresponds to a cutoff wavelength of 6.89 um which is just
inside the long wavelength infrared (LWIR) range. This means that photodiodes operating in the
longer wavelength range need to be made from non-binary semiconductors or use nano structures
to create smaller bandgap photodiodes. Pure semiconductors are called intrinsic, adding
impurities (dopants) to semiconductors change the electrical properties. Semiconductors with
dopants are called extrinsic semiconductors. Photodiodes can operate at several different
wavelengths of light which is dictated by the material the semiconductor is made from, the
dopants added to the material and any nanostructures that are included. Photodiodes are typically

categorised by their operating wavelengths as seen in Table 1.1.
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Table 1.1: The operating wavelength regions for optical detectors and the common applications

Operating Name Abbreviation Common application
Wavelengths
(pm)
1-3 Short Wavelength Infrared SWIR Long distance
communications [2]
3-5 Mid-wavelength Infrared MWIR Medical sensing, gas and
chemical detection [3,4]
6-14 Long Wavelength Infrared LWIR Thermal imaging, gas
detection [5]
>14 Very Long Wavelength VLWIR Spectroscopy, thermal
Infrared imaging, astronomy [6]

Short Wavelength Infrared (SWIR) photodiodes are mainly used in long distance optical
communications [2]. Mid-Wavelength Infrared (MWIR) photodiodes have many applications
such as: gas and chemical detection [3], and uses in medical sensing [4]. Long Wavelength
Infrared (LWIR) photodiodes have many uses including, gas detection, spectroscopy, and thermal
imaging. LWIR is particularly suited to thermal imaging of humans and animals due to the strong
water peak between 8-9 um [7,8]. The Very Long Wavelength Infrared (VLWIR) can be used for
many of the same uses as the other wavelength ranges. The VLWIR has further uses in astronomy
[6], where signals from distant galaxies are shifted into VLWIR due to the Doppler effect of the
expanding universe. Water has strong absorption peaks in VLWIR at 15 um, 20 um [7], which
correspond to the rotation of hydrogen around the oxygen molecule [8]. Hence VLWIR can be

used to measure water vapour in planetary atmospheres [9].

1.1 Quantum Wells and Superlattices

As the longest cutoff wavelength for bulk binary III-V semiconductors is 6.89 um non bulk
structures are used to achieve longer wavelengths. Quantum wells are heterostructures made from
a smaller E,; material, the well material, surrounded by a larger E, semiconductor material, the
barrier material. QW infrared photodiodes (QWIPs) were first reported in 1987 [10]. One of the
most common uses of QWIPs is in focal plane arrays (FPAs) for use in thermal imaging [11]. A
quantum well detector has a quantum confinement in one direction.

This confinement causes the quantum well to have discrete energy levels, as depicted in Figure
1.1. The transitions between the discrete energy levels fall into 2 main categories intraband and
interband transitions. Intraband transitions are transitions between energy levels inside the same
band (e.g. inside the conduction band) while interband transitions are transitions between energy
levels in different bands (e.g. transitions from the valence band to the conduction band) shown in

Figure 1.1.
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Figure 1.1: A Band structure diagram for a Quantum Well. The red dashed line shows the valence band and
the black solid line shows the conduction band. The blue arrow depicts an interband transition which is a
transition between energy levels in different bands. The purple arrow depicts an intraband transition, which

is a transition between energy levels inside the same band, e.g. inside the conduction band.

The energies of the electrons in a quantum well with infinite barriers can be approximated using

the quantum confinement energy, £,, equation below,

h? (np 1'[)2
" 2mr\ L,

(1.3)

where m* is the effective mass of the charge carrier, L., is the width of the quantum well, 7, is the
primary quantum number and h is the reduced Planck’s constant (1.0546x10% Js). There are fixed
energy levels in finite quantum wells. If the well is widened the energy levels decrease thus the

quantum well energy levels can be engineered by adjusting the thickness of the materials.

Wavefunctions are equations used to describe the state of the electron in the well. The square of
the wavefunction gives the probability of the position of an electron in a specific energy level.
Figure 1.2 depicts two multi quantum well structures. Figure 1.2(a) shows the squared
wavefunctions for the first three heavy hole and the first two electron energy levels inside a

structure with large barriers isolating the wells. Figure 1.2 (b) shows the first three heavy hole and
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the first three electron energy levels an squared wavefunctions for a structure with narrow
barriers. The squared wavefunctions have been shifted to line up with the energy of the
corresponding energy level. For the structure with large barriers (figure 1.2 (a)) the electron
energy levels are very spread out and the heavy hole energy levels are very distinct and separate.
From the square wavefunctions it can be seen that the wavefunctions do not leak through the
barriers to affect each other. Whereas for the structure with small barriers (figure 1.2(b)) the
wavefunctions decay into to the neighbouring wells affecting the energy levels, leading the
structure to act as a superlattice rather than isolated quantum wells. The wavefunctions for the
holes behave similarly, as the wells can be thought of as barriers for the holes. The hole energy

levels are also very close together and are acting like a small band of levels at a similar energy or

a miniband.
— 8 ———=— E3adyEd -
2 —_ CB i 2
—=—=— HH1 and y’HH1 b —— E3 and vE3
a) ———— Efandy’El — — — - HH2Z and y’HH2 ) A :E; ::;i wﬂg;
R T 2 ————- . + — W s W
E2 and y'E2 HH3 and y’HH3 51|ty (o o ot
i = |
11, e T e e s e e gt 08 ] o P
- N W NI« S [ W L o o, £
] 056 — —
) ~ T ) b
06 ] M..i____::z—a._»_/____:-_-—
. I~ ~ 04] —
i 04 ] ) M | —] E | —1—1 S~—rj
) 5 02 ~ a
g 0 y g /\ s Ll
w 0 i
0.0 pp— L 4= S } /_ 00 44— — e _\J al
I T S— 7 AT 5 Sy D, 7 [ b\ 4 —
~
02— NN} NIENT .r_:-_/_\_.: 021 | |Sdi> |
o o l l I I 0.4 I | I l | I
1| 1| L] N !
-08 . ; . . . L—— —_—— e —_— —_d
0 5 10 15 20 25 30 06 T
i 0 2 4 [ 8 10 12 14
Distance (nm)
Distance (nm)

Figure 1.2: The hole squared wavefunctions (HH1, HH2, HH3, HH4) and the electron squared
wavefunctions (E1, E2, E3), plotted with the band edges for the conduction, and heavy hole bands (CB,
HH), for (1.2 (a)) a multiple quantum well structure with 7 ML wells and 20 ML barriers, and (1.2 (b)) A

multiple quantum well structure with 7 ML wells and 5 ML barriers.

Superlattices are quantum wells with thin barriers and repeated many times. The layers in
superlattices are thin enough that the wavefunctions leak through the barrier enabling interactions
between neighbouring wells as seen in figure 1.2. These interactions lead to the creation of
minibands, minibands are made up of many energy levels that are close together combining to
form one large “band” of energies. The interband transition between the minibands determines the

E, of the photodiode.

Typical superlattices, have between 50 to 200 quantum wells [12,13], however recently larger
structures have been grown with over 300 periods [14]. In this thesis a superlattice period is
defined as the combined thickness of the well and the barrier together. The key difference

between isolated quantum wells and superlattices is the barrier width between the quantum wells.
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There are 3 types of superlattice Type I, Type Il and Type III. Type I superlattices contain a small
E; material like InAs (E;0.35 eV [15]) and a much larger £, material like AISb (E; 1.62 eV [15]).
The holes and electrons are confined to the smaller £, material. This means the E, of the
superlattice strongly depends on the E, of the well material. For example in an InAs/AlSb
superlattice the smallest energy transition is inside InAs.

Type II superlattices (T2SL) are made in two different band geometries, staggered and
misaligned. Both forms of T2SL depend on the well and barrier materials widths for its E,. This is
due to the top of the valence band and the bottom of the conduction band being in different
material layers. In misaligned T2SL, the separation is caused by the valence band in the well
material being lower than the conduction band in the barrier material. This leaves a gap in the
bandgap geometries which can be seen in Figure 1.3 (type II misaligned). Whereas in staggered
T2SL the top of the valence band in the well material is above the top of the conduction band in
the other material causing an overlap seen in Figure 1.3 (type II staggered). The separation of the
valence and conduction bands into opposite layers also separates the electrons and holes. This
results in the T2SL E, being sensitive to the thickness of both the well and barrier layers, this
means that £, can be tailored by altering the width of the wells or/and barriers in the superlattice
[13]. The E; can be small depending on the superlattice, meaning that T2SL photodiodes are

useful for long wavelength photodiodes as the energy of these transitions are small.

Typel Type Type I (staggered)

isali

Figure 1.3: The Band structures for the three main types of superlattice. The green lines represent
the effective conduction band (CB) and the effective valence band (VB). In Type I the electrons
and holes are both confined in the well material (InAs). In both type Il bandgap alignments the
electrons and holes are spatially separated, electrons are confined in the well material (InAs)

while the holes are confined in the barrier material (AlAso.16Sbo.ss and GaAsg.0oSbo.o1)
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The final type of superlattices is Type III, which will only be briefly mentioned as they cannot be
formed by III-V compounds. These structures are formed using a semiconductor like CdTe and a
semiconductor that behaves like a semimetal (HgTe). Semimetals have no Eg, the conduction band

and valence band are touching or have an overlap.
1.1.1 Auger recombination

An attractive characteristic of T2SL is the theoretical suppression of Auger recombination. Auger
recombination takes place when conduction band electrons recombine with holes in the valence
band. The energy released from this recombination is given to an electron (or hole) which is then
promoted to a higher electronic state. The energy is released as a phonon and the electron returns
into a lower energy state. Auger recombination has strong dependencies on both E, and
temperature. It is expected to be significant in small E, devices such as LWIR and VLWIR
photodiodes, as the smaller E; means the energy needed for Auger recombination to occur is also
smaller. In T2SL the spatial separation of the holes and electrons suppresses Auger recombination
mechanism 1 (Figure 1.4 (a)) as momentum is not conserved, reducing the probability of
occurring. In strained T2SL the differing lattice constants cause a split in the degeneracy of the
light hole band and the heavy hole band, which suppresses Auger mechanism 7 (Figure 1.4 b) as
it uses both hole bands. In the absence of generation-recombination and diffusion currents, Auger
recombination is one of the main contributors to dark currents [16]. By separating the hole bands
the Auger 7 mechanism has a higher activation energy, reducing the probability of occurring [17].
The Auger 1 mechanism determines the carrier lifetime for narrow FE, materials. Carrier
recombination lifetime represents the average time between a carrier being generated and the
carrier recombination. A structure with longer carrier recombination lifetimes is desirable, longer
carrier lifetime means there is less generation-recombination dark current. Auger 1 recombination
for an electron is seen in Figure 1.4 (a), Auger 1 recombination is dominant in n-type material.
Auger 7 recombination is dominant in p-type material, the mechanism is seen in Figure 1.4 (b).

(a) (b)

we  Conduction Band
mee  Heavy Hole Band

=== Light Hole Band

Energy (eV)
Energy (eV)

r r
k k

Figure 1.4: Diagrams of Auger 1 (a), and Auger 7 (b) recombination mechanisms. The holes are

represented by the white circles and the electrons are depicted by the black circle
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1.1.2 Superlattice photodiodes in literature

Since they were first introduced in 1977 [18], T2SL photodiodes have been gaining interest, as an
alternative to Mercury Cadmium Telluride (MCT) detectors. There are increasing restrictions on
the uses of mercury and cadmium in products used and sold in the EU [19], due to their
environmental effects [20]. So finding material systems that are potentially equivalent or better
than MCT for photodetectors is increasingly important.

InAs/GaSb superlattices are seen as a promising alternative to MCT detectors [21,22]. InAs/GaSb
T2SL structures are lattice mismatched to GaSb. The strained superlattices can achieve a wide
range of E, due to the engineering of the type Il band alignment. A thin layer of InSb is often
grown at the InAs/GaSb interfaces to help balance the strain of the superlattice [23]. InAs/GalnSb
is another lattice mismatched system. The lattice mismatching causes the suppression of Auger
recombination and tunnelling currents. This suppression results in improvements in the Auger
limited minority carrier lifetimes [22]. InAs/GalnSb superlattices £, can be engineered for the
LWIR and VLWIR, the early results for InAs/GalnSb is T2SL were in the LWIR. One of the first
reported results was in 1996, this device achieved a quantum efficiency of 20 % at 7 um [24].
Modelling of VLWIR on structures with InAs/Gagolno.;Sb and InAs/Gag.75Ing2sSb showed that
higher Indium content was favourable [25]. The InAs/Gag.7sIng2sSb superlattice had a carrier
lifetime of 140 ns compared to 5 nsseconds for a superlattice of InAs/ Gagslng.1Sb. This is due to
the larger strain in InAs/Gag 75sIng25Sb causing a larger splitting between the heavy hole and light

hole valence band.
1.1.3 MCT comparisons to superlattices

MCT is the most developed photodiode material for the LWIR and the one which III-V
photodiodes are compared against. The first MCT photodiodes were developed in 1962 [26,27],
the large detection range of MCT, 0.2 um to 25 um, led to MCT photodiodes being common, and
commercially available [28]. One disadvantage to MCT photodetectors is the high level of
precision needed in MCT growth. A small fluctuation in the composition of a MCT photodiode
has a larger change in the cutoff wavelength than a similar fluctuation in the composition of a
T2SL photodiode [29]. This issue is particularly significant in VLWIR detectors. A further
disadvantage is the strict management controls required, due to the toxic nature of MCT
processing, making it unsuitable for large-scale manufacturing. Manufacturing, and operation, are
also limited to low temperatures as mercury dissociates at room temperature. (250 K is considered

high operating temperature for MCT [30].)
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1.2 Photodiode characteristics

There are several different characteristics that can be used to analyse the quality of photodiodes.
This section contains explanations of the different photodiode characteristics and how those

properties are calculated.

1.2.1 Quantum efficiency

Quantum efficiency (QE) is used as an indicator of photodiode quality. The definition of QE used
in this work is the fraction of incoming photons that are converted into detected signal. QE () is

defined by the equation,

_ Resp

Rmax

(1.4)

where R., is the measured responsivity and Ru. is maximum theoretical responsivity.
Responsivity compares the amount of electrical current a detector outputs compared to the optical

power that is input. Responsivity has the units AW and is defined as,

I(pht)

esp — p(optical)

(1.5)

where I(pht) is the photocurrent of the device and p(optical) is the optical power of the incoming

light. The maximum responsivity has the units AW, and is defined as,

R _ A
max g 24(umwa-1)

(1.6)

where A is the wavelength of the incoming light in micrometres.

Figure 1.6 shows the QE of a MCT photodiode (the solid line) compared superlattice structures
shown by the symbols [13,31, 43]. InAs/GaAsSb superlattices are represented by the stars,
InAs/GaSb the circles and InAs/InAsSb are represented by the squares. As can be seen in Figure
1.6 several of the superlattice photodiodes achieve performance within 10 % of the MCT QE.
However, further research is needed to further improve superlattice photodiodes quantum

efficiency to challenge the more mature MCT material system.
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Figure 1.5 The Quantum efficiency of a LWIR MCT photodiode plotted against Wavelength in comparison
to LWIR III-V T2SL photodiodes [13, 31-43]

1.3 Photodiodes significant in literature

1.3.1 Rule 07

Rule 07 is an extrapolated rule, created in 2007, predicting the behaviour of MCT photodiodes
[44,45]. Figure 1.7 shows dark current predictions of rule 07 compared to different superlattice
dark currents. The graph includes InAs/GaSb photodiodes [13,32,36,37,38,46,47,48],
InAs/GaAsSb T2SL photodiodes [32] and structures containing barriers [31,34,39,43,49]. There
are several superlattice photodiodes with current densities less than MCT, many of these
structures (depicted by a square symbol) include barriers in the design. Barriers reduce charge
carrier flow in one direction. This will be expanded on later in section 1.4.5. Several of lower
current density photodiodes are InAs/GaAsSb superlattice structures which will be investigated

further in the results chapters in this thesis.
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Figure 1.6: Dark current density Rule 07 plotted against Wavelength for comparison to T2SLs III-V dark
current density [13, 31, 32, 34,36-38,40,42-49]

1.3.2 InAs/GaSbh superlattice photodiodes

InAs/GaSb superlattices are one of the most common T2SL photodiode structures. The
InAs/GaSb superlattice system is a strained superlattice due to the materials' different lattice
constants. Strained superlattices have the benefit of suppressing the Auger mechanisms as
described section 1.1.1. Experimental evidence of the theoretical Auger recombination
suppression has not been demonstrated, though this could be due to the poor quality of current
photodiodes [50].The strained superlattice leads to a wide range of E.. Significant InAs/GaSb

superlattices photodiode papers are summarised in Table 1.2.
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Table 1.2: Summary table of key InAs/GaSb papers and their key properties at 77 K

Paper | Bias | Wavelength | Dark Quantum | Responsivity | Resistance | Detectivity | Reference
(mV) | (Hm) Current | efficiency | (AW™) Area (cm-Hz!?
density | (%) (Qcem?) w1
(Acm)
A 0 15 1.1x10¢ | 66 [41]
18 45
B 110 | 12 [51]
C 0 14.5 5x107 41 [52]
D 8.1 3.95 [39]
E -50 7.3 4.5x10' [34]
+100 | 10.5 1.3x10'°
F 20 8.5 9.9x10%° 1.5 1.4x10* [53]

Paper A which is summarised in Table 1.2 reports one of the best QE for VLWIR photodiodes.
For comparison a typically reported QE is about 35 % [54] and the value reported in paper A is
nearly double. The QE was measured at 15 um, but the cutoff wavelength of the device is 21 pm
this causes the responsivity to be high and gives a larger than typical QE. The current density for
the device is 1.1x10% Acm™ at 77 K and at 0 V this is higher than expected for a structure with a
barrier included. The structure of the device was 17 ML InAs/8 ML GaSb. The structure has a 1.6
ML InSb interface between the InAs and GaSb layers to balance the strain in the superlattice.
Balancing strain reduces defects such as dislocations in the material, improving the crystal
quality.

The photodiode in row B of Table 1.2 has a 17 ML InAs/7 ML GaSb superlattice structure similar
to paper A. The QE quoted at 12 pm is lower than the paper in row A. This is mostly due to the
structure not having any interface between the InAs and GaSb layers to balance the strain in the
structures, but is higher than expected for the LWIR.

The paper listed in C of Table 1.2 lists a very low current density for the LWIR. The paper has a
dual colour photodiode operating in the LWIR and the VLWIR [52] suggests that the lower than
typical current density is partly due to the very high crystal growth quality of the superlattice.

The device in row D of Tablel.2 is a PIBN design, the structure of this device can be seen in
Table 1.3. The barrier (B) region in PIBN is an M barrier; M barriers are explained in section
1.3.5.2. The importance of this structure is the operating temperature, 110 K, which is 30 K

higher than typical LWIR measurements, and room temperature operation is a key target for
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LWIR photodetectors. The responsivity reported of this device is at 80 K and is also high for

InAs/GaSb superlattices devices.

Table 1.3: The design details of the wafer in the D of Table 1.2[39]

Thickness Doping (cm™) | Superlattice period (ML)
(nm)
P-region 600 1x10'8 8/11 InAs/GaSb
I region 2200 p doped 1x10'* | 13/8 InAs/GaSb
B (barrier) | 500 2x10" 18/3/5/3
region InAs/GaSb/AlSb/GaSb
N-region 500 2x10'8 18/3/5/3
InAs/GaSb/AlSb/GaSb

The paper summarised in row E of Table 1.2 is about a dual colour detector that reacts in the
LWIR and the VLWIR. The LWIR part of the device has an absorption region of 2 um and a
period of 11 ML InAs/7 ML GaSb. Whereas the VLWIR section of the device has a superlattice
structure of 13 ML InAs/7 ML GaSb. This paper is of note as it has one of the best directivities
for this material structure, most likely due to the small size of the photodiode (12x12 pm?) and the
polishing wet etch. The polishing etch used in the fabrication of the photodiode helps smooth the
surface of the photodiode reducing the surface leakage of the photodiode, which improves the
dark current of the photodiode. Specific detectivity (D*) is calculated from the responsivity and
the noise of a detector. Noise is a signal that masks the photocurrent and determines the minimum
measurable signal of the device. It is an indicator of the signal to noise ratio of the detector

calculating the amount of power input into the detector against the internal noise.

The equation for specific detectivity is,

Rmax\/ (AD)Af

ln total

D* =
(1.7)

where Ryqx 1s the maximum responsivity, (4p) is the area of the device, Af is the change in
bandwidth (the range of frequencies the measurements covered), i o is the total noise of the

device.

The paper in row F of Table 1.2 has a complimentary barrier structure with an electron barrier of
the same superlattice material system but a different period of the structure. Complimentary
barrier structures are explained in section 1.3.5.3. This paper has a good resistance product area

at 0 V (RoA) for this material system and the LWIR.
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1.3.3 InAs/GaAsSb superlattices

InAs/GaAsSb is a lattice matched material system that can potentially produce photodiodes grown
with fewer defects, such as dislocations. Dislocations are caused by bonds breaking when lattice
mismatched materials are grown on one another. As illustrated in Figure 1.8 the lattice constant
varies depending on the semiconductor material, which affects the E,. Fabrication of high quality
photodiodes requires grown wafers to have high crystal quality. Therefore where possible lattice

matched material systems are preferable to achieve the highest quality semiconductor crystal.
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Figure 1.7: A Graph of the Eg of III-V semiconductors against the lattice constant [55].

InAs/GaAsSb superlattices have been gaining interest even though the absorption coefficient is
typically lower than InAs/GaSb superlattices [56]. The absorption coefficient depends on the
overlap of the squared wavefunctions of the 2 energy levels undergoing a transition. The larger
the overlap the greater the probability a transition between the two energy levels will occur.
Wavefunction overlap is not as large in lattice matched systems compared to strained
superlattices, as thicker superlattice is needed to achieve the same effective E,. Thicker
superlattice layers means there is a smaller wavefunction overlap as a larger proportion of the
wavefunctions are confined within the respective barrier or well.

Despite the smaller wavefunction overlap, high QE has been achieved in InAs/GaAsSb
superlattice LWIR photodiodes. An example of this high QE is a structure with a buffer layer of a
very different refractive index, made from highly doped InAs [33]. This caused the photodiode to
act similar to a resonant cavity causing the absorption coefficient of the sample to increase, thus
increasing the QE. At 77 K the device achieved a QE of 65% at 8.9 um. The device had a 7.28
pum thick absorption region, which would be difficult with a strained superlattice [33]. For
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comparison a typical QE for LWIR photodiodes is 36 % at 9 um at 80 K [57]. A good dark
current density for a InAs/GaAsSb with no barriers was 6.05x10° Acm™ at -30 mV with a
structure of 14 ML InAs/7 ML GaAsSb [58]

1.3.4 InAs/ InAsSb superlattice photodiodes

InAs/InAsSb superlattice structures gained interest due to the lack of Ga. “Ga free” structures
were proposed as a way to remove the issue of the natural p type doping caused by defects in Ga
based structures [59]. The absorption coefficient for InAs/InAsSb superlattices is 1500 cm™ at
8.2 um which is lower than other superlattice systems for the same Eg, for example the theoretical

absorption coefficient for InAs/InGaSb is 2000 cm™ at the same wavelength [60].

Table 1.4: Summary table of key InAs/InAsSb papers and their properties at 77 K

Paper | Wavelength Responsivity | Current density | Detectivity Bias Paper
(Fm) (AW (Acm?) (em-Hz">W) | (mV)

F Cut-off 13.2 6.3x10° 0 [61]
12.8 4.8 -300 [62]

H 7.5 5.4x10" [63]

The device summarised in row F of Table 1.4 is one of the better InAs/InAsSb dark current
densities. This is due to the structure having a 300 nm barrier of 8 ML AlAso.00Sbo.oi/ 9 ML GaSb,
the barrier blocks the flow of carriers reducing the dark currents. Another barrier including
structure mentioned in row G of Table 1.4 has very good peak responsivity 4.8 AW!
corresponding to a quantum efficiency of 46 % at -300 mV.

The paper reported in row H of Table 1.4 is of note as it has a higher detectivity than other
superlattice structures previously mentioned. This structure has a superlattice period of 28 ML

InAs/12 ML InAs.65Sbo.35.
1.3.5 Barrier Superlattice structures

Barrier including photodiodes have been steadily gaining interest since it was demonstrated in the
early 2000’s [64]. The nBn structure suppresses the dark current in the infrared photodetectors
due to the E, engineering [64]. There are several forms of barrier structures, some include large F,
structures to block carrier movement in both directions. Others contain complimentary barriers

which only block one form of charge carrier from flowing in one direction.

1.3.5.1 nBn designs

Unibarrier structures such as nBn were proposed to decrease both tunnelling currents and thermal

generation currents which are often a problem for narrowband structures. Thermal generation
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current is initiated by the thermal energy from the devices surroundings exciting carriers into the
conduction band. The bandgap structure of an nBn photodiode is depicted in Figure 1.9, the large
barrier in the conduction band block electron flow in both directions reducing the dark current of
the device. The barrier is designed to stop the formation of depleted regions in the active layers of
the structure thus suppressing generation recombination contributions to the dark current. The
first nBn structures was proposed in 1997 [65], and the first nBn structure was grown and

reported in 2006 [64,66].

2.5

T~

2.0 A

1.5
Conduction Band

Valence Band

1.0

Band energy (eV)

0.5 T— |

0.0 T T

\\ /1—

—_— —_—

‘05 T T T T T T T
0 20 40 60 80 100 120 140

Distance through structure (nm)

Figure 1.8: The band structure of an nBn photodiode

These early encouraging results have increased interest in the use of barriers to control the dark
current in photodiodes. An InAsSb/AlAsSb FPA with QE of 40 % at 9 pm comparative with
MCT was reported in 2017 [67]. Another paper from the same group reported a dark current
within 10 % of MCT performance [31]. A very high quantum efficiency of 65 % at 8.9 um was
reported in [70], for a structure of 800 periods with an absorption region made up of 22 ML
InAs/9 ML GaAsSb.

1.3.5.2 W and M designs

Another common barrier design is the so-called W or M structure, first proposed in 2006 [68].
These are superlattices which contain a large E, material, such as AlSb, inserted into the barrier of
the superlattice period blocking carrier flow in both directions. Figure 1.10 shows the band gaps

of the M structure superlattice and demonstrates why it’s called M structure.
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Figure 1.9: The band energy diagram of an InAs/GaSb/AISb to demonstrate the band structure of an M-

AlSh

AlSb

structure superlattice

The barrier material thickness is typically 5 ML thick [61]. An InAs/GaSb superlattice was
reported with a good responsivity of 3.95 AW at 8.1 um at 80 K. The structure was mentioned in
section 1.3.2, it has an InAs/GaSb absorption regions and the barrier “m” region contains a
superlattice consisting of 18 ML InAs/3 ML GaSb/5 ML AlSb/3 ML GaSb [39]. Results reported
in 2008 showed an InAs/GaSb structure with the same barrier region achieved a 20 % QE at
14.58 um [69]. This result is important as the paper reported a dark current density of
4.92 mAcm? and a RoA of 1.32 Qcm? which approaches the performance of MCT photodiodes

(1 Qcm? at 78 K) [44].

1.3.5.3 CBIRD structures

Complimentary barrier infrared detector (CBIRD) builds on unibarrier designs and were proposed
in 2009 [87]. The design has a barrier to block holes flow in one direction and a barrier to block
electron carriers in the other direction. This makes the CBIRD design an attractive option for the
long wavelength superlattice designs as it has been shown to reduce dark currents [53,70].
Commonly each barrier is made from a different period of the same superlattice system. The
different period gives the superlattice a different E,, if the E, is larger than the absorption region it
will act as a barrier.

A long wavelength CBIRD structure with a cutoff wavelength of 10 um was presented in 2012
[49]. The structure had an 80 period electron barrier 7 ML InAs/7 ML GaSb which is a variation
on the absorption region superlattice (14 ML InAs/ 7 ML GaSb). A CBIRD had a good RoA of
1.4x10* Qcm? and a dark current density less than 1x10° Acm™? at 0.18 V which is acceptable for
a LWIR photodiode.
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1.4  Summary

In this chapter some basic theory for T2SL was discussed. A literature review for different T2SL
structures were explored and compared to the common commercial material system MCT. The
literature review showed that InAs/GaAsoosSbooi superlattice photodiodes were capable of
achieving quantum efficiency within 10 % of the rule 07 prediction for MCT photodiodes. The
InAs/ GaAso.00Sboor devices that manage to achieve this contain barriers and mechanisms to
increase the efficiency such as a resonant cavity. In terms of dark current, several InAs/GaSb
T2SL structures were able to achieve dark currents lower than MCT. The lower dark currents
were due to barriers included in the superlattice structure or high quality crystal growth.

The material system in this work is InAs/GaAsoosSbooi, the review showed the best quantum
efficiency to be 65 % in the LWIR with 30 % being a typical result. A typical dark current for a
InAs/GaAso.09Sboor T2SL with no barrier included in the structure’s design is 6.05x10° Acm™ at -
30 mV for a 14 ML InAs/7 ML GaAso.090Sbo.o1 period. These are the values that will be targets in
this thesis.

1.5 Motivation

There are several points of motivation for this work:

e Detectors in the long wavelength and very long wavelength infrared (LWIR, VLWIR)
region have many crucial uses including thermal imaging, gas detection, spectroscopy and
astronomy [5,6].

e A key motivation for the investigation of type II superlattices for LWIR and VLWIR
detectors is the increasing restrictions on detectors containing Mercury Cadmium
Telluride. Therefore there is a noticeable need to find equivalent alternative material
systems for LWIR and VLWIR.

e Type II superlattice structures offer the advantage of bandgap engineering, generating the
ability to design a photodetector that responds to the wavelength of interest. Type 11
superlattices also have the potential advantage of reduced dark current due to the
suppression of Auger recombination.

e Superlattices made from InAs/GaAsy00Sboo; are lattice matched, this reduces the number
of defects in the crystal structure, which can in turn improve the detector quality.

e Growing and fabricating superlattices photodiodes are expensive so designing and

modelling a device beforehand is greatly advantageous.
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1.6  Thesis overview

1.6.1 Chapter 2

This chapter discusses and explains the background theory of superlattices and photodiodes. The

theory behind the simulation’s calculations is also discussed and explained.
1.6.2 Chapter 3

This chapter explains the procedures and methods used in the nextnano++ simulations, how

physical photodiode samples are fabricated and how the current density is measured.
1.6.3 Chapter 4

In this chapter simulations of bandgap and cutoff wavelength of superlattices in nextnano++ were
verified against literature results. It also simulates InAs/GaAsy.090Sbooi superlattices over the range
of several structures demonstrating the range of cutoff wavelengths available. Absorption of the

InAs/GaAso.09Sbo.gr superlattices at 77 K were also simulated and discussed.
1.6.4 Chapter 5

Chapter 5 builds on the results of chapter 4 to extend the absorption and cutoff wavelength
simulations to a range of temperatures for 77 K to 300 K. The temperature dependence of

different superlattice periods is also discussed.
1.6.5 Chapter 6

This chapter validates the nextnano++ current-density simulations against literature results.
Simulations in this chapter explore the current-density of InAs/GaAso.9Sbooi superlattices PIN
photodiodes. The effect the structure of the superlattice periods has on the current density of the

structure.
1.6.6 Chapter 7

Chapter 7 shows the measured current density and blackbody response of a fabricated LWIR

structure with barriers in the p and n-regions.
1.6.7 Chapter 8

Chapter 8 summarises the overall findings in this thesis and draws conclusions. Directions for

further work based on the findings from this work are also suggested.
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2 Background Theory

Building on the theories introduced in the previous chapter, this chapter explores the basic
background theory for superlattice photodiodes in more detail. The current mechanisms of
photodiodes and other theories such as optical absorption are explored to highlight how these
properties behave in real detectors before applying this to simulated detectors. The theory and
settings used in the simulations for this thesis are also explored to better understand the theory and

equations behind them.

2.1  Wavefunctions and wavefunction overlap

Wavefunctions are used to describe the state of the electron in a quantum well or superlattice. The
form of a wavefunction (y) is seen below,
P(x, t)
(2.1)

where x is position and ¢ is time. One important property of wavefunctions is that the
wavefunction squared in given in equation (2.2) is the probability (P) of the carrier is at position x
at time ¢. Figure 2.1 shows pictorially the probability of an electron in the first electron level being
in the well or the barrier of the superlattice. CB is the conduction band, HH is the heavy hole band
and El is the first energy level in the conduction band in the well.
[ (x, 017 = P(x,t)
2.2)
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Figure 2.1: The y? for the first electron energy level, showing the probability of the position of an

electron on that energy level

The wavefunctions are used in the Schrodinger equation and are used to find solutions to it. The

Schrédinger equation is shown below,

(2.3)

where m is the mass of the particle, p momentum of the particle, V is the potential, H is the
Hamiltonian and E is energy. Periodic structures, such as superlattices, can use Bloch theorem to
calculate the solutions to the Schrodinger equation for periodic structures. The equation for the

Bloch function is written as
lpn,k x) = explk.xun,fc x)

(2.4)

where 1, is the wavefunction of energy level (n) at a certain value of k which is usually 0, X is
the position vector, i is imaginary, u, (%) is the periodicity of the crystal and k is crystal

momentum vector.

2.2 Periodic Boundaries

The effective E; and the wavefunctions of the T2SL in this work were calculated using the
nextnano software [1]. To simulate infinite superlattice structures periodic boundaries were
applied [2]. These structures were defined as one period of the superlattice with periodic

boundaries. The period of the superlattice was defended as the combined width of the well and the
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barrier. For a simple superlattice the period of the superlattice would be the width of the well and
the barrier. Periodic boundary conditions allows for a simplification of the model by assuming a
position in one period sees the same forces, energies etc as the same position in another period. A
pictorial demonstration of periodic boundary conditions in a crystal structure is depicted in Figure
2.2 the grey square is the small repeating unit that periodic boundaries are applied to. The two
size circles (pink and blue) represent two different atoms in the crystal structure with the arrow
depicting the atom is equivalent to the other atom inside the repeating unit.

By applying periodic boundaries the speed of the E; simulations has been dramatically sped up
from 1-2 hours to 20 minutes. The computer used in this thesis had an i5-2500 CPU, with 4 cores
and 16.0 GB of RAM, a higher specification computer will have shorter computational time.

The calculations use the standard 8 band k-p envelope function approximation. The parameters

are taken from the paper by Vurgaftman [3].

Figure 2.2: The pictorial diagram of the periodic boundaries in a crystal structure

2.3 kp. theory

6]. The k.p model uses perturbation theory to solve the Schrodinger equation (2.5),

A2
Mpni(®) = [Zp—% * m] Yok (®) = En ()i ()
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2.5)

where my is the mass of the electron. Single band k.p theory combines substituting the Bloch
functions (2.4) and the wavefunction (2.1) into the Schrodinger equation, (2.5), to give equation
(2.6).
— Pz 2 o
Hippp(X) = [_ + V(Q?)] explk.xunfc(f)
2my, '
(2.6)

To calculate k.p, first order perturbation of (2.6) gives

() = 5= (0(k - )em™ g (3) + 2 2exp ™ (2) + exp™ i (9

+h exp"A"?(lE - P)Unk (9?)) + I?'expik"?un;c &) = IEA?expik"?un,Ac (x)
(2.7)
which simplifies to

P2 +hE-;§+h2k2
2my, mg 2m,

(2.8)

The second term in Equation (2.8) is why this method of solving the Schrodinger equation is call

k.p. theory.

A2 ~ = . A~
In equation (2.8) % + V(%) corresponds to the free electron part of the Hamiltonian and h:l—p +
0 0

h2k?

corresponds to the k vector crystal dependent part of the Hamiltonian.

o

The second order perturbation of equation (2.8) between two bands n and n” gives:

h2k2  h . h2 k-p |
LIS |k - P | ,
m mg £ E,(0) — E,r(0)
nEn

E.(k) = E,(0) + 2

2.9)

where E,(0) is Eu(k) at k=0, n is the band the equation is concerned with and n’ is other bands

~ 2

. h? |kﬁ /|
accounted for in — j——nn
m2 Lnn En(0)—E,1(0)’

A matrix is expanded from the equations to calculate multiple bands k-p theory. The most
common type of k-p calculations used is 8 band k-p theory which is used in the simulations in this
thesis. 8 band k-p theory creates an 8x8 matrix Hamiltonian as part of the Schrodinger equation.
Including a larger matrix, more bands, improves the accuracy of the simulation, though this is a

trade off with the simulation time and computational intensity.
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2.3.1 Envelope function

The envelope function approximation allows for the calculation of E, in finite superlattice
structures accounting for changes in the structures due to applied bias. The envelope function can
then be used to adapt the band structure calculations for nano structures. The calculations use
constant bulk parameters, such as band offsets, and assume there is no band mixing, only varying
the perturbation potential over the superlattice period. The perturbation potential of the envelope
function only varies the Hamiltonian of the Schrodinger equation which is expressed as,
(Ao + V@@ = Ep(®)
(2.10)

where Hyis the free electron part of the Hamiltonian, V(x) is the potential energy.

In the envelope function approximation the Bloch functions (¥, k(X)) ,

(2.4) repeated
are substituted into the wavefunction of the semiconductor to give,
(&) = F(k)u,z(®)
(2.11)

where F, is the periodic component of the Bloch function, only applying the boundary conditions
to an area defined by the envelope i.e. one period of the superlattice.

The effective mass of the carrier is extracted from the 8 k-p band calculation and this is used to
calculate the 8 k-p eigenstates for the structure. These eigenstates are then used to calculate
wavefunctions, energy levels and absorption coefficient of polarised light in a superlattice

structure.

2.4  Optical absorption

Absorption depends on several parameters, the bandgap of the semiconductor; the thickness of the
material absorbing the light; and the wavefunction overlap of the two wavefunctions included in
the transition. If the wavefunction overlap is larger the absorption coefficient will be larger. The

calculations of absorption coefficient in a superlattice are detailed in [7].
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The absorption of a material can be quantified by its absorption coefficient. It is the power of light
absorbed by the material per unit length. The Beer-Lambert law is used to describe how the
absorption of light decreases as it moves through material, the optical intensity (L) of the light
at distance (d) through the material can be defined as,

-ad

Id = Ioe

(2.12)

where Iy is the optical intensity at the surface, a is the absorption coefficient and d is the distance
through the material. The Beer-Lambert law shows that larger absorption regions are preferable,
to make sure the percentage of light absorbed is increased.

The absorption coefficient depends on the wavelength of light exposed to the material, as
materials may absorb one wavelength but may not be able to absorb a longer wavelength.

Absorption coefficient can be defined as,

(2.13)

where A is wavelength and x is the extinction coefficient of the material. The extinction
coefficient is the imaginary part of the complex refractive index of the material.

In a quantum well there are allowed transitions where the lowest interband transition is the
bandgap. This causes the absorption coefficient of the quantum wells to have a step-like
appearance as seen in Figure 2.3. Details on how nextnano++ handles this calculation will be

covered in greater detail in chapter 3.

Te+d

1e+3 4

Te+2 4

Absorption coefficent (cm'w)
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1.6 1.8 20 22 24 2.6

Wavelength (um)
Figure 2.3: The absorption spectra for a simulated SWIR InGaAs/GaAsSb at room temperature

Absorption coefficient is affected by the wavefunction overlap between the two states involved

the transition, which indicates the likelihood of the transition happening [8,9].The wavefunction
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overlap the transition between the first heavy hole energy level (HH1) and the first electron

energy level (E1) is defined as,

Wavefunction overlap = J wal)(x)lp(zHHl)(x)dx

(2.14)

where 1/1(251) is the squared wavefunction of the first electron level and l/J(ZHHl) is the squared

wavefunction of the first heavy hole level. The larger the wavefunction overlap the larger the
absorption coefficient, the transition will happen where the wavefunctions overlap to conserve
momentum. For T2SL the overlap of wavefunctions is where they decay into the other material
layer. This is a small area near the interface of the layers this is why the absorption for T2SL is

lower than the T1SL as the transitions for T1SL can happen anywhere in the well material.

2.5 Current density simulations

Nextnano++ extracts the effective masses and £, from the band structure model. The superlattice
is then simplified by making superlattices act as “bulk” material with the same effective masses

and E, as the superlattice. Egis extracted from the k-p data from nextnano++.

This means detector performance can be computed. The electron and hole transport through the
device structure can be calculated by solving Poisson’s equation stated below
-V-eV¢p=q(A—-D+ N —N;)
(2.15)

where V is the laplace operator, € is the dielectric constant, is the electrostatic potential and q is
the charge of an electron. The density of eletrons and holes are A and D repectively, while N
and N, represent the ionisation concentrations of donors and acceptors. The electrons and holes
that are mobile are treated as ideal fermi gases, they will not interact with each other. Then the
charge carrier momentum is conserved by solving the continuity equations for electrons and
holes. The electron current density (J,) is defined as,

q

—3fu[qhﬂv¢-w]dk

]n=4n_

(2.16)

where v is velocity, T« is the momentum relaxation time, f is the fermi distribution for electrons
and the integral is for all the electron momentum vectors, a separate equivalent equation is used

for the holes. The current density can then be used to calculate the net recombination rates.
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on 1

E = av ']pn + (Grad — Usgn)

(2.17)

where the generation rate for electrons Grag is and Uy is the total recombination rate. Jo, is the
contributions to the current caused by the drift current and the diffusion current. This is combined
to thermionic emission ensuring a stable simulation. Using this, the photo generation rate is
approximated as:
Grag = (1 = 1)Qa(A)e™*Moz
(2.18)

where r is the reflectivity at the top surface of the device, Q is the incident light’s photon flux, and
a. is the absorption coefficient at the wavelength of interest (A). 6z is the distance the light travels
in the z direction, the direction the light is travelling in. For the nextnano++ simulations the
generation rate is specified in the input file. No recombination mechanisms are considered in this

equation.

Changing the minimum and maximum carrier density (») values have a big effect on the current
density. The carrier density is part of the drift and diffusion current equations (equations (2.19)
and (2.20)). Limiting the range of allowed values for n makes it easier for the simulation to
converge on the correct values of current density for the E, of the structure. The drift-current

equation is defined as,

Jn = qniunE
(2.19)

where #; is the number of electrons per cubic centimetre. This number is calculated at each point
in the structure and must fall inside a range of acceptable values in the nextnano++ simulations.
The mobility of electrons is u, with units cm?V-!'s! and E is the applied electric field (Vem™).
Drift current is the movement of majority carriers in a region (electrons in the n-type region) as
determined by the electric field. The operating bias conditions change which carriers contribute to
the diffusion current density. In the forward bias, majority carriers diffuse towards the oppositely
doped material. Under reverse bias, minority carriers diffuse to an area of high carrier
concentration, i.e. electrons from the P region moving to the N region. The diffusion current

density equation is expressed as,
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Jairr =Jo [exp (%) - 1]
(2.20)

where ny is the ideality factor, Jy is the saturation current, R, is the contact resistance, k; is
Boltzmann’s constant, and 7 is the temperature. In reverse bias the exponential is negligible; the
saturation current is the only variable for the reverse bias diffusion current density. The saturation

current (Jy) depends on the concentration of the acceptors and donors N4 p, and is depicted as,

_ Dpnf | Dun}
Jo=q\—F+—-
LpNy  LaNp

(2.21)
where Lp and L4 are the minority carrier diffusion lengths of the electron and holes respectively.
Dp and D4 are the diffusion coefficients of the electrons and holes and the intrinsic carrier

concentration is 7;.

2.5.1 Recombination and mobility

There are two mechanisms which contribute to the recombination current in the simulations in
this thesis. They are:
e Schottky-Read-Hall recombination

e Auger Recombination

Schottky-Read-Hall recombination

Schottky-Read-Hall recombination covers recombination current caused by traps in the E, of the
semiconductor. Traps are intermediate energy levels inside the E, introduced by defects, and thus
a way to reduce this recombination is to use defect free materials. An electron in the conduction
band is promoted to the trap, loses energy in the trap and relaxes down to its original state. The

Schottky-Read-Hall recombination equation is,

R _ A.D —Tliz
SRH = 7,.(D+Dy) +1p.(A+ A4,

(2.22)

where n; is the intrinsic density and A and D are the carrier concentrations for holes and electrons
respectively. Ta and 1p are the scattering times the holes and electrons respectively. D, and A; are
parameters for the recombination dependency on the energy level of the traps in the structure.

The intrinsic density is given as a simulation parameter in the input file of nextnano++.

Auger recombination
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Auger recombination is a three-body effect and therefore mainly occurs in regions of high carrier
density. The equation for all auger recombination is given in equation (2.27). Cp and Cj are the
auger recombination coefficients with the units (cm®s™). These coefficients are material dependent
parameters written in the nextnano++ database.

Ryuger = CpD(A* —n}) + CLA(D? — nf)
(2.23)

2.5.2 Poisson equation

The Poisson equation is used to describe the distribution of the electric field caused by a charged
particle.

_—p(x)
==

Vg
(2.24)

where & is electrostatic potential, V is the laplace operator, p(x) is charge density and &, is
permittivity of free space. The Poisson equation for a semiconductor for nano structures such as a
quantum well can be written as
V- [e@TP@)] = —p®)
(2.25)

Where ¢ (%) is the electrostatic potential, ¢(X) and p(X) are a position dielectric tensor and the
charge density respectively. The charge density includes the hole density (A4(x)), electron density
(D(x)), ionized acceptors (N, ) and donors (N7 and finally the density of fixed charges. The fixed
charges have contributions from polarized charges and the surface and volume charges. The
Poisson equation calculations require boundary conditions of the nanostructure to be set to find a
unique solution to the Poisson equation. These boundary conditions are used at the interfaces of

the contacts of the structure though the contacts are not included in the Poisson equation solution.

2.6 Temperature and bandgap relationship

Temperature affects the E, of a material; this is an important parameter to consider as LWIR
photodiode measurements are taken at low temperatures. The Varshni equation (2.29) which

shows the relationship between E, and temperature [10],
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agT?
BT = £y (0) ~ 72—
g

(2.26)

where Eg(0) is E; at 0 K and ag and Sy are empirical constants for the material in question; ag and
Pg also change with the superlattice period. This means that one period design for a superlattice
could be more dependent on temperature than another design. A high dependence on temperature
would cause measurements of those samples to be more susceptible to fluctuations of
temperature, especially if the wavelength of interest is close to the cutoff wavelength of the

structure.

2.7 PN and PIN photodiodes

N junctions are the simplest form of photodiode. Photodiodes need a junction between oppositely
charged regions; the n-type doped region has extra electrons compared to the number of bonds
whilst the p-type doped region has a deficiency of electrons. When a bias is applied across the pn
junction, a depletion region with high electric field at the interface of the two regions is formed.
The depletion region is an area which has been depleted of its charge carriers by an applied
electric field. When the photodiode is illuminated, photons are absorbed in the photodiode. The
photons then excite electrons and if the energy is large enough they are promoted into the
conduction band. The photo-generated carriers may diffuse to the depletion region of the junction,
if they are generated outside the depletion region. When photons are absorbed within the
depletion region the holes and electrons are separated by the electric field and accelerated through
the depletion region to the oppositely charged region, producing an external current.

P-I-N doping is a common structure for photodiodes. In an ideal P-I-N photodiode, photons are
absorbed in the intrinsic region of the photodiode (i-region) the generated electrons and holes
diffuse towards the oppositely doped region. Applying a forward bias causes the depletion region
width of the junction to reduce, because the forward bias causes majority carriers to move towards
the oppositely charged material, this increases the diffusion current density. In the presence of
reverse bias, the potential across the depletion region increases. Which increases the size of the
depletion region and the diffusion current is caused by minority carriers diffusing towards the i-
region. For example electrons in the p-region diffuse towards the i-region, then drift current
happens in the i-region continuing the movement of electrons toward the n-region, depicted in

Figure 2.4.

43



1.0

P
0.8
0.6 >
Electrons
0.4

0.2

Energy (eV)
o
o

-0.2 4

1.0 . ; . — : |
150 100 50 0 50 100 150

Distance through structure (nm)

Figure 2.4: A diagram of the PIN structure band diagram and the flow of electrons and holes

when reverse bias is applied.

The current-voltage characteristics of a photodiode change under illumination; this is shown in
Figure 2.5, under illumination the reverse current of the photodiode increases. The reverse current
increase under illumination is due to the incoming photons generating extra charge carriers and
contributing to the drift current. The increase is largest for shorter wavelength light (red), as the
energy of the incoming photons is larger and more of the carriers generated have enough energy
to be promoted and contribute to the current, whereas the change in the forward current is much

smaller.
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Figure 2.5: The current voltage results for an InAs PIN photodiode with bulk current

characteristics under illumination at 3 different wavelengths
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2.8  Dark current in photodiodes

The dark current of a photodiode is also a very important property for assessing the quality of a
photodiode. Several of the dark current mechanisms depend on temperature similar to E,. An
ideal PIN photodiode has no depletion of carriers into the p and n type regions. The forward bias
current can be fitted using (2.20) to establish the resistance of the diode (originating from metal
contacts and/or epilayers) and the ideality factor of the photodiode. For a diffusion current
dominated photodiode the ideality factor is 1, a generation-recombination dominated photodiode
has an ideality factor of 2. The resistance for the metal contacts for a photodiode can also be
separately calculated by a set of ohmic contact pads on the wafer with increasing distance
between the pads, as pictured in Figure 2.5. By plotting the current at a set voltage against the
distance between the metal contacts the resistance of the contacts can be extrapolated from the
resistance at 0 nm distance. A good ohmic contact shows a resistance of ~ 10 Q for a photodiode

of diameter 420 pum.

Figure 2.6: An image of the metal pads (red box) that can be included into photodiode device

design used to calculate the resistance for the metal contacts of distances 5,10,15,20,25 pum.

The reverse bias current can give information about:
e The diffusion current,
e The generation—recombination current,
e The tunnelling currents

e The surface leakage of the photodiode.

The diffusion current
The diffusion current density has been discussed before as part of the nextnano++ current density
calculation explanation in section 2.5.

Generation recombination current
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The Generation recombination (G-R) current is a common form of current density and tends to
dominate at low temperatures, so it is important to understand them as most T2SL measurements
are done at 77 K. G-R currents can be from trap assisted recombination, where defects in the
semiconductor will introduce extra energy levels inside the E; of the material. G-R currents can
also be band-to-band recombination, where the recombination is directly between the conduction

band and valence band. It is described by the equation:
_ qniApW

I
G-R Ters

2.27)

where ¢ is the charge of an electron, # is the intrinsic carrier concentration, A, is the area of the
device, W is the depletion width and the effective carrier lifetime is t... The equation shows that
the G-R current depends on the depletion width, which as discussed before increases with reverse
bias.

Tunnelling current

Tunnelling current is of more importance for photodiodes made from materials with small £, and
VLWIR superlattice photodiodes which have very small E, are particularly susceptible. Quantum
electron tunnelling current happens when electrons do not obey the classical physics rule,
overcoming the barrier by energy, but by tunnelling through the barriers into the conduction band.

The tunnelling current, lum,, is described by the equation:

I _ V2m*q3EVAp ex arVm*ESS
tunn ™ 4m2n2 [Eg p qhE ’

(2.28)

where E is the electric field, m' is the electron effective mass and o, is the tunnelling fitting
parameter. The conduction and valence bands bend at high bias causing the likelihood of
tunnelling occurring to increase.

Another main current contributor is drift current which was explained in section 2.5. Drift current
is the current caused by electric fields. The majority carriers in each region, electrons in the n-type
region and holes in the p-type region, flow through the material as determined by the electric

field. The equation for the drift current density for electrons is below:

Jn = qnupyE  units:(Acm?)
(2.29)

where 7 is the number of electrons per cubic centimetre, u, is the mobility of electrons (cm?V-!'s™)

and E is the applied electric field (Vem™).
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2.9  Barrier photodiodes current density behaviours

A barrier in a photodiode is a semiconductor material with a E, larger than that of the other
material. A photodiode with carrier blocking barrier exhibits IVs that look different from typical
PIN current density measurements. The current densities of structures with barriers are typically
lower than structures without a barrier [11,12]. However, structures with blocking barriers can
block the flow of majority carriers, leading to lower current density in forward bias than the
current density in the reverse bias as seen in Figure 2.6. The device in Figure 2.6 is an nBn
structure with an n-region made up of 12 ML InAso.59Sbo41/35.5 ML InAs and a barrier region of
8.3 ML AlogsGao.15As 0.01Sbo.99/9.3 ML InAs measured a 77 K. The large E, superlattice is used for
the barrier and blocks both of the charge carriers reducing the current density at O V to

1x107 Acm™.

1e-1 “"'Iln.
| PO Y LA
eo00® -
1e-2 ® o® sui®
* o® »
— ® kR
« b ) 3%
E 1e-3 O @ vv:;
(5] A K |
< Ta®
> le4 Yy .t
2 . .
S @® 200 um radius device
< 1le-5 B 100 pm radius device
© °
5 1le6
o v
le-7
L §
1e-8
T T T T - 1 T T T
0.8 -0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8
Bias (V)

Figure 2.7: The current density voltage measurements of an nBn photodiode measured at 77 K

2.10 Infrared radiation from blackbody emitters

In this thesis the infrared signals from a blackbody emitter are used to test the photodetectors. In
order to calculate the quantum efficiency of the photodetector, the power of light emitted by the
blackbody emitter at set wavelengths and temperatures is required. The power of light radiated by

the blackbody emitter is calculated by using Planck’s law.

2.10.1Planck’s Law
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All objects emit infrared radiation due to the temperature of the object. Planck’s law is used to
calculate the power per unit wavelength per unit area (W(A)) of the radiation emitted from a
perfect black body source.

2mc’h
15 (e(hC/ﬂkB Tpp) _ 1)

W) =
(2.30)
where Tgpis the blackbody temperature and kg is the Boltzmann constant
2.10.2 Wien'’s Displacement Law

Wien’s displacement law of black body radiation is used to map how the black body spectrum of
an object changes with temperature. The wavelength with the strongest spectral energy density is
given by:

b

A =—
peak
TBB

(2.31)

where b is the Wien’s displacement constant (2.898x107° mK).
2.10.3 Stefan-Boltzmann Law

The Stefan-Boltzmann law is used to give the total power emitted by a Black body emitter across
all wavelengths. The Stefan-Boltzmann law is shown in equation (2.37)
Ey = oTgg
(2.32)

where o is the Stefan-Boltzmann constant (5.6704x10® Wm=2K™*) and E, is the total energy
emitted by the blackbody at all wavelengths. The Stefan-Boltzmann law is important as it is used
to approximate the power of light the photodiode receives which is crucial to evaluate its

performance.

2.11 Summary

In this chapter the theory and settings used in the nextnano++ simulations have been described.
The wavefunction equations and k.p theory, used to solve the band structure of semiconductors,
have been explained in section 2.1 and section 2.3. Section 2.2 explains the importance of
periodic boundary conditions, which are used in all the cut-off wavelength simulations in this
thesis. The periodic boundary conditions are an important tool for decreasing computational time,
as it simulates an infinite superlattice. The relationship between temperature and bandgap is also

explained. As superlattice detectors can be operated under different temperature conditions, how
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the bandgap of a superlattice changes at different temperatures is very important. The dark current
contributors for simulated and physical PN and PIN photodiodes have also been explored, this
includes the recombination mechanisms. Finally the power of the infrared radiation for blackbody
emitters is explained. These equations are applied in chapter 7 to calculate the power of the

infrared radiation, from the black body emitter, reaching the photodiode device under testing.
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3 Simulation details and experimental methods

In this chapter the experimental procedures and simulation process details are described. Various
characterisation techniques and the fabrication procedures for the photodiodes are also explained.
Further details on the operating procedures of the parameters used for the nextnano simulations
can be found in the appendix A [1]. The nextnano++ simulations in this thesis are aiming to find a
superlattice design that has a:
e A LWIR cutoff wavelength
e Absorption coefficient greater 2000 cm™ or higher than in the LWIR to be equivalent to
InAs/InGaSb superlattice theoretical absorption coefficients [2].
e Current density in the order of 1x10 Acm™ to keep the results on the same level of other
published InAs/GaAsSb results [3]
e A quantum efficiency greater than 30 %, to line up with the typical values for

InAs/GaAsSb superlattices [4].

3.1 Nextnano++ superlattice structure definition

Nextnano++ defines objects in reference to a grid system. This grid defines the points in the
structure in the simulation. At each point energy levels are solved, using the Schrédinger equation
and 8 band k.p theory. In this work a minimum of 3 grid points were used per monolayer.
Increasing the number of grid points would improve the accuracy of the simulation, but also
increase the computational simulation time.

A superlattice period was defined, by stating the size and position of the well and barrier, in
reference to the edge of the simulated structure. For band structure and absorption simulations, a
single period of the superlattice was defined and periodic boundaries were used to simulate an
infinite superlattice. However, for current-density simulations a finite structure (all the periods
defined in the simulation) with doping is needed. This is done by defining a well, then shifting the
well by the length of the superlattice period and repeating the period by the number of periods in
the structure.

Then the simulation can be used to calculate the current density and band structure of a finite
superlattice. The valence band offset is an important parameter for the band structure calculations;
usually it is defined as the position of the valence band edge in reference to the conduction band.
However, in nextnano++ it is defined slightly differently the valence band offset is the average of
the three valance bands (VBO,y), heavy hole, light hole and split-off. The nextnano++ definition
of valence band offset is defined in (3.1),
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Eny, +Ejp +E
VBOa,, — ( hh éh so)
(3-30)

3.1)

where Ew, En, Eo are the energies of the heavy hole, light hole and split-off valence bands. J. is
the crystal-field splitting energy, defined as is the energy difference between two degenerate
electron orbitals.

To define the doped part of a PIN structure, the charge is defined in each region of the structure
and the type of dopant is named in the impurity section of the simulation. The carrier impurity
energy of InAs is typically 0.001 eV [5]. In nextnano the impurity is defined as -1000 eV which is

an unphysical large number used in nextnano++ to ensure full ionisation under all biases.

3.2  Nextnano~++ current simulations

Figure 3.1 shows the flow of the Nextnano++ program when simulations include the current
density calculations. The parts of the calculation that are unaffected by the bias applied to the
sample are calculated before the current calculations. These include:

e C(Classical band structures

e Polarisation charges calculations

e Strain fields calculations

e Intrinsic density determination
In the simulation setup section the input file is checked for errors. In the Initiation calculations
section the calculations not affected by the bias of the structures and the quantum calculations of
the structures are performed. If current is included the Poisson equation, (2.27 repeated) coupled
to the drift-diffusion equations is calculated until the answers converge over all biases.

—p(x)

Vi =
==

(2.27 repeated)

If quantum considerations are included, the Schrédinger equation runs through multiple iterations
until the eigenfunction solutions to the Schrédinger equation converge. At the same time the
Poisson equation calculations will run and converge on an answer. The number of iterations
specified in the file is the number of times the Schrodinger equation is solved for a specific grid
point. Next the current density drift-diffusion equations are calculated. The theory of the drift-
diffusion equations is discussed in section 2.5. The quantum current calculations sections solve

the Schrodinger equation; the drift-diffusion equation; and the Poisson equation all together. After

52



several iterations the current calculations converge and record the current-density at a set bias in

the output file.
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3.3 Optical calculations

The nextnano++ optical absorption calculations are computed after the quantum calculations. A
key factor of the calculation is the polarisation direction of light must be specified. In this thesis
the light was propagating in a direction normal to the quantum well. There are several parts of the
optical absorption calculation these include:

e Polarised light

e The transition rate

e Interband transitions

e Density of states of the electron and holes

An in depth explanation on the optical calculation in nextnano++ can be found in the nextnano++
software documentation, and the thesis of Thomas Eififeller [6].
The first parameter that needs to be calculated as part of the optics calculation is the dielectric
tensor which is derived from susceptibility. Susceptibility describes the polarisation response of a
dielectric material to an applied electric field. This is a very important parameter as the light used
in the optics calculations is polarised therefore, the direction of the polarised light effects the
absorption coefficient of the superlattice. The relationship between polarisation and electric field
is written as
P =ey5€

(3.2)

where £ is the electric field, § is the susceptibility and e is the electric permittivity of free space.

The absorption coefficient (o) of a material exposed to the polarised light is
a=—k(w)
c

(3.3)

where ¢ is the speed of light in a vacuum and o is the angular frequency if the light, « (®) is the
extinction coefficient in terms of angular frequency. The extinction coefficient can be calculated
from the refractive index of the material. This means the absorption coefficient can be written in

terms of refractive index (n,) and relative dielectric constant (g) in the form

w2
a=—:=:“(w)
n,c

(3.4)
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The absorption coefficient at ® depends on the transition rate between the two states n and n’
(Wy,—ns ), the rate of an electron being excited from the initial energy level to the final energy

level.
2
Whonr = ? M| g(hw)
3.5
Where M is the 8x8 matrix from the 8 band k.p theory and g(hw) = g(E) is the density of states

in the superlattice. For the 8 band k.p calculations M an 8x8 matrix is used to calculated

interaction between the wave functions y, and .

The density of states is needed to calculated the transition rate for the absorption calculations of

interband transitions, the density of states is for the states from E to E+ dE,

dk
9(E) = 97

(3.6)

where g(k) is the density of states in k-space. For superlattices the density of states in a

superlattice proportional to E,'2,

1 2p\*? 1/2
98 =55 (5) (E-Ey)

(3.7)

The density of states for superlattices proportional to E-E,"> whereas the density of states for a
quantum wells is proportional to E,". This is because the density of states for a superlattice is not
step like as seen in discrete quantum wells nor is it the continuous cure seen in bulk material. The
superlattice density of states is between the step like density of states in quantum wells and the

continuous density of states of bulk material due to the minibands of the superlattice.

3.4  Sample fabrication

The photodetectors in this thesis are grown by molecular beam epitaxy at the National Epitaxy
Facility. The samples were fabricated in the clean rooms at Sheffield University. A cross section
of an ideal photodiode is shown in Figure 3.2. The total etch depth for the samples is 1300 nm,
this is a relatively large etch depth for a photodiode.
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Figure 3.2: A cross section of the 110 um photodetector devices in this thesis

The samples in this thesis were circular in design shown in Figure 3.3 with device radiuses of,
210 pm (A), 110 pm (B), 60 um (C) and 35 pm (D). Ti/Au Top contacts were deposited to the p-
region of the structure and a grid contact on the n region of the structure. To measure the samples

in low temperature set-ups the sample was attached to a TO-5 header and ball bonded.

Co . s s
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Figure 3.3: The image of the PIN device design and the radius of the devices, 210 um (A), 110 pm (B),
60 um (C) and 35 um (D).

The sample is cleaved from the wafer with a diamond tipped stylus, the newly cleaved sample
was then 3 staged cleaned using, N-butyl, acetone and IPA. N-butyl was heated and the sample
was submerged in the liquid for 30 seconds. The sample is next dipped in acetone and finally the
sample is dipped in IPA and blown dry with nitrogen. The sample is checked under the
microscope and the 3 stage clean is repeated until the sample looks clean. A pattern for the top
metal contacts was deposited using photolithography and (20 nm/200 nm) Titanium/Gold contacts
are deposited by thermal evaporation. The sample was then cleaned and photolithography is used
to pattern the device sizes on the sample. The sample was wet etched using a citric acid:

Phosphoric acid: H,O,: Deionised water (DIW) etch, the ratio 1:1:4:16. The etching solution was
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made up and stirred, then left for 5 mins for the sample etching rate to even out in the etching
solution. The etch depth and profile was measured using a profilometer. After etching the sample
to the correct depth the sample was cleaned and photolithography was used to pattern the sample
for grid contacts. The Ti/Au (20 nm/200 nm) grid contacts were deposited on the sample by
thermal evaporation. Finally the sample is then cleaned and the covered in Su8, except for the

metal contacts, to stop the sample from oxidising when exposed to the air.
3.4.1 Etching Recipe investigations

The etching recipe used on a photodiode has a large effect on the quality of the photodiode,
uneven etching across the sample can mean one device is better than another device. Etching
recipes for superlattices containing Sb can be quite difficult as each layer of the superlattice will
have a different etching rate which can lead to under cutting in the material. Several etching

recipes were tried a brief description of the etching recipes are found in Table 3.1.

Table 3.1: Summary of superlattice etching recipes and the results

Etch | Recipe Image of etch Etch rate | Comments

Name (nm/min)

A Sulphuric £ | N/A The etch depth is
acid: . unmeasurable, an
H>0,:DIW oxide builds on the
1:8:80 sample surface and

the solution does
not seem to etch at
all.

B Tartaric 576 Solution is cooled
acid: HCI: for 5 mins.

H,0, Directional etch,
2.08:1:1.02 causing the circular
(10g of mesa to change
tartaric acid shape, there is
dissolved in substance on the
14ml  of surface

DIW)
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Etch

Name

Recipe

Image of etch

Phosphoric
acid:H,O,
3:1

Phosphoric
acid:
H>0,:DIW
1:1:1

Phosphoric
acid:HOa:
citric acid
3:1:2

11.6 g citric
acid
dissolved in

10 ml DIW

Phosphoric
acid: HyOu:
DIW 1:1:2
Plus a 30s
finishing
etch

HCI: H203:
DIW

1:1:4

Etch rate

(nm/min)

Comments

Unstable

etch rate

The etching
solution does not
etch evenly and an
oxide forms on the
surface of the
sample before the
etch depth needed
is reached. The
Oxide is and etch

stop.

427

An oxide forms
mainly on the mesa
sides, and the oxide
on the mesa floor
makes depositing
grid contacts

harder.

270

The sample etches
unevenly, the oxide
forms on the
surface of the
sample; this would
make depositing
grid contacts

difficult.

900

The etch solution
does not produce as
much oxide the
device floor is
significantly
cleaner making grid

contact easier.
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Etch | Recipe Image of etch Etch rate | Comments

Name (nm/min)

G citric acid: 0.23 The etch solution is
H,O, 40;1 quite slow, but it
citric acid does not produce
50 g in 100 the oxide on the
ml sample where it

etches. This etch is
too slow to be
practical

H Citric acid: 143 The etch solution
Phosphoric not produce the
acid: HxOa: oxide on the
DIW sample. This etch
1:1:4:16 is a good speed for

etching, the etch

rate is very stable

and predictable.
This makes this is
the best etch
solution to use to

etch these samples

As shown in Table 3.1 several etching solutions where trailed to find the best etching solution for
the InAs/GaAso.09Sbo.or superlattice. However as can be seen in Table 3.1 several of the etching
recipes formed a coloured substance on the mesa floor of the diode and were not suitable. Etch A
did not etch the sample a measureable depth even after 5 minutes, for this reason a different acid
etching recipe was used. Etch B is unfortunately directional, this causes the circular devices of
know sizes to be etched into ovals and almost etching the smallest device size away completely.
This directionality means the size of the mesa is not known, effecting the current density
calculations. The shape also means the top contact pattern will no longer fit on to the top of the
mesas. Therefore etch solution B with tartaric acid was not used to etch the final samples.

Etch recipes C and D formed a substance on the surface which seemed to block further etching
and would also stop the deposition of the n contact onto the mesa floor. Energy-dispersive X-ray
spectroscopy (EDX) was carried out on the etched samples to determine the composition of the

substance; the spectrum of one sample can be seen in figure 3.4. The spectroscopy showed the
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substance on the surface of the sample was made from phosphorus, oxygen and carbon. Therefore
to stop the substance forming the citric acid was added to the solution (etch E).

Etch E still produces the oxide so the amount of phosphoric acid was reduced in etch F. Some
improvement is seen in etch F compared to other recipes, however the oxide is still formed on the
sample before the target etch depth is reached. To improve the etching recipe in order to achieve
the etch depth of 1300 nm, the phosphoric acid was removed from the etch solution completely
and the sample was etch with citric acid, H202 and DIW only (Etch G). Etch G gives a clean
surface after etching, however etch G is too slow to be practical for the large etch depth needed.
Etch recipe H aims for balance between speed and surface condition by including a small amount
of phosphoric acid to speed up the etch rate. The phosphoric acid ratio used is smaller than the
previous etch recipes (Citric acid: Phosphoric acid: H,O,: DIW 1:1:4:16). The higher ratio of
H,0, and DIW to acid, compared to previous etches, seems to keep the surface of the mesa floor
cleaner. The surface is not completely clean but, clean enough to be able to deposit the n contact
with strong adhesion. This etch recipe also seems to relatively stable at 143 nm/minute which

makes fabrication easier as the timings are reliable and predictable.
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Figure 3.4: EDX results for the substance on the surface of mesa floor of the etched InAs/
GaAso.09Sbo.o1 sample etched in etch recipe C.

3.5  Dark current measurements

3.5.1 Current — voltage measurements

One of the first characteristics tested for any photodiode, is the current voltage (I-V)
characteristics. These results communicate information about the devices dark current, a low dark

current leads to a good device. As the T2SL in this thesis have narrow bandgaps the I-V
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measurements were taken at liquid nitrogen temperatures, to reduce the dark current contributions
due the temperature of the room.

The unpackaged sample is placed in to a JANIS ST-500 liquid nitrogen vacuum chamber probe
station. A flow of liquid nitrogen circulates under the vacuum pumped main chamber and using
the cold finger plate the sample is cooled to 77 K. The forward and reverse bias current
characteristics of the sample are then measured. The reverse bias characteristics indicate the dark
current of the device, whereas the forward bias indicates the series resistance in the device. The
JANIS ST-500 chamber has 2 probe tip arms with manipulators outside the chamber; these are
used to make contact with the deposited gold contacts on the samples. A camera is used to assess
the position of the probe tip as probing too hard or with a blunt or unclean probe tip can add series
resistance to the measurements. One of the benefits to using the JANIS ST-500 probe station for
I-V measurements is the sample does not need to be packaged and ball bonded. The process of
ball bonding applies ultrasonic vibrations and downward force to the sample which can cause
damage to the fragile semiconductor material the sample is made from.

Drift current is the main current expected in the reverse bias, it is caused by majority carriers
flowing towards an area of low concentrations E, electrons flow from n region to p-type region, as

describes in section 2.8.

3.6  Blackbody photoresponse measurements

The photoresponse of the LWIR sample in this thesis was measured using a blackbody emitter.

The sample was packaged and placed inside a dewar which then was cooled with liquid nitrogen.

3.6.1 Operating a liquid nitrogen cooled cryostat dewar

KBr Window

Figure 3.5: The liquid nitrogen dewar cryostat with KBr window fixed in front of the packaged

device.
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A sample packaged on a TO-5 header is placed into the sockets in the dewar, inside the screwed
in section under the KBr window. The KBr window for the dewar was then fixed in place and
sealed, so the dewar can be placed under vacuum. The pressure should be about 1x107 bar, the

dewar can then be disconnected from the vacuum pump and will hold vacuum for several days.

The sample needs to be cooled slowly to avoid thermal cracking caused by the multiple layers of
different materials in superlattices cooling down at different rates. To avoid thermal cracking, a
small volume of liquid nitrogen into the top of the dewar, waiting four minutes before pouring

more liquid nitrogen into the dewar.
3.6.2 Blackbody set up

The cooled dewar is then placed in front of a blackbody emitter as shown in Figure 3.4.

Sample behind a Bandpass filter
KBr window

Liquid nitrogen : Blackbody
Dewar - emitter

Avperture diameter

50 mm

Infra radiation from the
Blackbody aperture

Blackbody emitter

Figure 3.6 Diagram of the experimental set up for the spectral analysis for a package photodiode
exposed to a blackbody emitter. With angle of incidence being 0°, a distance of 90 mm between
the liquid nitrogen cooled photodiode and the blackbody emitter which has an aperture diameter

of 50 mm.

The blackbody emitter, which had an aperture diameter size of 50 mm, was heated to 1000 °C and
the dewar was placed in front 90 mm away from the blackbody emitter. Infrared bandpass filters
ranging from 3 to 15 um were placed in front of the blackbody emitter one at a time. The voltage
on the lock-in amplifier caused by the change in photocurrent was recorded. From these results
the photocurrent in each bandpass filter range is calculated.

The filters attenuated the blackbody signal differently so the percentage transmission of each filter
was measured using an FTIR. The photocurrent results were normalized against the appropriate
bandpass filter. The band pass filter with the highest transmission is the 15.9 um filter as can be

seen in Figure 3.5.
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Figure 3.7: The transmission spectrum of the bandpass filters taken using an FTIR.

The theoretical photocurrent for a photodiode with 10 % external quantum efficiency was

calculated using the equation below.

Az
im=f R(D)P(L).dA

1

(3.8)

_na

R = hc
(3.9)

where q 1 is the quantum efficiency of the device. The power of the signal at wavelength, P(}) is

calculated using,
P(1) = F.W(A)sin? (g)A.MF. Tr cos(p)
(3.10)
where ¢ is the angle of incidence, Tr is the transmission factor, about 1 in air over a short
distance. A is the Area of the photodiode, F is the magnification provided by lens, this equals 1 as

one was not used and Mg is the chopper modulation factor. 0 is the optical field of view is defined

as @ =2tan™! (%), D is the distance between the blackbody and the device and p is the

diameter of the aperture opening of the blackbody source.

Planck’s law is used to calculate W(4), the power per unit wavelength per unit area of the emitted

radiation,
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Tpp is the blackbody temperature and k5 is the Boltzmann constant and A is the wavelength of the
light. Though, this law assumes a perfect blackbody, with perfect emissivity across all
wavelengths from the irradiating object. The blackbody spectrum calculated using the equations

above and assuming the photodiode has a 10 % quantum efficiency is shown in Figure 7.10.

1e-6 E

1e-7 E

Photocurrent (A)

1e9 §

5 10 15 20
Wavelength (um)
Figure 3.8: Photo spectrum of a photodiode with 100 % external quantum efficiency and the
theoretical photocurrent of a 10 % external quantum efficiency photodiode exposed to a

blackbody emitter at 1000 °C.
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4 Design of lattice-matched InAs/GaAso 09Sboo1 type 11

superlattice photodetectors

4.1 Introduction

Conventional Type II superlattices (T2SLs) have alternating thin layers of InAs and In;.xGaxSb
where the thickness of the layers, and the x-composition, are adjusted to achieve the desired cutoff
wavelength. In general to achieve a longer cutoff wavelength a thicker InAs layer, or a higher x-
composition, can be used. Strain-balancing becomes increasingly more challenging as InAs layer
thickness increases or as the x-composition increases. This causes a significant challenge in
obtaining the high number of high quality T2SL periods required to achieve high absorption
efficiency in the VLWIR wavelengths.

This chapter explores the design of a T2SL photodetector using InAs and lattice-matched
GaAso.00Sboo; (referred to as GaAsSb in this thesis). In principle this can be strain free, so that
complicated strain-balancing schemes at the interface are not required (for example inserting InSb
monolayers at the InAs and GaSb interfaces between InAs /GaSb superlattices) [1]. Additionally
the layer thickness is not limited by critical thickness, so that thick layers can be grown without
generating an excessive level of defects [2].

Benefits of lattice matched InAs/GaAsSb T2SL include:

e Freedom in thickness of InAs and GaAsSb, where the thicker periods can be grown
without the strain causing defects like dislocations.

e A higher number of periods can be grown for the same reason, leading to thicker
absorption regions and potentially higher Quantum Efficiency (QE).

e Higher growth temperature, with potential to use MOVPE, because there is no
requirement for InSb interface. InAs/GaAsSb T2SL, grown at 480 °C with high crystal
quality and reduced defects, has been reported [3].

e MOVPE growth is cheaper than other growth mechanisms and has the potential to be
easily scaled up for commercial growth.

e Use of InAs substrate which has better transmission in LWIR [4].

Early evidence of progress in InAs/GaAsSb includes:

e It has been shown that InAs/GaAsSb superlattice structures have a dark current density an
order of magnitude lower than an InAs/GaSb superlattice with the same -cutoff
wavelength, A [5].

e The photoluminescence intensity for InAs/GaAsSb is also shown to be higher at various

temperatures than an InAs/InSb/GaSb superlattice [6].
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e A QE of 57.9 % at 15 um has been achieved for the long wavelength infrared range
which is comparable to the QE to other superlattice structures [3,7].

In this Chapter simulations for the A, and effective bandgaps of the InAs/GaAsSb T2SL structures
are reported. The effective bandgaps and A. of 75 T2SL structures were modelled, giving a
thorough representation of the trend in the structures. This is significantly more comprehensive
than typical reported studies that explore less than 10 structures [8, 5].

The key findings in this chapter are:

e Cutoff wavelength simulations of various InAs/GaAsSb superlattice structures show a
range of cutoff wavelengths in MWIR, LWIR and VLWIR can be achieved.

e ). shows a stronger dependence on thickness of the InAs well.

e The absorption coefficients of InAs/GaAsSb superlattices have been simulated. Designs
with similar thicknesses of InAs and GaAsSb layers (symmetrical superlattice) have
higher absorption coefficients when compared to asymmetrical superlattice designs with
the same cutoff wavelength.

e  When comparing designs with the same cutoff wavelengths, the wavefunction overlap
between E1 (electron ground state energy level) and HH1 (heavy hole ground state energy

level) is larger in T2SL with symmetrical designs.

4.2 Model details and verification

The software used for the simulations is called nextnano++ [9]. The parameters for InAs and
GaAsSb, used in the simulations, are provided in appendix A. This software uses 8 band k.p
theory to solve the Schrodinger, Poisson and current equations using periodic boundaries. The
“pseudomorphic_strain” model, which applies strain in all directions of the superlattice,
successfully reproduces theoretical and experimental results for InAs/GaAsSb superlattice
structures. The simulations calculate the energy levels of the superlattice by solving the
Schrodinger equation at each of the 500 grid points spread evenly over the superlattice period. To
define the effective bandgap of the superlattice, the transition between the highest energy level in
the valence heavy hole band (HH1) and the lowest energy level in the conduction band (E1) is
recorded. The bandgap results were used to calculate the cutoff wavelength, so the results quoted
in this chapter are plotted against the cutoff wavelength from literature.

Simulated bandgap values were benchmarked against the published results in [10,11]. The ternary
materials parameters are interpolated from the binary materials that make up the ternary materials,
such as GaAsSb which is interpolated from GaAs and GaSb. This strain approximation was
applied to all superlattice structures including the lattice matched structures. The simulation then

used the 8 band k.p theory to solve Schrodinger’s equation for the structure.
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Figure 4.1: Effective bandgap of InAs/GaxIn;«Sb symmetrical period with increasing period size at 77 K
with differing In percentage in the ternary material. Comparing 8 k-p simulated results with Lackner et

al.[10] to nextnano++ simulation results using the default parameters for nextnano++ results.

The simulated effective bandgap results in Figure 4.1 at 77 K agree with the theoretical results
presented by Lackner et al. [10] for superlattices of InAs/GaxIn;xSb with varying percentages of
Ga (from x = 0.6 to 1.0). The small discrepancy in Figure 4.1 has been attributed to differences in

the material parameters used in the simulations.

14 1 ®  nn++ Simulation 3
] Literature simulated results ®
® Measured Literature results L

Cut-off wavelength (um)

NS S S B S B S B S R S B S e B S S

14 16 18 20 22 24 26
InAs (ML)

Figure 4.2: The cutoff wavelength of an InAs/GaAsg.09Sbo.o1 superlattice with 7 ML GaAsSb barrier with
increasing size InAs well at 77 K, compared to the measured literature results and the 8 k-p simulated

results from Wang et al. 2015 [11] to nextnano++.

Having verified the accuracy of the model using the InAs/GayIn;«Sb T2SL, the model was used to
calculate the bandgaps for the InAs/GaAsSb T2SL. The simulated results at 77 K are in good

agreement with reported simulated and experimental results [11], as shown in Figure 4.2. These
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structures have a GaAsSb barrier size of 7 ML with increasing InAs well widths from 14 to
26 ML.

In addition to the cutoff wavelength, the absorption coefficients were simulated. The absorption
calculations used the smallest transition of 1 mmeV, any transition of this energy or larger were
calculated. They are required to calculate the absorption efficiency of the T2SL photodetector. As
before a benchmarking exercise was carried out. Two InAs/ Gagelng4Sb symmetrical superlattice
structures with cutoff wavelengths in LWIR [12,13] were simulated in Figure 4.3. The simulation
results have good agreement especially for the 10 ML/10 ML design at wavelengths larger than
12 um and wavelengths shorter than 10.8 pum.

10000 -

Absorption Coefficient (cm'1)

1000 ~
— nn++ Simulation 1987 8 ML InAs/8 ML GalnSb \
i Smith 1987
—————— nn++ Simulation 1988 10 ML InAs/10 ML GalnSb
— — —  Mailniot 1988 \
100 ——— — 7Tl
7 8 9 10 11 12

Wavelength (um)

Figure 4.3: Simulation absorption coefficient results for symmetrical InAs/GalnSb superlattices compared

to literature result [12,13]

A Short Wavelength Infrared (SWIR) Ings3Gao47As/GaAsosiSbo4e T2SL [14] was also used for
benchmarking the absorption coefficient simulations. Figure 4.4 shows the comparison between
simulated and published absorption coefficients. The simulated results agree with the literature
showing steps in the spectrum which correspond to the transitions between the electron and hole

energy levels. The results are in good agreement with the literature.
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Figure 4.4: Ing 53Gag 47 As 5 nm/ GaAs.51Sbo.4 Snm SWIR T2SL at 300 K [14]

The light used in the simulation is x-polarised light. This means the light simulated has values in
the perpendicular direction to the direction of travel, the direction of growth, the light has
magnitude in the magnetic field direction. Figure 4.5 gives a visual representation of the effect of
polarisation on light travelling through a polarisation filter.

Incoming
polarised light

Superlattice Structure

Figure 4.5: A diagram polarised light entering the simulated superlattice structure.

4.3 Simulated Results

4.3.1 Cutoff wavelength

The model was then used to explore a wider range of InAs/GaAsSb designs. A total of 75

different InAs/GaAsSb superlattice designs were simulated, covering InAs thicknesses from 7 to
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26 ML and GaAsSb thicknesses from 7 to 20 ML. Simulated cutoff wavelengths at 77 and 300 K

are summarised in Figure 4.6.

GaAs, (oSby o, (ML)
GaAs, 1Sy ¢, (ML)

8 10 12 14 16 18 20 22 24 26 8 10 12 14 16 18 20 22 24 26
InAs (ML) InAs (ML)

Figure 4.6: The cutoff in (um) of InAs/GaAsSb with different superlattice periods at 300 K (left) and 77 K

(right) Where the red areas represent cutoff wavelengths of over 25 um or longer.

Key notable observations are.
1) In general, for a given InAs/GaAsSb design, the cutoff wavelength at 300 K is longer than
that at 77 K.
2) The cutoff wavelength has a weak dependence on the thickness of the GaAsSb barrier
layer.

3) Cutoff wavelengths from MWIR to VLWIR can be achieved.

The results in Figure 4.6 show that there is a range of InAs/GaAsSb designs that can be adopted
to achieve MWIR, LWIR and VLWIR cutoff wavelengths. At 77 K, a structure with an InAs well
width of 7-14 ML and a GaAsSb barrier width from 7-20 ML achieves MWIR. The LWIR is
achieved in the light blue region. For example A.= 10 um is achieved with InAs well width from
16 ML with any thickness of GaAsSb barrier, from 10-20 ML. The teal to red regions represents
the VLWIR, A, >14 pm were achieved with InAs layers of thickness >17 ML and a GaAsSb layer
>14 ML. For example structures with InAs well width of 20 ML achieve A. >14 pm with GaAsSb
barrier widths >10 ML.

It can also be seen in Figure 4.6 that the cutoff wavelength has a weak dependence on the
thickness of GaAsSb. For example, for designs with 7 ML of InAs and at 300 K, changing the
GaAsSb thickness from 7 to 20 ML produces only 0.11 pm change in cutoff wavelength. In
contrast, when GaAsSb is fixed at 7 ML, changing InAs layer from 7 to 26 ML produces a change
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in cutoff wavelength of 21.35 um, this is clearly displayed in Figure 4.7. A similar trend is

observed from the results at 77 K.
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Figure 4.7: The cutoff wavelength of InAs/ GaAsSb superlattice structures at 300 K with a fixed barrier
width of 7 ML GaAsSb with different InAs well widths (blue), and a fixed well width of 7 ML InAs with
different GaAsSb barrier widths (black).

To analyse the dependence on InAs layer thickness, wavefunctions of three structures are
presented in Figure 4.8. The band edges (conduction band (CB), heavy hole (HH) and light hole
(LH)), energy levels (E1 and HH1) and wave functions are plotted. As the InAs well increases
from 7 to 20 ML, the energy level of E1 lowers from 0.14 ¢V to 0.01 eV, and hence increases the
Ac, from 4.7 to 17 um. The energy level of HH1 is unchanged as the barrier width is constant. A
similar effect is seen if the well is fixed to 7 ML and the barrier is increased from 7 to 20 ML, the
energy level of HH1 has increased from -0.12 eV to -0.04 eV, causing A to increase from 4.7 to
5.8 pm. The results show that increasing the InAs well width from 7 to 20 ML produces a larger
increase of the cutoff wavelength (4.7 to 17 um), compared to only a much smaller increase (4.7

to 5.8 um) when the GaAsSb barrier width is increased over the same range.
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Figure 4.8: The energy levels, band edges and wavefunction squared at 77 K of a 7 ML InAs/7 ML GaAsSb
barrier (top left) a 20 ML InAs well/7 ML GaAsSb barrier (top right) and a 7 ML InAs well/20 ML GaAsSb
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4.3.2 Absorption coefficients

The absorption coefficient of a structure is a very important property to consider when choosing a

superlattice structure. The absorption coefficient of the InAs/GaAsSb structures at the

)

wavelengths of 5 um, 10 um and 15 pm are shown in Figure 4.9.
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Figure 4.9: The absorption coefficient (cm™) at 5 um (a), 10 um (b) and 15 um (c) for superlattices of
various InAs/GaAsSb structures at 77 K. The cutoff wavelengths are shown in (d).

Key notable observations are.
1) For any given design the absorption coefficient is higher at the shorter wavelength range.
2) The design option to achieve high absorption coefficient at VLWIR is much more limited
than at MWIR.
3) In general, when comparing designs with the same cutoff wavelength, symmetrical

designs (similar InAs and GaAsSb widths) have higher absorption coefficients.

The absorption coefficients for a wide range of InAs/GaAsSb designs were simulated and shown
in Figure 4.9. For comparison typical InAs/GaSb T2SL absorption coefficients are reported to be
in the 1500-2500 c¢cm™ range for the MWIR and > 1000 cm for the LWIR [15]. The results
simulated absorption coefficient for the LWIR structure with 16 ML InAs/10 ML GaAsSb is
273 ecm™!, which is lower than that reported for InAs/GaSb T2SL.

Figure 4.9 (a) shows the absorption coefficient at 5 pm. The highest absorption coefficients are
obtained when the GaAsSb layer is large. For designs with 20 ML of GaAsSb, the absorption
coefficient is high > 6000 cm™ and the variation is small at 5 um for InAs thickness of 7-20 ML
although the cutoff wavelength varies from MWIR to VLWIR as the thickness of InAs layer

increases.
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At 10 um, the number of designs that can produce high absorption coefficients, above 2500 cm™!
(red zone), is smaller as shown by those in the top right corner of Figure 4.9(b). In general the
absorption coefficient is highest for designs with the larger periods, >18 ML InAs, as these
superlattices have longer cutoff wavelengths than 10 pm. For example the design with 18 ML
InAs/20 ML GaAsSb has a higher absorption coefficient of 2350 ¢cm™! than a design with 16 ML
InAs/16 ML GaAsSb which has an absorption coefficient of 1980 cm™.

Figure 4.10 suggests that for designs with similar cutoff wavelength, 10.3 pm, a more
symmetrical period design (16 ML InAs/10 ML GaAsSb) yields a higher absorption coefficient of
273 ¢cm’! than that of 20 ML InAs/7 ML GaAsSb yields an absorption coefficient of 27 cm™.
Similar trend is observed at longer wavelengths. For structures with a cutoff wavelength of 12.4
um the almost symmetrical design (17 ML InAs/ 16 ML GaAsSb) yields a higher absorption
coefficient at 10 pm of 200.4 cm™ than that of 26 ML InAs /7 ML GaAsSb yields a absorption
coefficient of 30.2 cm™. Designs with InAs thickness below 12 ML have zero absorption
coefficient as their bandgap energies are larger than the photon energy at the 10 um wavelength.
Therefore T2SL. LWIR structures with similar thicknesses of InAs and GaAsSb produce higher

absorption coefficients.
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Figure 4.10: Absorption spectrums of two sets of InAs/GaAsSb superlattice structures with similar cutoff
wavelengths at 77 K, red have a cut off wavelength of 12.4 pm and the blue structures have a cutoff

wavelength of 10.3 um.

he trend in the VLWIR is shown in Figure 4.9(c). The number of designs capable of producing

absorption coefficient >1800 cm™ at 15 pum is even smaller. It is therefore clear that design
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flexibility is much more restricted for detection of VLWIR at 15 um. As before symmetrical
design produces a higher absorption coefficient. For example, a symmetrical period design (18
ML InAs/18 ML GaAsSb) yields a higher absorption coefficient than 20 ML InAs/12 ML
GaAsSb, decreasing from 1000 cm™ to 600 cm™. The variation of the absorption coefficient

becomes larger and more heavily dependent on the design at longer wavelengths.
4.3.3 Wavefunction overlap

To understand the trends observed for the absorption coefficients, the wavefunction overlaps for
various designs are analysed. Key notable observations are.
1) At a given cutoff wavelength, symmetrical designs have larger wavefunction overlaps
than asymmetrical designs.
2) In T2SL structures for a fixed InAs well width of 7 ML, the percentage of E1 and HH1

wavefunctions inside the InAs well decreases, with increasing GaAsSb barrier width.

1.0
10
cB
081 20ML/7ML . . - n 16ML/10ML
HH 08 ]
06 1 A
- PP T 2 HH1 06
,>\ 04 } ./ -\ -------------- E1
K2 / " < 04 ]
2 021/ \ @ - N
S ¥ N[ e e, 5 024 7 \,
S A g 4 b :
W 0.0 Fm e e e &= T e e e )
N 7] U o FEEREEER =
= ™ T TR L bR o e
0.2 ] T
024
041 : ! '
— | |
0.6 ; ; ; ; ; ; ; ; [ - SRR 0. 1 SRR e AR e
0 1 2 3 4 5 6 7 8 0 j K 3 . 5 . 7
Distance (nm) Distance (nm)

Figure 4.11: (left) Wavefunctions of 20 ML InAs and 7 ML GaAsSb structure (right) Wavefunctions of
16 ML InAs and 10 ML GaAsSb structure

It is constructive to analyse the wavefunctions for symmetrical and asymmetrical T2SL designs to
understand the stronger absorption coefficients in the former design. The wavefunctions overlap
determines the probability of the energy transition between E1 and HHI1. Figure 4.11 shows the
comparison between two superlattice designs with the same cutoff wavelength of 10.3 um, a more
symmetrical design (16 ML InAs/10 ML GaAsSb) and an asymmetrical design (20 ML
InAs/7 ML GaAsSb). The results show that the symmetrical design has a larger wavefunction
overlap leading to a larger absorption coefficient.

The percentage wave function (y1)) in the well was calculated using the equation below

w
fo 1/1(51) dx

% wavefunction in the well =
f_oo 1/)(51)dx
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(4.1)

where W is the width of the well.

The percentage overlap of the two wave functions is calculated by taking the lower of the 2 wave
functions. A and B in Figure 4.12 are the points where the wavefunction with the lowest
magnitude changes over. The wavefunction with the lowest magnitude was divided by the
integration of the other wave function. For example in Figure 4.12 between 0 and point A the
lowest magnitude wavefunction is E1, which is divided by the HH1 wavefunctions between the

points. Whereas, between points A and B HH1 is the lowest wavefunction so it is divided by the

integrated E1 wavefunction.

A A B

Wavefunction overlap = fo V) (dx + fB Vo) ()dx + fL Vi) (dx
A A B

fo Yun1)(x) dx fB Y1) (x) dx fL Yunn(x) dx

(4.2)

where L is the length of the superlattice period. For ease of calculation only the lowest energy
electron level and highest energy heavy hole level wavefunction were used, and the miniband
dispersion is ignored. The calculations were calculated for k=0 in the k plane, not across all
positions in the k plane. Calculating the overlap for all positions across the k plane would be more
accurate. These approximations mean the wavefunction overlaps calculated below are treated as

indicative of the total overlap rather than the definitive overlap.
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Figure 4.12: The graphical representation of the squared wavefunction overlap calculated in equation (4.2)
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Table 4.1:The percentage wavefunction overlap of HH1 and E1 for superlattice structures with similar cut-

off wavelengths in the MWIR,LWIR and VLWIR.

InAs Well | GaAsSb Cutoff Wavefunction
(ML) Barrier (ML) | wavelength overlap (%)
(um)
7 20 4.7 11.7
MWIR
9 7 5.2 16.1
14 14 7.98 8.8
LWIR
16 10 7.68 8.3
18 16 14.5 7.1
VLWIR
20 10 14.1 6.7

Table 4.1 shows the wavefunction overlaps for several designs with similar cutoff wavelengths.
The overlaps were calculated using the method demonstrated in figure 4.12. The designs with
closer to symmetrical designs have larger wave function overlaps. This is as expected as the wave
function will leak into the barrier material and interact with the wave function from the

neighbouring well increasing the wave function overlap.

4.4 Discussion

The weak dependence of the cutoff wavelength on the barrier (GaAsSb) thickness is consistent
with those reported in [16,17] for other InAs/InAsSb superlattice T2SLs. This can be explained
by the smaller effective mass of the electrons, causing E1 to change more prominently with the
quantum well width. To provide a qualitative explanation, the energy level (E, where n in the

number of the energy level) in a quantum well with infinite barrier potential is given by
h?n?
E,=——
" <2m*L2>
(4.3)

where m * is the effective mass of the electron in InAs, L is the width of the quantum well and 7 is
reduced Planck’s constant. On the other hand if m* is large, as it is for the holes in GaAsSb, the

effect of L will be weaker.
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Figure 4.13: The change in the energy of HHI and E1 of a InAs/ GaAsSb superlattice at 77 K, with a
barrier width set at 7 ML and a changing width of well from 7 ML to 26ML to demonstrate the effect of

equation(4.3).

The simulated results demonstrated that multiple designs can produce the same cutoff
wavelength. It is noted that symmetrical designs produce higher absorption coefficients. Recall, in
Figure 4.11 the symmetrical design (16 ML InAs/17 ML GaAsSb) shows a higher wavefunction
overlap than an asymmetrical design (22 ML InAs/7 ML GaAsSb). Besides the absorption
coefficient consideration, it is worth considering the role of the InAs layer thickness when
designing the lattice matched InAs/GaAsSb T2SL. Some of the reported influence of InAs
includes:

1) Results by R. Taalat [18] suggest InAs rich structures would be preferable for InAs/GaSb
superlattice. When compared to different superlattice designs with A of 5 um, the InAs
rich structure (7 ML InAs/ 4 ML GaSb) has a dark current density 2x107 Acm™ at -0.8 V
whereas a symmetrical period (10 ML InAs/ 10 ML GaSb) had a dark current density of
4x10% Acm?at-0.8 V.

2) InAs has a background doping of N-type and GaSb has P-type due to defects [19,20].
GaSb structures with native Ga vacancies causes a high p-type background doping in
superlattices containing GaSb [21,22,23]. The thickness of InAs can be used to control
the effective background doping of the T2SL [24].

3) Simulations suggest that the VLWIR can be achieved, using a thick InAs layer. For
example the 20 ML InAs/ 12 ML GaAsSb has a cutoff wavelength of 15 um. Therefore,

to achieve a very broadband absorption design a thick InAs layer can be adopted.
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4.5 Conclusions

In summary, 8-band k-p theory was used to calculate the effective bandgap of InAs/GaAsSb type-
II superlattice structures. The models in nextnano+ was validated and confirmed to be capable of
reproducing experimentally reported bandgaps and absorption coefficients. Thick absorption
regions are needed for high performance detectors as the absorption coefficient is lower in
InAs/GaAsSb, relative to those in strained InAs/GaSb superlattice lattice matched materials.
However, the main expected advantage for InAs/GaAsooSboor based superlattice structures is
strain free layers so that thick absorption regions can be grown with reduced defects. Effective
bandgap simulations indicate that the InAs/GaAsSb superlattices are more dependent on the
thickness of the InAs than on the thickness of the GaAsSb superlattice layers. The simulations
also suggest LWIR is possible with structures with InAs wells >12 ML and VLWIR is possible
with InAs wells >16 ML, provided that the GaAsSb barriers are > 12 ML. Absorption coefficient
simulations indicate that symmetrical (similar thicknesses of InAs well and GaAsSb barrier)
superlattices will have higher absorption coefficients than asymmetrical structures with similar
bandgaps.

The LWIR results show that for designs with cutoff wavelengths of 10 pm, a more symmetrical
period design (for example 16 ML InAs/10 ML GaAsSb) yields a higher absorption coefficient,
177.94 cm™. When compared to the asymmetrical design 20 ML InAs /7 ML GaAsSb which has
an absorption coefficient of 31.57 cm™'. The LWIR absorption coefficient at 10 pm results also
suggests designs with a 13 pm cutoff wavelength, a close to symmetrical period design (17 ML
InAs /16 ML GaAsSb) yields a 170.2 cm™! higher absorption coefficient than 26 ML InAs /7 ML
GaAsSb, 200.4 to 30.2 cm™. Further simulations suggest this higher absorption is due to higher

wavefunction overlap.
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5. Temperature dependence of InAs/GaAso.09Sbo.o1 superlattice

cutoff wavelength and absorption coefficient simulations

5.1. Introduction

The previous chapter explored the effect of different periods of the superlattice on cutoff
wavelength and absorption coefficient. In this chapter a more detailed study of the temperature
dependence of these parameters are carried out. Since T2SL IR photodetectors are normally
operated at low temperatures to minimise dark currents, it is important to investigate how
absorption coefficients change with temperature. This is particularly important if the operating
wavelength is close to the cutoff wavelength of the photodetector.

The key observations in this chapter are:

¢ Nextnano++ simulations of the temperature dependence of cutoff wavelength are in good
agreement with literature values in Figure 5.1 and Figure 5.2 [1].

e Stronger temperature dependence of cutoff wavelength and absorption coefficients was
seen in superlattice structures with longer smaller bandgaps. This is most pronounced
when the InAs Well thickness is changed.

e Changing the GaAsSb barrier was found to have relatively weak influence over the cutoff
wavelength and its temperature dependence behaviour, if the cutoff wavelength is in the
MWIR.

e InAs/GaAsSb superlattice designs with similar cutoff wavelengths and different periods
were simulated. The simulations showed structures with similar cutoff wavelengths
exhibit similar temperature dependence of cutoff wavelength.

e Comparisons of the optical absorption coefficients of the structures with similar cutoff
wavelengths showed higher absorption coefficients are obtained if the thicknesses of InAs
and GaAsSb are more similar. This was observed in structures having cutoff wavelengths

in the LWIR and VLWIR wavelengths.

5.2.  Model validation

The nextnano++ band structure simulations have been validated at 77 K and 300 K in the previous
chapter. To validate them at other temperatures, more simulations were done. In the nextnano++
program the valence band position is fixed, the bandgap is temperature dependent the conduction
band energies do change with temperature. The change in conduction band energies and the

bandgap depend on the Varshni equation (equation 2.29).
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This is important as InAs and GaAsSb have different dependencies on temperature. The
theoretical E, of bulk InAs changes with temperature by 0.1 eV from 0 K to 300 K [2], whereas
the E, of GaAso33Sbos; changes by 0.07 eV over 300 K [3]. [3] also shows that temperature
dependence of E; does not significantly change with the percentage of Sb in the GaAsSb alloy.
The strained InAs/GaSb T2SL is commonly used for the LWIR and several temperature
dependence of cutoff wavelength studies have been conducted. However, there is no extensive
study of cutoff wavelength for different superlattice periods on the lattice matched
InAs/GaAso.09Sboo1 superlattice system. To validate the model’s accuracy, the cutoff wavelengths
of InAs/GaSb T2SLs were simulated at multiple temperatures for two different superlattice

periods shown in Figure 5.1.

Alchaar literature (2019)

—_—— — nn++ simulations
Cervera literature (2011)
nn++ simulations

10

Cut-off Wavelength (um)
(92}

0 50 100 150 200 250 300
Temperature (K)
Figure 5.1 Nextnano++ (nn++) cutoff wavelength simulations for two strained InAs/GaSb superlattice

structures at various temperatures compared to experimental results. The red and black structures 15 ML

InAs/7 ML GaSb [4], the Yellow and Green structures are 8 ML InAs/8 ML GaSb. [5]

Both [5] and [4] in Figure 5.1 are experimental, not simulation results. The simulation results
show qualitative agreement to the experimental results. The small deviation could be due to the
simulation superlattices being “perfect” structures with no defects and every period being exactly
the same thickness, whereas the experimental results may have imperfections.

To further test the model, another lattice matched Ing s3Gao47As/ GaAsosiSbo4s SWIR superlattice
structure was simulated in Figure 5.2. The SWIR experimental results from [6] are very close with

the simulation using the nextnano default database especially at the higher temperatures. The
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simulation agreement was improved by reducing the nn++ valence band offset of the barrier

material by 0.16 eV.
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Figure 5.2: Nextnano simulations for 5 nm InGaAs/5 nm GaAsSb lattice matched superlattice cutoff

wavelength at various temperatures compared to experimental literature results. [6]

5.3.  Temperature dependence of cutoff wavelength simulation

Simulations to investigate how the cutoff wavelength of the superlattice varies with temperature
were performed. In the nextnano++ program the valence band position is fixed, the bandgap is
temperature dependent the conduction band energies do change with temperature. The change in
conduction band energies and the bandgap depend on the Varshni equation (equation 2.29). The
results for symmetric superlattices are shown in Figure 5.3. The results in Figure 5.3 (A) show a
very small change in cutoff wavelength for the MWIR superlattice structures as seen by the black
line. The increase in cutoff wavelength at higher temperatures increased was greater in larger
superlattice structures, which have cutoff wavelengths in the LWIR and the VLWIR (the blue,
pink and aqua lines in Figure 5.3). This trend is further demonstrated in Table 5.1where the
MWIR structure (7 ML/7 ML) cutoff wavelength increases from 4.5 um to 5.7 um, when the
temperature is increased by from 40 to 300 K. The difference in the wavelength shown in Table
5.1 for the 7 ML/7 ML was 1.2 um, a total percentage change of 23.5 %. The change is the cutoff
wavelength is more pronounced at longer wavelengths. The cutoff wavelength of the VLWIR
structure, 20 ML/20 ML, changes by significantly more, from 17.2 pm to 35 um a change of

17.8 um over the same temperature range; this is a much larger percentage change of 68.2 %. This
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is also illustrated by the highest value of dA./dT starting at 0.03 um/K and increasing to
0.27 um/K at temperatures of 295 K as shown in Figure 5.3 (B).
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Figure 5.3(A) The cutoff wavelength of lattice matched symmetrical InAs/GaAsSb superlattices at

temperatures varying from 40 K to 300 K. (B) the change in the cutoff wavelength over the change in

temperature for the same structures
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Table 5.1: The difference in cutoff wavelength of lattice matched symmetrical InAs/ GaAsSb superlattices
at the temperatures 40 K and 300 K.

Cutoff Cutoff Difference in | Percentage
wavelength at | wavelength at | cutoff wavelength | difference in cutoff
40 K (um) 300 K (um) (pm) wavelength (%)

7 ML/ 7 ML 4.5 5.7 1.2 235

12ML/12ML | 7.6 11.5 3.9 40.8

16 ML/16 ML | 11.3 20.6 9.3 58.3

20ML/ 20 ML 17.2 35.0 17.8 68.2

The larger change in the cutoff wavelength for the LWIR and VLWIR structures can be explained
by the relationship between E, and the cutoff wavelength ( A.) described below and the Varshni
equation (2.29 repeated)

hc
A, =2
Eg

(1.2 repeated)
The Varshni equation describes the E, dependence on temperature,

agT?
Bg+T

E,(T) = E,(0) —

(2.29 repeated)

These equations partly explain the significantly larger dA/dT value for the 20 ML InAs/20 ML
GaAsSb structure compared to the structure with a smaller period of 7 ML InAs/7 ML GaAsSb.
Equation 1.2 clearly shows that a small change in E, leads to a large change in the cutoff

wavelength at VLWIR wavelengths.

To investigate whether the barrier or well dimension has a larger effect on the temperature
dependence of the cutoff wavelength, the dependence of the barrier thickness on the cutoff
wavelength with temperature was simulated. Structures with an InAs well thickness of 7 ML and

a GaAsSb barrier thickness varying from 7 ML to 20 ML, shown in Figure 5.4.
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Figure 5.4: (A) The cutoff wavelengths of superlattice with periods varying from 7 ML InAs/7 ML GaAsSb
to 7 ML InAs/20 ML GaAsSb with increasing temperature. (B) the change in the cutoff wavelength over

the change in temperature for the same structures

The cutoff wavelengths of the structures varies from 4.5 um to 4.7 um for the 7 ML InAs/7 ML
GaAsSb and 7 ML InAs/20 ML GaAsSb respectively at 40 K. Most of the structures have a cutoff
wavelength increase of 1.2 um across the temperatures. The effect of increasing barrier size has

little influence over dA/dT compared to those for symmetrical periods in Figure 5.3. This may be
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due to the relatively large bandgaps of all the structures as the cutoff wavelengths are in the
MWIR at 40 K. Figure 5.4 (B) shows that the change in dA/dT increases marginally with the size
of the GaAsSb layer. The largest change of dA./dT is 0.007um/K and the smallest is 0.0052 pm/K,
indicating the changes are minimal. The change in cutoff wavelength values is further illustrated
in Table 5.2. The percentage change in the cutoff wavelength for these structures is around 23 %;
this is understandable as the cutoff wavelengths of the structures at 40 K are between 4.5 and
4.7 um across the whole barrier size range. The increasing barrier size raises the first heavy hole
band towards the top of the valence band, reducing the overall bandgap of the structure and hence
increasing the cutoff wavelength. The results in this section confirm that as the T2SL bandgap,

and its temperature dependence are weakly dependent on the thickness of the GaAsSb barrier.

Table 5.2: The cutoff wavelength change of InAs/GaAsSb superlattice structures with well thickness of
7 ML and changing barrier thickness

InAs/GaAsSb Cutoff Cutoff Difference in | Percentage
wavelength at | wavelength at | cutoff wavelength | difference in cutoff
40 K (um) 300 K (pm) (pm) wavelength (%)

7 ML/ 7 ML 4.5 5.7 1.2 235

7 ML/ 12 ML 4.6 5.8 1.2 23.1

7 ML/ 16 ML 4.7 59 1.2 22.6

7 ML/ 20 ML 4.7 6.0 1.3 243

Next, the influence of InAs well thickness as investigated. Simulations were carried out with InAs
thickness ranging from 7 ML to 20 ML and a fixed GaAsSb barrier of 7 ML thick. Figure 5.5
shows that as the InAs layer thickness increases, the change in cutoff wavelength is more
pronounced with increasing temperature. The change in the dA/dT for the 7 ML InAs/7 ML
GaAsSb is much smaller than the change dA/dT for the 20 ML InAs/7 ML GaAsSb.
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Figure 5.5: (A) the cutoff wavelength of InAs/GaAsSb superlattices with a 7 ML GaAsSb barrier and
changing InAs well widths from 7 ML to 20 ML at temperature ranging from 40 K to 300 K. (B) The

change in the cutoff wavelength over the change in temperature for the same structures

The results in Figure 5.5 (A) shows that the 7 ML InAs/20 ML GaAsSb structure changes from a
cutoff wavelength of 10.0 um at 40 K, lengthening to a VLWIR structure with a cutoff
wavelength of 18.4 um at 300 K. Compared to the 7 ML InAs/7 ML GaAsSb structure which
stays within the MWIR wavelengths. As seen in Figure 5.5 (B) the change in dA/dT is one order
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of magnitude larger than the results in Figure 5.4 (B). The largest change in cutoff wavelength is
8.4 um, as seen in Figure 5.5 is for a VLWIR structure with 20 ML of InAs wells. The percentage
change in cutoff wavelength from Figure 5.5 is presented in Table 5.3. The percentage change for
the LWIR structure 20 ML InAs/7 ML GaAsSb is 59.2 %, more than double the percentage
change for the MWIR structure 7 ML InAs/7 ML GaAsSb. This is not a surprise due to the

smaller value of E, in the LWIR structure.

Table 5.3: The cutoff wavelength change of InAs/GaAsSb superlattice structures with well thickness of

7 ML and changing barrier thickness

InAs/GaAsSb Cutoff Cutoff Difference in | Percentage
wavelength at | wavelength at | cutoff wavelength | difference in cutoff
40 K (pm) 300 K (um) (pm) wavelength (%)

7 ML/ 7 ML 4.5 5.7 1.2 235

12 ML/ 7 ML 6.6 9.7 3.1 38.0

16 ML/ 7 ML 8.3 13.5 52 47.7

20ML/7 ML 10.0 18.4 8.4 59.2

To assess the accuracy of the simulated temperature dependence of T2SL bandgaps, the published
results in the literature are compared. In the MWIR superlattice [5] in Figure 5.1, the InAs/GaSb
superlattice cutoff wavelength varies by 20.4 % compared to the 23 % in the 7 ML InAs/7ML
GaAsSb MWIR structure in Table 5.3. In the LWIR InAs/GaSb photodiodes from [4] they
reported a change of 2.7 % in the cutoff wavelength from 40 K to 115 K. This is a change of
0.02 pm per degree compared to the 0.032 um per degree for the LWIR 20 ML InAs/7 ML
GaAsSb structure in Table 5.3. This suggests the InAs/GaAsSb superlattices in the LWIR are more

sensitive to temperature change than InAs/GaSb superlattices.

Figure 5.5 shows for structures with the same barrier size and a well size varying from 7 ML to
20 ML. As temperature increases the cutoff wavelength of the superlattice increases, as does the
change in cutoff wavelength. The difference between the cutoff wavelength of 7 ML InAs/7 ML
GaAsSb and the 20 ML InAs/7 ML GaAsSb at 77 K is 5.9 um which increases to a difference of
12.7 um at 300 K. This can be explained by longer wavelength structures being more dependent
on temperature. The MWIR superlattice results have a similar percentage cutoff wavelength
change to the results from in Figure 5.2 where the InAs/GaSb superlattice varies by 20.4 %
compared to the 23 % of the nextnano simulations. LWIR InAs/GaSb photodiodes from have
percentage change of 2.7 % in the cutoff wavelength from 40 K to 115 K this is a change of
0.2 um per degree compared to the 1.45 um over same temperature range for the LWIR
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20ML InAs/7 ML GaAsSb structure. This suggests the InAs/GaAsSb superlattices in the LWIR

are more sensitive to temperature change than InAs/GaSb superlattices.

Results in this section show that the cutoff wavelengths of LWIR and VLWIR structures have a
larger dependence on temperature. This temperature dependence could be a disadvantage for a
superlattice design as any temperature fluctuations could drastically change the E, of the
structure. This would be a considerable disadvantage when the wavelengths of interest are close to
the structure’s cutoff wavelength, as any change in the E; of the structure can significantly change
the absorption coefficient. For example a structure with a 10.3 um cutoff wavelength at 77 K the
absorption coefficient at 9 um changes from 12 to 35cm™ at 100 K. To verify whether
symmetrical or non-symmetrical structures have stronger temperature dependence, simulations for

structures with cutoff wavelength close to 10 um at 77 K were simulated.

5.3.1. Comparison of structures with the same cutoff wavelength at

77 K

The temperature dependant cutoff wavelength simulations were extended to include eight
structures with cutoff wavelengths close to 10 um at 77 K. The results in Figure 5.6 show that
structures with the similar cutoff wavelengths will exhibit similar temperature dependence.

In Figure 5.6(A) two superlattice structures 16 ML InAs/10 ML GaAsSb and 20 ML InAs/7 ML
GaAsSb show very similar cutoff wavelengths across all temperatures. Figure 5.6 (B) clearly
shows how the dA./dT is not strongly dependent on the design. dA./dT is marginally reduced when
the thickness of GaAsSb is increased from 12 ML to 20 ML, for a fixed 14 ML InAs.
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Figure 5.6: (A) InAs/GaAsSb superlattice periods with a cutoff wavelength close to 10 um at 77 K (B) the

change in the cutoff wavelength over the change in temperature for the structures in A

In addition to cutoff wavelength, the temperature dependence of the absorption coefficient is
investigated. Two of these structures, 16ML InAs/10 ML GaAsSb and 20ML InAs/7 ML

GaAsSb, were simulated.
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Figure 5.7 Absorption coefficient at different wavelengths for various temperatures, 77 K, 100 K, 200 K,
and 300 K, for the superlattices 16 ML InAs/10 ML GaAsSb (grey) and 20 ML InAs/7 ML GaAsSb (red).

The results in Figure 5.7 consistently show that for the two structures, the more symmetrical
16 ML InAs/10 ML GaAsSb structure has a larger absorption coefficient at all the simulated
temperatures. The cutoff wavelength of the two structures stayed comparable as the temperature
increased. The difference in absorption coefficient is especially noticeable in the wavelengths
closer to the structures cutoff wavelength; the absorption is in the same order of magnitude in the
MWIR (below 4 um). Figure 5.7 extends the conclusion drawn in the previous chapter suggesting
that close to symmetrical structures are preferable, as they have higher absorption coefficients at
all temperatures.

The comparison of the absorption coefficients at 8 um is shown in Table 5.4. The absorption
steadily increases as the cutoff wavelength of the structure increases. The largest difference in

absorption coefficient is for 300 K with a value of 176 cm™..
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Table 5.4: Comparison of the absorption coefficient for 16 ML InAs/ 10 ML GaAsSb and 20 ML InAs/ 7
ML GaAsSb at 8 pm and at multiple temperatures

Temperature 16 ML InAs/10 ML | 20 ML InAs/7 ML | Difference in absorption
(K) GaAsSb (cm™) GaAsSb (ecm™) coefficient (cm™)

77 178 32 143

100 201 73 128

200 277 124 153

300 359 182 177

Another pair of structures with a cutoff wavelength close to VLWIR at 77 K was compared in
Figure 5.8. The results in Figure 5.8 show similar trends, the structures have similar cutoff
wavelengths at all temperatures and the more symmetrical structure have a consistently higher

absorption coefficient.
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Figure 5.8: Absorption coefficient at different wavelengths for various temperatures, 77 K, 100 K, 200 K,
and 300 K, for the superlattices 17 ML InAs/16 ML GaAsSb (blue) and 26 ML InAs/7 ML GaAsSb (black)
which both have cutoff wavelengths of 13.1 pm.

The differences in absorption coefficients of the two structures at 10 um are in Table 5.5. The
absorption at 10 pm of 26 ML InAs/7 ML GaAsSb is weak and only goes above 100 cm™ at
300 K. The difference in absorption coefficient between the two structures is around 175 cm,

except for 200 K due to the high absorption coefficient of 17 ML InAs/16 ML GaAsSb at this
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temperature. This higher absorption coefficient at 200 K is due to the structure having a very
sudden absorption end instead of tailing off more gradually, like the 26 ML InAs/7 ML GaAsSb
structure. The difference in absorption coefficient is also higher than the shorter wavelength
structures at the same temperature. This suggests that choosing a more symmetrical structure has

a bigger impact on the absorption coefficient for longer wavelength detecting structures.

Table 5.5: Comparison of the absorption coefficient for 17 ML InAs/16 ML GaAsSb and 26 ML InAs/
7 ML GaAsSb at 10 um and at multiple temperatures.

Temperature 17 ML InAs/16 ML | 26 ML InAs/7 ML | Difference in absorption
(K) GaAsSb (ecm™) GaAsSb (ecm™) coefficient (cm™)

77 200 30 170

100 225 42 184

200 302 75 227

300 294 114 180

5.4. Conclusion

The temperature dependence of cutoff wavelengths of different InAs/GaAsSb superlattices
periods was investigated. The simulations were validated against InAs/GaSb grown on GaSb and
InGaAs/GaAsSb superlattice grown lattice matched to InP.

A range of symmetrical structures, 7ML InAs/7ML GaAsSb to 20ML InAs/20ML GaAsSb were
investigated. The results show that structures with larger period superlattices, with cutoff
wavelengths in the LWIR and VLWIR, have a stronger dependence on temperature. In other
words the cutoff wavelength increases much more rapidly with increasing temperature as the
cutoff wavelength increases.

A study on the effect of changing the thickness of GaAsSb barrier found that the cutoff
wavelength is weakly dependent on the thickness of GaAsSb. This also leads to a weak
temperature dependence of the cutoff wavelength in all structures studied, with a fixed 7 ML InAs
and GaAsSb thickness of 7ML to 20 ML. Likewise a comparative study that fixed the thickness
of GaAsSb to 7 ML but varying the InAs thickness from 7 ML to 20 ML was carried out. The
results reveal that the temperature dependence of cutoff wavelength is the strongest in the
structure with the thickness InAs layer of 20 ML corresponding to the longest cutoff wavelength.
This larger change in cutoff wavelength is attributed to the smaller E,, as shown in equation 1.2.
Superlattices with similar cutoff wavelengths at 77 K were also simulated. The results show that
structures with similar cutoff wavelengths in LWIR and VLWIR, exhibit a similar temperature

dependence trend independent of the superlattice period symmetry. However structures that have
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more similar thicknesses of InAs and GaAsSb (i.e more symmetrical structures) consistently show

higher absorption coefficients.
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6. Temperature dependence of dark current density simulations

6.1.Introduction

This chapter investigates the temperature dependence of dark current density in InAs/GaAsSb
superlattices. The previous chapter suggests that structures with near symmetrical periods are
favourable, especially for the VLWIR, as their absorption coefficients had a larger difference at
all temperatures. However, the benefit of an increased absorption coefficient is only important if
the dark current is not significantly greater than non-symmetric structures. This is because an
increase in dark current would reduce the signal-to-noise ratio of photocurrent measurements.

The temperature dependence of current density is a significant property to understand, due to
superlattices photodiodes being operated at temperatures down to 77 K. Ideally they would be
operated at room temperature for ease of use, however low temperature operation is required to
minimise dark currents. It is well known that the dark current will increase rapidly when the
bandgap reduces. If the wavelength of interest is near the superlattice cutoff wavelength, any
change in bandgap could change the absorption coefficient by an order of magnitude. Therefore
the cutoff wavelength, operation wavelength and dark current need to be carefully considered
when designing IR photodiodes.

Modelling to identify the dominant design feature that controls the dark current density is
important prior to growth of the structure to minimise the production cost.

Key results in this chapter are:

e Simulated and measured current densities of InAs/GaSb and InAs/GaAsSb T2SL
structures are in good agreement showing that nextnano++ [1] current density simulations
are reliable.

e In InAs/GaAsSb T2SLs with identical thickness for InAs and GaAsSb, the dark current
drops by ~4 orders of magnitude when the temperature drops from 200 K to 77 K.
Analysis of activation energy suggests that the dominant dark current mechanism is
generation-recombination in MWIR diodes but is diffusion dominated in LWIR and
VLWIR diodes. Using the dark current density of 10° Acm? as a performance indicator,
structures with cutoff wavelengths below 8 um can meet this requirement at an operating
temperature of 77 K. 10° Acm™ was chosen as a benchmark as it is the dark current
predicted by rule 07 at 77 K [2].

e For a fixed thickness of InAs layer, changing the thickness of GaAsSb has a weak effect
in changing the bandgap. For example with a 7 ML InAs, changing GaAsSb layer
thickness from 7 to 20 ML only increases the dark current density at 77 K by 2 orders of
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magnitude. The rate of change of dark current with temperature remains similar
independent of the thickness of GaAsSb.

Simulation results suggest that changes in InAs thickness had a larger effect on the
current density. When the thickness of GaAsSb was fixed to 7 ML and the thickness of
InAs was varied from 7 to 20 ML, the dark current density at 77 K increases by ~ 3 orders
of magnitude. The dark current decreases exponentially with temperature at a similar rate
for all the structures simulated.

When different T2SL diodes with cutoff wavelengths of 10, 13 and 18.5 pm at 77K are
analysed, the dark current densities from different designs, with a similar cutoff
wavelength, are similar too. However in a design with a more similar thickness of InAs
and GaAsSb, the absorption coefficient is higher and hence can produce a higher signal to
noise ratio.

When the generation-recombination current was removed the dark current at 140 K drops
by 2 orders of magnitude in the LWIR diode with a 20 ML InAs/9 ML GaAsSb period.
Similar observation was made at 300 K confirming that the generation recombination can

be a major dark current mechanism.

6.2.Current density model validation

A detailed order and flow of the current density simulations performed in nextnano++ are shown

in Figure 6.1.
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Figure 6.1: A flow chart of the program flow for the current density simulations for photodiode devices

The default simulation conditions were investigated by simulating the current density of a GaAs

PN at 300, 200 and 77 K. The results in Figure 6.1 show no change in the current density in the
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reverse bias, which clearly indicates errors in the simulation. In the forward bias the turn on
voltages increases with decreasing temperature as expected, but no temperature dependence was
observed at the lower bias voltages from 0 to 0.5 V. To improve the simulation the parameters for

the current density calculations were investigated.
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Figure 6.2: The current density of a GaAs PN structure at 77, 200 and 300 K

First the carrier densities of electrons and holes were investigated. In nextnano++ the carrier
densities is calculated at each grid point through the structure, the acceptable value for each of the
carrier densities is limited to be between the minimum and maximum carrier densities. The lowest
value of minimum carrier density allowed is 1x107'° cm?, this is unphysical and far too small for a
semiconductor. The value is used as a stop point, therefore if the carrier densities calculated are as
small this value the simulation fails as the carrier concentration is unphysical.

However, as the simulation converges more easily when a small carrier density range is used, the
minimum and maximum carrier densities need to be adapted for each simulation.

Nextnano++ current calculations use the drift-diffusion equations to calculate the current density

which is described in equation (6.1),

dn
J = qniunE + qDea

(6.1)

where n; is the intrinsic density, the square root of product of the two carrier densities. E is the
electric field applied, u, is the carrier mobility with units cm?V-'s!, q is the charge of an electron
and D. is the diffusion coefficient. The simulation in Figure 6.2 shows the effects of varying the

minimum carrier density value on the current density of a GaAs PN diode. The results show a
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significant drop of reverse current density when the minimum carrier density is changed from
1x107 to 1x10! ¢cm?. Further reduction in the minimum carrier density to 1x10®* cm™ and lower
does not produce significant change in the current density. Some simulation noise is notable in the

reverse bias, but this does not show a clear dependence on the value of minimum carrier density

used.
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Figure 6.3: Current density simulations of a GaAs PN at 300 K using various minimum carrier density

values

The GaAs PN structure in Figure 6.3 was re-simulated using the minimum carrier density of
1x10” cm™ at temperatures from 77 to 300 K. There is a clearer temperature dependence trend in
the forward bias current-density. However, the current density seems to be limited to

approximately 1x10° Acm™ at low forward bias voltages and at the reverse bias voltages.
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Figure 6.4: The current density of GaAs PN structure at multiple temperatures with a minimum carrier

density of 1x10 cm™

Next, the influence of the maximum carrier density was investigated. The default maximum
carrier density is 1x10°° cm™; this is unphysical and far too large for a semiconductor. The large
value is used as a stop point, where the carrier density is too large even for laser calculations;
therefore if the carrier densities are as large as this then the simulation fails as the carrier
concentration is unphysical. The GaAs PN diode was re-simulated in Figure 6.4. The results have
improved with the adjusted values for the maximum carrier density, which was changed from
1x10° cm at 100 K, to 1x10% cm™ at 300 K. The results are closer to the expected values with

temperature, though the 100 K current-density results would be too low to verify experimentally.
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Figure 6.5: Current density calculations for GaAs PN at the temperatures 300 K, 200 K, 77 K with a
minimum carrier density of 1x10® ¢m™ and a maximum carrier density ranging from 1x10% cm? to

1x10%cm™.
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The results demonstrated the need to select appropriate values of minimum and maximum carrier

densities to simulate current density range of interest.
6.2.1. InAs PIN verification

An InAs PIN was simulated and compared to experimental results, from our group [3]. These
experimentally measured dark current densities were confirmed to originate from the bulk of the
semiconductor, rather than the surface of the photodiode at temperatures above 200 K. Three
temperatures were simulated from 77 K to 300 K the results are shown in Figure 6.6, while the

structure of the sample is shown in the Table 6.1.

Table 6.1: The layer structure PIN photodiode from [3]

Region Thickness (nm) Doping (cm™)
P 1500 5x10Y7
I 6000 2x10%
N 3500 5x10Y7
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Figure 6.6: The PIN InAs from [3] compared to next nano simulations

The results in Figure 6.6 show good agreement with the experimental results at 300 K and 200 K,
the slight fluctuations in results are likely to be due to convergence issues. At 77 K, the simulated
current density is lower than the experimental results from [3]. Analysis of the results in [3] show

the device is diffusion dominant at the temperatures of 200 and 300 K. However, at 77 K
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generation-recombination current, surface leakage current and background induced current
become more dominant, this could cause the discrepancy observed at 77 K. The number iterations
for the current density equation was increased from 300 to 1000 to achieve smoother current

density curves, though this did significantly increase the simulation time.
6.2.2. InAs/GaSh PIN superlattice verification

With good agreement between simulated and measured dark currents for InAs, simulations of a
MWIR 6 ML InAs/7 ML GaSb superlattice PIN were compared to experimental results [4]. The
cutoff wavelength of the superlattice PIN is 5 pm and the simulated results are shown in Figure

6.7.
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Figure 6.7: 6 ML InAs/7 ML GaSb superlattice PIN for three temperatures 130 190 and 295 K [4].

These results agree well at 295 K, with some fluctuations in the current density results. At 190 K
there were more fluctuations in the current density results, possibly caused by the number of
iterations being too low for the simulation to converge completely. The 130 K results deviate even
further from the literature, confirming that nextnano++ simulations provide better agreement at

higher temperatures.
6.2.3. InAs/GaAsSb PIN superlattice verification

Having achieved good agreement in InAs/GaSb T2SL, simulations were extended to
InAs/GaAsSb T2SL. Current density simulations for a LWIR 20 ML InAs/9 ML GaAsSb PIN
superlattice at 140, 120 and 77 K were performed and compared to experimental results from [5].

This is an important paper to validate the current-density against, as this is the same paper used
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for the E, and cutoff wavelength validation. The nextnano++ simulation results compared to [5]

are shown in Figure 6.8. Very good agreement was achieved at temperatures of 120 and 140 K.
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Figure 6.8: 20 ML InAs/9 ML GaAsSb simulation results with a coarse and fine grid at the temperatures
100, 120 and 140 K compared to [5].

As the current density simulations are for much larger structures than those used for the bandgap
simulations the computational time increased. To decrease computational time a coarse grid
simulation was trialled. The original grid had a spacing of 0.5 A between each grid point which is
roughly 6 grid points per monolayer, whereas the course grid gives about 1 grid point per
monolayer. The results in Figure 6.8 show that the number of grid points has a significant effect
on the accuracy of the results at 100 K. The results for the coarser grid are reasonably close in the
reverse and forward bias compared to the literature results at higher temperatures. However the
simulated results agree better with the results from [5] at 100 K when the fine grid was used. The

fine grid was used for the rest of this chapter.

6.3. Current density results

The simulations using the fine grid were more accurate, at the expense of a long computational
time. To reduce the simulation time and to investigate whether diffusion current is dominant in
the next nano simulations, the effect of the size of the i-region on the current density simulation
was investigated. The same structure from [5] was simulated, but with a 10 quantum well n-
region and p-region instead of the 55 in [5], and a i-region of 10, 20 30 and 100 quantum wells,
instead of 285.
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Figure 6.9: Current density of a 20 ML InAs/9 ML GaAsSb at 200 K for 10, 20, 30 and 100 quantum wells

The results in Figure 6.9 show that the current density at 200 K is higher when are dependent on
the number of quantum wells in the i-region is increased to 100. This indicates the generation-
recombination current has a significant effect on the current density results. The computational
time was greatly affected by the number of quantum wells, 10 quantum wells finished 2 hours
faster than the 30 quantum wells simulation and 10 hours faster than the 100 quantum well
structure. The 100 quantum well structure’s forward bias is very close to the other results, and the
reverse bias is on average 0.2 Acm™ higher than the smaller simulations. The increase in current
density shows the effect of the generation recombination current, as diffusion current would be
unaffected by the size of the i-region. The 10 quantum well structure is used for the rest of this
chapter, as the results are in the same order of magnitude and the simulations are used as a

qualitative indication of the dark current trend.
6.3.1. InAs/GaAsSb superlattices with a symmetrical structure

Using the conditions established in the previous sections, the current-density simulations of
symmetrical InAs/ GaAsSb PIN photodiodes were conducted. Simulations were performed, at 77,
100, 150 and 200 K, with period thicknesses ranging from 14 ML (7 ML InAs/7 ML GaAsSb) to
40 ML (20 ML InAs/20 ML GaAsSb). The simulations used the default current parameters from
nextnano++ for the mobility of electrons and holes etc. these values were taken from the
Vurgaftman parameter paper [6] and a listed in appendix A. These parameters were also in the
validation simulations earlier. The minimum and maximum carrier density values were altered for
the simulations. The values used in these simulations ranged from le® c¢cm™ for the 40 ML
structure and le”7 cm? for the 14 ML structure, the maximum carrier density was set at 1e’ cm™.
Though the range of values is large, and is unlikely for semiconductors, this creates a range that

aids the iteration process. The range of values chosen was the smallest range of carrier density the
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simulation could use and still converge on an answer. Throughout the simulations in this chapter
the maximum carrier density does not go above le® cm™ and the minimum carrier density does

not go below 1e® cm?.

At 77 K, increasing the period from 14 to 40 ML increases the cutoff wavelength from 4.64 um to
18.5 um. The corresponding change in cutoff wavelength is 5.19 pm to 27.0 um at 200 K. Figure
6.10 shows the dark current density at a bias of -0.1 V. The results show strong temperature
dependence. For discussion in this chapter, the operation temperature is assumed to be 77 K,
when the structure needs to be classified as MWIR, LWIR or VLWIR. In the MWIR structure
with a 14 ML superlattice period, the current density decreases from 1.77x102 Acm™ at 200 K, to
1.02x10° Acm™? at 77 K a difference of 4 orders of magnitude. In the LWIR structure with a
32 ML superlattice period, the current density decreases from 3.64 Acm™ to 4.12x10* Acm?, a
difference of 5 orders of magnitude. Under the same conditions, the temperature dependence
appears to be similar for the different superlattice periods. In the VLWIR structure with a 40 ML
period, the current density decreases from 8.92 Acm2at 200 K to 9.3x10° Acm™, againa

different of 4 orders of magnitude.
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Figure 6.10: The current density for PIN structures with symmetrical periods InAs/GaAsSb at a
bias of -0.1 V
The Arrhenius plots in Figure 6.11 were used to estimate the activation. However, the plots did
not show obvious gradients that can be used to extract the activation energies. A reasonable

estimate was obtained in the MWIR structure with a 14 ML period. For temperatures below
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150 K the activation energy was calculated to be 0.126 eV, this is close to half the value of E, for
this structure (0.267 eV at 77 K) suggesting generation recombination current is dominant.

The LWIR structure below 150 K has activation energy of 0.09 eV (32 ML period) this is close to
the bandgap of the structure (0.104 eV at 77 K) suggesting the structure is diffusion current
density dominant. The VLWIR structure at temperatures below 150 K has activation energy of
6.65x102 eV (40 ML period) this is the same as the bandgap of the structure (6.72x10% eV at

77 K) showing the structure is diffusion dominant.
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Figure 6.11: the Arrhenius plot for the symmetrical structures with period sizes from 14 ML to 40 ML
InAs/ GaAsSb at-0.1 V

The results are consistent with that expected from dark current theory. In general a smaller

bandgap causes the diffusion current to increase as the carrier density in the diffusion current is
proportional to exp (— ﬁ) When analysing dark current in an infrared photodiode, a useful
B

dark current density benchmark is 1x10° Acm™, which is the predicted current density for a MCT
photodiode at 77 K. Figure 6.10 shows this benchmark value can be achievers in the MWIR
structure with a 14 ML period operating 100 K and the in the LWIR structure with a 32 ML
period operating at 77 K. The dark current density results for the VLWIR structure with a 40 ML
period are higher and will require lower operating temperatures. By extending the Arrhenius plot

the VLWIR structure is predicated to achieve 1x10° Acm™ at a temperature of 45 K.
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6.3.2. InAs/GaAsSb superlattices with a 7 ML thick InAs well

To investigate the influence of the thickness of the GaAsSb layer on the current density, a series
of simulations of a PIN photodiode were conducted at 77, 100, 150 and 200 K. The structures had
a 7 ML thick InAs well and the GaAsSb barrier was changed from 7 to 20 ML thick. At 77 K,
changing the GaAsSb barrier thickness from 7 to 20 ML increased the cutoff wavelength from
4.64 to 4.78 um. At 200 K the cutoff wavelength increases from 5.19 to 5.21 um. It is clear the
effect of changing the GaAsSb on the cutoff wavelength is weak. Figure 6.11 suggested that the
dominant current process in the MWIR diode is generation recombination. In Figure 6.12 the
current density of all MWIR diodes reduce by approximately 4 orders of magnitude, as
temperature decreases from 200 to 77 K, which is consistent with the results in Figure 6.10. At
77K the 7ML InAs/7ML GaAsSb has a current density of 1.0x10°Acm™?, the
7ML InAs/I2ML  GaAsSb  (1.5x10° Acm?), and the 7ML InAs/14ML GaAsSb
(2.9x10° Acm™). All three structures have current densities low enough for use in a thermal
camera, the 7 ML InAs/7 ML GaAsSb structure also satisfies the requirement at 100 K. Arrhenius
plots of these MWIR superlattices suggest that generation recombination is the dominant dark
current mechanism. Though it should be noted that the simulations assume that the lifetime of the

carriers are not affected by the period of the superlattice.
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Figure 6.12: Current density of 7 ML InAs/GaAsSb superlattices with increasing GaAsSb thickness at the
bias -0.1 V at the temperatures 77, 100 150 and 200 K
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6.3.3. InAs/GaAsSb superlattices with a 7 ML GaAsSb barrier

Superlattices with a fixed GaAsSb barrier size of 7 ML and an InAs well varying from 7 ML to
20 ML were also calculated at different temperatures of 77, 100, 150 and 200 K. This is expected
to have a larger change in the current density, as a change in InAs thickness has a larger effect on
the bandgap as seen in the previous chapters.

The results in Figure 6.13 show the current density of each structure at -0.1 V. They show that as
the size of the well increases the current density of the superlattice increases. The dark current in
the MWIR structure (7 ML InAs/7 ML GaAsSb) shown in Figure 6.12 is generation
recombination dominated.

The LWIR structure (20 ML InAs/7 ML GaAsSb) has a cutoff wavelength of 10.3 um at 77 K.
The current density changes from 2.05x10° Acm?at 77 K, to 3.15 Acm™ at 200 K. This is not
low enough to be suitable for use in a thermal camera. Lowering the temperature to 50 K yields a
current density of 1.81x10* Acm™. The arrhenius plot for this structure show that the activation
energy of this sample below 150 K is 0.08 eV, which is more than half the bandgap of the
superlattice at 77 K (0.12 eV). This suggests diffusion current is more dominant at all
temperatures below 150 K, and extending the plot showed that <1x10° Acm™is achieved at
temperatures below 45 K.

The current density values change by four orders of magnitude current density when the thickness
of InAs is changed from 7 ML to 20 ML, confirming that the current density is strongly
dependent on the thickness of InAs well. The results also show very good agreement to
experimental results [5] obtained from a 20 ML InAs/9 ML GaAsSb superlattice structure as
shown by the stars in Figure 6.13.

110



1E+1§
. o
16"'0‘5
] * @ v
e 1e-1 3 A
g - _
< t1e2 - v P
>\ ]
@ 1e-3—- ¢
5 v
© 1 > o
E fde= E A
L E RPN
5 ] % 20 ML/ 9 ML from [5]
O 1e5 - - ® 20ML/7ML
3 ¢ 16 ML/ 7 ML
] v 14 ML/ 7 ML
1e-6 A | A 12 ML/7 ML
E B 7ML/7ML
1e-7 +—+—~+—++—+++—+r+++++1+++++r+++++r++++r+++++1++++1+
60 80 100 120 140 160 180 200

Temperature (K)
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temperatures of 50,77,100,150 and 200 K. The GaAsSb barrier was fixed at 7 ML with the InAs layer
increasing from 7 ML to 20 ML. Literature results for 20 ML InAs/9 ML GaAsSb PIN are also included
(stars) [5].

6.4. Comparing InAs/GaAsSb superlattices with the same cutoff wavelengths
at 77 K

Results from previous chapters showed for structures with similar cutoff wavelengths, the more
symmetrical structure has higher absorption coefficients at all temperatures. It is important to
understand how the current-density of the structures compare, to inform which period is superior
for certain wavelengths. Simulations were performed to compare the current density of structures

with the same cutoff wavelength at 77 K.

6.4.1.  Structures with a cutoff wavelength of 10 um at 77 K

InAs/GaAsSb structures with a LWIR cutoff wavelength of 10.3 um at 77 K suggested by
previous bandgap simulations are 16 ML InAs/10 ML GaAsSb and 20 ML InAs/7 ML GaAsSb.
Figure 6.14 shows very little difference in the current-density for the two structures. This suggests
that the dark current is largely dependent on the bandgap and not the relative thicknesses of the
InAs and GaAsSb layers. However, it is worth noting that the simulation, being an “ideal”

photodiode, does not include defects that could arise from growing different thicknesses of the
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GaAsSb, for example whether the effect of Sb segregation. The assumption that the carrier
lifetime for structures with the same cutoff wavelength is the same will need to be evaluated using

experimental data.
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Figure 6.14: The current density of 2 PIN superlattice structures with the same cutoff wavelengths at

multiple temperatures, 16 ML InAs/10 ML GaAsSb (grey) and 20 ML InAs/7 ML GaAsSb (red)

Overall comparing the results in chapter 5 figure 5.7 and Figure 6.14 it is implied that the
symmetrical structure has an advantage. As the two structures have a similar cutoff and dark
current, but the symmetrical structure has slightly higher absorption, averaging 150.2 cm™ (at the
wavelength of 8 um in Table 5.4) over the temperature range from 77 K to 300 K.

To analyse which is the better superlattice to operate at 8 um at 77 K the quantum efficiency was
calculated from the absorption coefficient. This value was then compared to the dark current-
density to provide a performance indicator. Previous simulations showed the structures
16 ML InAs/10 ML GaAsSb and 20 ML InAs/7 ML GaAsSb have absorption coefficients at 8 um
of 177.94 cm™ and 31.5 cm™ respectively at 77 K, this is summarised in the Table 6.2.

Table 6.2: Comparison of the absorption coefficient and current- density for 16 ML InAs/ 10 ML GaAsSb
and 20 ML InAs/ 7 ML GaAsSb at 8 um at 77 K

Temperature 77 (K) 16 ML InAs/10 ML | 20 ML InAs/7 ML | Difference
GaAsSb GaAsSb
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The absorption | 177.94 31.57 143.37

coefficient at 8 um (cm™)

Current density a -0.05V | 5.327x10* 4.239 x10* 1.08 x10*
(Acm?)
Quantum efficiency (%) 4.12 0.772 3.35

The quantum efficiency (1) definition used for this analysis is
n=1-e¥ML

where L is the thickness of the detector, a()) is the absorption coefficient at a set wavelength. For

the purpose of these comparisons the thickness of the structure is taken to be 300 periods of the

superlattice, a typical PIN photodiode thickness. It is clear that a higher quantum efficiency is

achieved in the more symmetrical structure. However the value is low suggesting that a thicker

absorption region is needed. Absorption enhancement features to achieve multi-pass absorption

will also be needed to increase the overall quantum efficiency.

6.4.2.  Structures with cutoff wavelength 13 um at 77 K

A pair of structures with a cutoff wavelength close to VLWIR were simulated in Figure 6.16 to
assess the current-density of 17 ML InAs/16 ML GaAsSb and 26 ML InAs/7 ML GaAsSb. At
77 K both structures had a cutoff wavelength of 13 um. The current density for these devices is
higher than the results in Figure 6.14 as they have a smaller E;. As before there is no obvious
difference in the current density. In practice the surface leakage, growth and fabrication issues,
arising from different thicknesses of InAs and GaAsSb, may cause one structure to be more

favourable for real devices.
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Comparing results from chapter 5 Figure 5.8 and Figure 6.16 it can be concluded that the
symmetrical structure has a slight advantage. The two structures have a similar cutoff, similar
dark current, but the symmetrical structure has a higher average absorption coefficient value of

190.3 cm™ (see Table 5.5) over the temperature range.

The absorption coefficient at 10 um for the two structures at 77 K is 200.4 cm™ (17 ML
InAs/16ML GaAsSb) and 30.2 cm™ (26 ML InAs/7 ML GaAsSb). These values are shown in

Table 6.3. As before, the more symmetrical structure is more favourable.

Table 6.3: Comparison of the absorption coefficient for 17 ML InAs/16 ML GaAsSb and 26 ML InAs/
7 ML GaAsSb at 10 um 77 K

Property at 77 K 17 ML InAs/16 ML | 26 ML InAs/7 ML | Difference
GaAsSb GaAsSb

The absorption coefficient | 200.4 30.2 170.2

(em™)

Current density at -0.05V | 6.8x10 5.2x10° 1.6x107

(Acm™)

Quantum efficiency (%) 5.84 0.902 4.94
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6.4.3.  Structures with a cutoff wavelength of 18 um at 77 K

The superlattice structures 20 ML InAs/20 ML GaAsSb and 22 ML InAs/12 ML GaAsSb have a
cut off wavelength close to 18.5 um at 77 K. The absorption coefficient of these two structures at
15 um is 127.15 cm™ and 14.23 cm™ respectively. Assuming that the devices will be used to
detect a wavelength at 14 pm, the 20 ML InAs/20 ML GaAsSb structure has a high quantum

efficiency, suggesting the more symmetrical structure is favourable.

Table 6.4: Comparison of the absorption coefficient for 20 ML InAs/20 ML GaAsSb and
22 ML InAs/12 ML GaAsSb at 14 um 77 K

Property at 77 K 20 ML InAs/20 ML | 22 ML InAs/12 ML | Difference
GaAsSb GaAsSb

The absorption | 127.15 14.238 112.7

coefficient (cm™)

Current density 1.9x1073 2.6x10* 1.64x1073

(Acm?) at -0.05V

Quantum efficiency (%) | 4.52 0.439 4.13

6.4.4. The effect of the recombination currents

The simulated current density agrees with the measured value reported in literature. The simulated
dark current seems high for “ideal” superlattice photodiodes with no surface leakage or defects.
To confirm the effect of the recombination currents on the simulations, the same simulation was
run with and without the recombination current contributions included shown in Figure 6.17. The
recombination currents included in the simulations were Auger recombination, Schottky-Read-
Hall recombination, and radiative generation recombination currents. The parameters used for the
recombination currents are listed in Appendix A. The parameters used, are listed in appendix A,
from the nextnano++ default database. The recombination parameters are taken from the
Caughey/Thomas model [7], and the simulation depends on the temperature, the doping density
and the parallel electric field.
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Figure 6.16: The current-density of the same structure from Figure 6.8 (20 ML InAs/ 9 ML GaAsSb) at

140 K with the recombination current contributions included and not included.

These results clearly show that the devices simulated are greatly affected by the generation-
recombination contributions. To clarify the effect the recombination currents have on the current
density, the InAs PIN from Figure 6.6 and [2] was simulated with and without the recombination
currents included in Figure 6.18. The results showed a similar decrease in current-density when
the generation-recombination currents were excluded. The recombination contributions need to be

included in the simulations to make the simulations more realistic.
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Figure 6.17: The current-density of the InAs PIN structure simulated earlier in Figure 6.6 [2], with and

without the recombination current density contributions at 300 K.

6.5.Conclusion

From the results in this chapter it was concluded nextnano++ can reproduce experimentally
measured dark currents in InAs/GaSb and InAs/GaAsSb structures.

Simulations of different PIN devices with the same thickness of InAs and GaAsSb layer show that
the dark current increases at a similar rate with increasing temperature across designs with 7 ML
InAs/7 ML GaAsSb (MWIR diode) to 20 ML InAs/20 ML GaAsSb (VLWIR diode). The
activation energy analysis suggests that the generation-recombination is dominant in the MWIR
diode while diffusion is more dominant in the VLWIR diode.

Changing the thickness of InAs was found to have a more pronounced effect on the bandgap and
hence the dark current too. However in structures compared the dark current increases at a similar
rate with increasing temperature, even when the cutoff wavelengths are different.

When two structures with similar cutoff wavelength are compared, they produce similar dark
currents independent of temperature. However structures with a more similar thickness of InAs
and GaAsSb have higher absorption coefficients and hence can produce higher signal to noise
ratios. This trend is observed in devices with cutoff wavelengths of 10, 13 and 18.5 um at
77 K. The simulated results suggest that it is possible to achieve a dark current density of
10° Acm™? at 77 K in MWIR structures. However to achieve this level of dark current density in
the VLWIR structures, lower operating temperature is predicted. The recombination current was

found to be a major dark current mechanism, leading to ~ 2 orders of magnitude reduction when
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removed. This implies that accurate parameters for generation-recombination are important to
model the dark current in InAs/GaAsSb T2SL detectors. Based on the simulated results, reduced

generation-recombination current is required so that VLWIR operating at 77 K can be achieved.
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7 Fabrication and blackbody response of InAs/GaAsSb

superlattice

7.1  Introduction

Having simulated the cutoff wavelength, absorption coefficient and dark current in the previous
chapters, a feasibility study of growth, fabrication and characterisation of InAs/GaAsSb T2SL
was carried out. A PIN structure was designed and grown with a 50 period superlattice i-region
with barriers of GaAsSb and InAs in the p-region and n-region respectively, as shown in Figure
7.1. The superlattice chosen for the i-region was 15 ML InAs/16 ML GaAsSb design which
would a have cutoff wavelength of 9.5 pm at 77 K. The relatively wide bandgap barriers are
designed to reduce the dark current in the structure by blocking one type of carrier from moving
in one direction. One of the best dark current density results published for a LWIR device was
achieved by a InAs/InAs, sSbo s superlattice with a barrier [1]. This device achieved a dark current
density of 6.3x10° Acm™ which is ~ 1 order lower than a typical LWIR device [2].
Key results in this chapter are:
e The fabricated wafer shows diode rectifying behaviour and dark current level at 0 V at
77K to be comparable to that reported in a literature [1].
e The photoresponse to a wide range of wavelengths from MWIR to VLWIR. The peak
response is when using the 9-11 um bandpass filter.
e XRD fitting suggests that the superlattice grown was different from expected (15 ML
InAs/16 ML GaAsg.14Sbo 36)
o The response from VLWIR was attributed to a room temperature blackbody radiation

signal that was reflected by the VLWIR, leading to the detected photocurrent.

119



1.2

7.2 Wafer details
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Figure 7.1: Band diagram of the barrier wafer with a superlattice in i-region and the complementary barriers

in the p and n-regions at 0 V.

The wafer grown has 50 periods of 15 ML InAs/16 ML GaAsSb, the wafer structure and doping

is shown in Table 7.1.
Table 7.1: Wafer design for SF1625 15 ML InAs/16 ML GaAsSb

Thickness (nm) | Material Doping type | Doping level (cm™)

100 GaAs(0.09)Sb P 1x10'7 (error in the
growth request)

500 GaAs(0.09)Sb P 5x10"

100 GaAs(0.09)Sb Undoped 0

4.54/4.85 InAs/GaAs(0.09)Sb x50 repeats Undoped 0

100 InAs Undoped 0

500 InAs N 5x10"

This design aimed to reduce the dark current by reducing the intrinsic carrier concentration and

hence the diffusion current in the InAs n-region and the GaAsSb p-region. The doping of the top

100 nm GaAsSb layer was low due to an error in the growth request and this may have caused

some issues for creating p-type ohmic contacts.

120



First growth conditions to achieve a lattice matched GaAsSb on InAs, with 9 % of As, were
developed. A low As condition was used for GaAsSb, but this will require switching of the As
valve position when growing InAs. These conditions were used to grow the preliminary wafer
grown at 460 °C. The initial superlattice PIN, SF1611, has As content of approximately 13.7 %,
deduced from XRD, which is higher than the intended 9 %. This reduced Sb incorporation in the
superlattice leads to lattice mismatch to the InAs substrate. In order to improve the lattice
matching, to achieve the correct alloy of GaAsSb, a Sb soak was included. A Sb soak is where the
Sb source was left open to grow a Sb rich interface between the layers to improve the interface.
The XRD results which can be seen in Figure 7.2 and show the superlattice with the Sb soak
(SF1616) has much better lattice matching, the fringe peaks are narrower unlike the peaks in

SF1611.

__ SF1611
___ SF1616

Intenstity (arb. Units)

1 bidk

| Il_l, lll

-20000 -15000 -10000 -5000 O 5000 10000 15000 20000
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Figure 7.2: The XRD results for an InAs/ GaAsSb superlattice growth with a Sb soak (SF1616) and without

(SF1611) results have been positioned to match 0% peak positions.

However, as seen in Figure 7.3 the Normanski microscopy of wafer SF1616 shows a very rough
surface with “bumps” on the surface of the wafer. The roughness is thought to be metal droplets

of Sb. For this reason subsequent wafers were grown without the Sb soak step.
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Figure 7.3: The Normarski microscopy image x 50 magnification, for wafers SF1611 grown with no Sb

soak and SF1616 grown with Sb soak

A set of wafers were grown without the Sb soak method, but with increased Sb during growth of
the superlattice, to compare to the wafer grown with a Sb soak. In Figure 7.4 the XRD profiles are
from structures grown with the Sb soak. The XRD peak fitting of the spectrum shows there is less
As in the GaAsSb in the superlattice. The surface of these structures also shows the roughness
seen previously with the Sb soak grown structures shown in Figure 7.5 (a) and (b) for wafers with
100 and 50 periods of superlattice, respectively.

The XRD, for wafers grown without Sb soak but with a higher Sb flux, in Figure 7.4 (bottom
graph) shows narrow satellite peaks suggesting an improved quality of the superlattice in the
wafers with 50 periods of superlattice (SF1625) and 100 periods of superlattice (SF1627). A
higher Sb flow was supplied for the wafer SF1625 (shown as red line) to achieve high Sb
composition. 0" peak shift confirms the increased Sb composition. The surface of the wafers is

also smoother as seen in Figure 7.5 (c) and (d).
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Figure 7.4: Top: The XRD spectrum for 15 ML InAs/16 ML GaAsSb structures, wafer SF1622 grown with
Sb soak, and with 50 period repeats (pink) and wafer SF1624 100 period repeats (green). Bottom: The XRD
spectrum for wafers grown without Sb soak but with increased Sb flux, wafer SF1625 with 50 periods (red)

and wafer SF1627 with 100 periods (blue).
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Figure 7.5: Nomarski microscopy (50x magnification) for 4 structures in Figure 7.4 ¢ and d wafers are the
green and pink XRD spectrums for the wafers SF1622 and SF1624 grown with and Sb soak and SF1625
and SF1627 (the red and blue lines in Figure 7.4) with no Sb soak respectively.

7.3 XRD simulations of wafer SF1625

XRD simulations on the wafer were carried out to confirm the structure of the superlattice inside
the wafer, using Sergey Setepanov’s free X-ray server [3,4]. The XRD simulations suggest there
is some lattice mismatch in the superlattice part of the structure, the error in the MBE machine

used to grow this wafer is 0.05 %.
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Figure 7.6: The measured XRD data for wafer SF1625, black, plotted against the simulated XRD data for

the structure in SF1625 (15 ML InAs/16 ML GaAs.09Sbo.91), red. The green line shows the fitted XRD for
the measured XRD. The fitted data is for a 15 ML InAs/16 ML GaAsy.14Sbo g6 structure.

The results in Figure 7.12 suggest a superlattice of 15 ML InAs/16 ML GaAs.14Sbo.gs was grown
instead of the 15 ML InAs/16 ML GaAs.0oSbo.oi expected. The difference in the GaAsSb alloy Sb
percentage causes lattice mismatch in the superlattice introducing strain into the superlattice. The
new superlattice has a cutoff wavelength of 10.2 um this is 0.7 pm longer than the original
design. The strained structure would still respond in the LWIR which is what is shown by the

blackbody measurements.
7.3.1 Fabrication of wafer SF1625

SF1625 (with 50 periods of superlattice) was fabricated using the standard procedure described in
section 3.4. First, 20 nm/220 nm Ti/Au contacts where deposited by thermal evaporation. Then
the sample was wet etched to a depth of 1250 nm with an etch solution of Phosphoric acid: Citric

acid: H,O,: Deionised water (1:1:4:16) which left clean surfaces as can be seen in Figure 7.6.
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Figure 7.7: Image of wafer SF1625 after being etched for a depth of 1250 nm

7.4  Low Temperature current voltage measurements

Several fabrication runs were completed in an effort to improve the quality of the photodiode. The
current density of each fabrication run was measured in a Janis probe station. This has the benefit
of enabling low temperature current density measurements without the need to package the
sample, which can damage the sample.

The first fabrication campaign used the procedures described in section 3.4. The phosphoric and
citric acids combination was used for wet etching. The current density voltage results are shown

in Figure 7.7.
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Figure 7.8: The current density against voltage plot for 15 ML InAs/16ML GaAsSb sample standard
fabrication procedures, two different sized devices (radius 210 um and 110 um) at 77K (dashed lines) and
293 K (solid lines)

The results, from devices with radius of 210 and 110 um, show some saturation of current density
in the forward and the reverse bias which is especially clear at 77 K. The forward bias for both
sizes at 77 K stays below 1.1x102 Acm? whereas the reverse bias current density rises to
5.8 Acm. Though, as expected the large devices have high current density at both temperatures,
the results do not show clear scaling with device area or with temperature. At 77 K with the
current density of both sizes are spread across two orders of magnitude. There appears to be some
current blocking mechanisms that prevent the forward current from increasing. The lower doping
concentration of the top p layer of the wafer could have prevented the P contacts being ohmic.

Non-ohmic contacts on the device can contribute to the current blocking indicated by the results.

To improve the dark current density in the second fabrication campaign the top 100 nm of the

wafer was etched away before depositing gold contacts.
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Figure 7.9: The current density against voltage plot for 15 ML InAs/16ML GaAsSb sample, two different
sized devices (radius 210 pm and 110 pm) at 77 K (dashed lines) and 293 K (solid lines), top 100 nm of

wafer etched off sample etched 50 nm into n-region.

The results in Figure 7.8 show improved current densities of approximately 2x10° Acm™ for the
two devices sizes at 0 V at 77 K. This current density at 0 V is similar to the values in campaign 1
but with improved bulk diode behaviour. This value of current density is in the same order of
magnitude as those reported [1] at 77 K. The devices also show diode behaviour, with the current
density in the forward bias increasing with bias. As the structure has a small bandgap diode
behaviour (due to high dark current) is not expected at room temperature. However the smaller
device appears to show current rectifying behaviour at room temperature. The devices are also

mostly grouped by size which indicates close to bulk dark current behaviour.

In the forward bias of a 210 pum radius device, the current density at 0.2 V reduces from
2x10* Acm? for to 8x10~* Acm™. This suggests the removal of the top GaAsSb has helped to
remove the current blocking behaviour in the forward bias that was observed in the first
fabrication campaign. Packaging of the devices was attempted. Unfortunately, only one device
was successfully packaged from batch of devices. It is possible that the etching of the top GaAsSb

layer produces a poorer surface that causes the adhesion of the Ti/Au contact to be poor.
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7.5 Blackbody emitter photoresponse

Selected devices from fabrication campaign 2 were packaged and cooled to 77 K and then
exposed to a Blackbody source at a temperature of 1000 °C. Bandpass filters for several
wavelength ranges were placed in front of the blackbody source, one at a time, to measure the
change in the voltage on a lock-in amplifier. These values were then used to calculate the
photocurrent of the device in each wavelength range. The range of wavelength the bandpass
filters transmitted is depicted in Figure 3.5 in chapter 3.

Results in Figure 7.10 show the sample can respond to a wide range of wavelengths peaking at the
LWIR with the bandpass filter 9-11 um. From this peak it can be inferred that the strongest
transmission happens in this range of wavelengths. The simulations for a 15 ML InAs/16 ML
GaAsSb superlattice predicted a cutoff wavelength at 77 K of 9.5 um. Though, as the signal at the
cutoff wavelength would be weak, it would be expected that the strongest photocurrent would be
seen when using the 7.3-9.45 um filter. The photocurrent for the VLWIR filter is higher than
expected, as most of the light passing through the filter has a smaller energy than E, of the
sample. However, this signal is also contributed to by blackbody radiation from the filter at room

temperature, artificially boosting the photocurrent.
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Figure 7.10: The photocurrent of 15 ML InAs/16 ML GaAsSb sample at 77 K exposed to blackbody at
1000 °C with bandpass filters at -0.03 V and -0.5 V. The error bars indicated the wavelengths the filter

passes.
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Three sets of results were taken over 2 days a week apart. As there is no way to gradually cool
down the device in the dewar, and results were similar on the different measurement days, the
device has some resistance to thermal degradation. The photoresponse of the photodiode shows
the peak response for the 9-11 pum bandpass filter. This is not expected in the nominal design
which is expected to have a cutoff wavelength of 9.5 um at 77K. The wavefunctions of the
nominal design are shown in Figure 7.11. The cutoff wavelength, given by the transition between
El and HHI1, indicates lack of absorption at wavelengths beyond 9.5 um. Typically absorption
coefficient decays significantly as the cutoff wavelength is approached, causing photocurrent low
at those wavelengths. A structure with cutoff wavelength of 9.5 pm is unlikely to produce the
highest response in the 9-11 pm, as measured. There are two possible contributions that could
explain the higher response in the 9-11 pum band. From the XRD measurements in section 7.3, it is
possible that the GaAsSb has a different composition that leads to a longer cutoff wavelength of
10.2 um. In addition to this, a room temperature object will produce radiation with a peak at the
wavelength of ~9.5 um. Therefore it is possible that the detector has a longer cutoff wavelength

and has reasonable background induced photocurrent.
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Figure 7.11: The energy level diagram of the 15 ML InAs/16 ML GaAsSb superlattice

To estimate of the quantum efficiency the following approach is taken, because the typical way
measure the quantum efficiency was not available. Usually the spectral response of the device
would be detected using an FTIR spectrometer and the quantum efficiency would be calculated

using responsivity equation below,

_na
R(A) = e
(3.15 repeated)
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where 1 is the quantum efficiency of the photodiode at wavelength A. However, as the signal was
too weak for the responsivity to be measured by a FTIR spectrometer, it was assumed that the
quantum efficiency is constant at all the wavelengths of the bandpass filter. Then the quantum

efficiency can be calculated using equation 3.14 repeated below.

Az
iph = L R(D)PL).dA

(3.14 repeated)
where P(}) is the power the blackbody is emitting at a certain wavelength. The assumption causes
the responsivity term R(L) to become a constant. Therefore, using the measured photocurrent (ipn)
and integrating P(A) across the wavelengths covered by the bandpass filters the quantum

efficiency can be calculated.

Using this method quantum efficiency for the device with each of the filters is shown in Table
7.2. Results show low values of quantum efficiency, which is not a surprise given the difficulties

in obtaining the spectral response using the FTIR spectrometer.

The device has the highest quantum efficiency in the LWIR. To investigate whether room
temperature blackbody radiation is the main source of the photocurrent detected, an optical
chopper was placed in front of the device and the photocurrent was calculated for the signal when

the blackbody emitter was switched on and switched off.

The quantum efficiency in the VLWIR is higher than would be expected. The larger value could
be explained by LWIR signals, originating from room temperature blackbody radiation, reflected
by the VLWIR filter. Overall the quantum efficiency of the sample is low, literature regularly
reports 30 % efficiency [5,6], and suggesting fabrication of the sample still needs to be improved.
The low quantum efficiency, 3 % at the target wavelengths 9-11 um, could be due to several
reasons, including the low wavefunction overlap of the samples, surface roughness and the lack of
anti—reflection coating. As previously simulated in chapter 4, this InAs/GaAs.09Sbo.o1 superlattice
system has a low wavefunction overlap and low absorption, relative to the more conventional
InAs/InGaSb superlattice. A simulated InAs/GaAso.09Sbo.o1 superlattice with a cut-off wavelength
of 7.63 um has a cut-off wavelength of 8.3 %, this low wavefunction overlap directly effects the
absorption of the sample as stated in chapter 1. Due to the low doping in the top layer, the top 100
nm of the sample needed to be etched off before fabrication could begin. This etch resulted in an
increased surface roughness, which will increase light scattering at the sample surface and also
reduced contact adhesion (reducing the bonding yield to 1 device). The lack of anti-reflection
coating will further limit the absorption. All of the above will limit absorption and thus reduce the

measured quantum efficiency.
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Therefore to enhance the quantum efficiency of InAs/GaAsSb higher number of superlattice
repeats and incorporation of absorption enhancement features. This could be an optical cavity
using mirrors, crystal geometry or a large difference in refractive index to reflect light back into

the absorption region allowing the light multiple passes through the structure before leaving.

A report from a recent paper [7] suggested that it was possible to achieve a quantum efficiency of
65 % at 8.9 um at 77 K using 800 periods of 22 ML InAs/19 ML GaAsSb for the absorption
region. This was attributed the use of an optical cavity. A highly doped InAs Buffer layer was
grown between the superlattice and the substrate. The large difference in refractive index between
the InAs and the superlattice caused the light to be reflected, and pass through the absorption

region multiple times, increasing the photocurrent caused by the light.

Table 7.2: The estimated the quantum efficiency that based on measured photocurrent

Filter range | Calculated Quantum | Average photocurrent
(um) efficiency (%) measured (nA)
3.85-3.94 0.12 0.306
7.37-9.44 0.9 0.719
9.0-11.05 3 0.870
15.14-
0.9 0.152
16.81

7.6  Conclusion

A wafer consisting of a PIN design with a GaAsSb p-region, a 50 repeat of 15 ML InAs/16 ML
GaAsSb superlattices in the i-region and an InAs n-region. Theoretical simulations predicted this
superlattice structure which has a cutoff wavelength of 9.5 pm at 77 K. The sample was etched to
a depth of 1250 nm with an etch solution of Phosphoric acid: Citric acid: H,O,: Deionised water
(1:1:4:16).

Dark current measurements suggested that diode rectifying behaviour was observed. The dark
current at 0 V and 77 K is comparable to that published in the literature. Photocurrent

measurements showed the sample had a photoresponse to a wide range of wavelengths
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from 3 um to 15 um. The results peak at 9-11 um, suggesting the cutoff wavelength of
this sample is longer than 9.5 um. The XRD fitting simulation suggested a strained
15 ML InAs/16 ML GaAso.14Sbo.gs superlattice with a cutoff wavelength of 10.2 um has

been grown rather than the structure expected. Response from the VLWIR was not expected
and was interpreted to be room temperature radiation that is reflected by the VLWIR filter.

In summary growth and fabrication of a LWIR InAs/GaAsSb superlattice detector was
demonstrated. However the deduced quantum efficiency is low, suggesting that an increased

absorption region and absorption enhancement features will need to be incorporated.
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8. Conclusions and future plans

Type 11 superlattices (T2SL) are a promising alternative to mercury cadmium telluride for LWIR
and VLWIR photodiodes. A lattice matched T2SL superlattice can be grown with fewer defects,
improving the crystal structure, which improves the overall quality of the photodiodes. However,
growth and fabrication of superlattice photodiodes can be expensive. Therefore, modelling the
material system, before growth, to ascertain the best structure for the desired wavelengths is
beneficial. From the simulations in this thesis, it can be concluded that the nextnano++ software is

an effective tool to design and model T2SL photodiodes.

8.1.Conclusions

8.1.1. Cutoff simulations

Simulations of cutoff wavelengths for InAs/GaAsSb superlattices, showed nextnano++ could
accurately simulate the bandgap and cutoff wavelengths (A.) of InAs/GaAsSb T2SLs. Simulated
results agree with reported experimental results. A range of A from 5 um to 18 um was achieved
using wells and barrier thicknesses ranging from 7 ML to 22 ML. The simulations showed
VLWIR was achievable with InAs wells >16 ML and barriers > 12 ML, and the LWIR was
achievable with wells >12 ML. Investigations into the dependence of the A. on the thickness of the
well and barrier materials showed that the well has a significantly larger effect on the A of the
superlattice. An increase of 13 ML in the well thickness for a structure with a barrier thickness of
7 ML increased the A from 4.7 to 17 um. Whereas, for a superlattice with a set well thickness of 7
ML, a barrier thickness increase of 13 ML Ac only increases by 1.1 um. This is seen consistently
with superlattices with wells and barrier thicknesses ranging from 7 ML to 20 ML. It can be
concluded InAs (well) thickness has a larger effect on the A of the superlattice.

8.1.2. Absorption coefficient simulations

Nextnano++ was able to reproduce reported experimental results. Optical simulations of
InAs/GaAsSb T2SLs showed that more symmetrical superlattice designs had higher absorption
coefficients. 16 ML InAs/10 ML GaAsSb which has a cutoff wavelength of 10.3 pm, yielded a
higher absorption coefficient, 177.94 cm™!, compared to 20 ML InAs/7 ML GaAsSb which has an
absorption coefficient of 31.57 cm™!. A similar result was seen for designs with Ac 13 um, 17 ML
InAs/16 ML GaAsSb yields a 170.2 cm™! higher absorption coefficient than 26 ML InAs/7 ML
GaAsSb, 200.4 to 30.2 cm™. From these simulations it can be concluded for superlattice designs

with the same A, more symmetrical structures are favourable due to higher absorption
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coefficients. This higher absorption coefficient was attributed to more symmetrical structures
having a larger overlap of the first electron energy level and highest hole energy level
wavefunctions. However, it is noted that the absorption coefficient is lower than that in the
strained InAs/GaSb superlattices. Therefore thicker InAs/GaAsSb, which should be possible
because of the lattice matched layers, together with absorption enhancement features such as

multi-pass absorption, will be needed to achieve high quantum efficiency.

8.1.3. Temperature dependence of bandgap and absorption

simulations

The temperature dependence of E,; and absorption coefficient of InAs/GaAsSb simulations was
investigated. Simulations into whether the barrier or well material had a stronger dependence on
temperature, showed InAs well thickness had a larger dependence on temperature. Though this
was attributed partly to the larger effect of InAs thickness on Eg. The results also show that
structures with longer cutoff wavelength exhibit larger change in bandgap when temperature
changes.

The results for structures with the same cutoff wavelength at 77 K tracked in a similar way with
temperature. This suggests the structure of the superlattice is not a major factor in the temperature
dependence of Eg. The results also show that structures with longer cutoff wavelength exhibit
larger change in bandgap when temperature changes. Optical absorption of the same structures
showed that the structures with close to symmetrical superlattice periods have larger absorption
coefficients at all temperatures. It can be concluded that a more symmetrical is more beneficial at

all temperatures.
8.1.4. Current-density

A series of current density simulations were performed for InAs/GaAsSb photodiodes. The
nextnano++ simulations were able to reproduce reported dark current density values. Simulations
of different period superlattice PIN devices suggested that InAs thickness has the strongest effect
on the current-density of the photodiode. However, this was credited to the larger effect InAs
thickness has on the E,.

From simulations of superlattice periods with similar cutoff wavelengths, it was concluded that
there was a weak dependence on the structure of the superlattice, with no significant difference in
the current densities. The close to symmetrical structures have a small increase in current density
but this is not large enough to be a consideration when choosing a superlattice structure.

Based on existing material parameters and generation-recombination parameters, simulations also
suggested that VLWIR structures will need to operate at temperature below 77 K to achieve low

dark current. The generation-recombination was shown to be a dominant dark current mechanism.

136



This suggests that reducing the generation-recombination current is necessary to achieve
operation at 77 K. This will require improved carrier lifetime through improved growth, or use of
photodiodes with barriers, such as an nBn structure, where the generation-recombination

component is reduced due to the wider bandgap used in the depletion region

8.2. Future Plans

The main focus of the future plans for this work would be on adjusting the designs to improve the

absorption coefficients and the current density.
8.2.1. Recombination mechanism parameters

As seen in Figure 6.17 the recombination mechanisms make a significant contribution to the total
current density simulations. However, simulations showed that the current parameters were based
on fitting to a single set of reported results in InAs/GaAsSb. More data across different designs

will be needed to verify how the parameters will change.
8.2.2. Extended structure size

One disadvantage to InAs/GaAsSb photodiodes the simulations indicated is the low absorption
coefficient values. The absorption coefficient (o) could be improved by extending the thickness of
the device; this would reflect the trend in published results to use thicker devices. Increasing the
device thickness would also increase the quantum efficiency (1) as the equation dictates where the
L is the thickness of the device.

n= 1— ea’()l)L

8.2.3. Including barriers

One common way used to reduce the current-density of a photodiode is to include barriers in the p
and n regions to block carrier movement in one or both directions. A disadvantage to barrier
structures is large barriers could absorb light in the p and n region, which would not be of the
operating wavelength and contribute to the dark current of the structure. As shown in Figure 8.1
adding a bulk material region decreases the current density especially at low bias. The step in
current density for the dual barrier structure could be due to tunnelling current. The large step in
the current-density could also be due to the bias bending the conduction and valence bands
causing the barriers to become easier to overcome. This would be a promising area for further

study as reducing the dark current can improve the signal to noise ratio of the device.
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Figure 8.1: 20 ML InAs/9 ML GaAsSb PIN (A= 10 pm) structure with bulk material regions to act as

barriers to the superlattice at 150 K

8.2.4. Including small amount of strain

While absorption simulations showed that more symmetrical superlattice period designs are
favourable due to higher absorption coefficients, the absorption values are still lower than strained
T2SL superlattices such as InAs/GaSb. InAs/GaSb T2SLs are strained and have a broken T2SL
band structure whereas InAs/GaAsSb has a staggered T2SL band structure. So a small amount of
strain could be introduced into the structure to improve the absorption coefficients. Strain changes
the positions of the band edges, causing smaller well and barrier structures to achieve the same Ac
as larger lattice matched ones. The smaller wells and barriers mean the wavefunctions overlap
will be greater, which causes the likelihood of a transition to increase, increasing the absorption
coefficient. The strain on the materials also changes the position of the energy levels, compressive
strain increases the Eg of the material and tensile strain decreases the Eg. Strained structures also
have the benefit of the strain causing the HH and LH to separate, reducing Auger contributions to

dark current.
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Figure 8.2 shows structures with the same cutoff wavelength at 77 K, the 20 ML InAs/7 ML
GaAso9Sbogi, 16 ML InAs/10 ML GaAsp.sSbooer and 16 ML InAs/12 ML GaAso2Sbos. The
lattice matched superlattices both have lower absorption coefficient than the strained superlattice
(16 ML InAs/12 ML GaAs2Sbos). This implies further investigation could improve the

absorption coefficient results.
8.2.5. Resonant cavity structures

Another method for improving absorption is by passing the light through the sample multiple
times. This has been achieved in InAs/GaAsSb superlattices for a photodiodes in the LWIR [1]. In
[1] a LWIR resonant cavity photodiode achieved a quantum efficiency of 65 % at 8.9 um at 77 K.
The high quantum efficiency was achieved by a PBIBN structure with a 22 ML InAs/19 ML
GaAsSb absorption region and with hole and electron barriers. The resonant cavity of the
structure uses a large difference in refractive index to reflect the light back into the absorption
region shown in Figure 8.3. The superlattice refractive index was estimated to be n;= 3.5, the
InAs buffer refractive index (ny) is estimated to be between 2 and 3.5, though based on literature
InAs refractive index is likely to be closer to n,=3.5 [2]. The InAs buffer was highly n-doped to
achieve reflection, this allowed light to travel through the absorption region several times

increasing the quantum efficiency.
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The same resonant cavity method was utilised in [3] for a LWIR InAs/InAsy70Sbo.so superlattice
photodiode. The device had a quantum efficiency of 14 % which is lower than other LWIR
photodiodes reported. However the calculated quantum efficiency of the superlattice structure
without the resonant cavity design is 3.7 %, suggesting resonant cavity designs could improve
quantum efficiency by as much as 26 %.

Solar cells also use reflection to increase quantum efficiency and absorption. This is achieved by
using pyramid geometry to encourage reflections [4]. The path the light travels is demonstrated in

Figure 8.4.
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Appendix A- The parameters in nextnano++ simulations

Below is a table of the key properties used in the simulations the parameters in bold are the

parameters changed from the default database to the values from Vurgaftman parameter paper.

Parameters InAs GaAs GaSb GaAsSb
Lattice constant (at 300 K) 6.0583 5.65325 6.0959

Bandgap 0.417 0.067 0.812 1.43
Electron effective mass 4.79159 -2.88 -2.25165

Kane's momentum matrix 21.5 28.8 27.0

element (eV)

Inversion symmetry parameter 3.596 7.979 13.079
L 15.695 2.74 -7.85
M -4.0 -3.86 -5.0

N -15.89 1.38 -10.656
Kappa 1.129 -1.74 -1.044
Valence band offset 1.390 1.346 1.777 -1.06
Mobility electrons (cm?/Vs) 32500 8500 5300
Mobility holes 510 800 1000
(cm?/Vs)

SRH acceptors 1.0e-9 1.0e-9 1.0e-9
doping scattering time (s) and | 1.0e19 1.0e19 1.0e19
doping concentration

(cm™)

SRH donors 1.0e-9 1.0e-9 1.0e-9
doping scattering time (s) and | 1.0¢18 1.0e18 1.0e18
doping concentration

(cm?)

Auger constants for 1.0e-31 1.0e-30 5.0e-30
Acceptors and 1.0e-31 1.0e-30 5.0e-30

Donors (cm®s)

Radiative (cm®s) 7.5e-10 7.2e-10 1.0e-9

143




Appendix B- The parameter script used in nextnano++

simulations
Below is the parameters for each material used in this thesis as they appear in the nextnano script,

A. InAs material parameters

binary zb { #stating that the material is zincblende (cubic crystal structure)

name = InAs
valence =111_V

lattice_consts{a = 6.0583 # units [Angstrom] lattice constant at 300 K
a expansion = 2.74e-5 } #units Angstrom/K, The temperature dependent lattice
constants
dielectric_consts{
static a =15.15 # Landolt-Boernstein epsilon(0)
optical a=12.25 # Landolt-Boernstein epsilon(infinity) used in laser calulations

elastic_consts{

cl1=83.29 cl12=4526 c44=39.59 } # units are GPa elastic constants
piezoelectric_consts{
el4 =-0.044 ) # units C/m?
conduction_bands{ # material parameters at Gamma in conduction band
Gamma{
mass =0.026
bandgap =0417 # units eV resultat 0 K
bandgap alpha = 0.276e-3 # units eV/K for temperature dependent bandgap alpha in
Varshni equation
bandgap_beta =93 #units K for temperature dependent bandgap beta in Varshni equation
defpot_absolute =-6.66 # units eV the absolute deformation potential of gamma conducution
band g =-14.9 # g factor (for Zeeman splitting in magnetic fields)
}
L{ # material parameters at L point in Brillouin zone in conduction band
mass_| =0.64
mass_t =0.05
bandgap =1.133
bandgap alpha =0.276e-3
bandgap beta =93
defpot_absolute =-3.89
defpot_uniaxial =11.35 # units eV the deformation potential of conducution band at L in
all directions
}
X{ # material parameters at x point in Brillouin zone in conduction band
mass_1 =1.13
mass_t =0.16
bandgap =1.433 # at (0 K)
bandgap alpha =0.276e-3
bandgap beta =93
defpot_absolute =-0.08 #
defpot_uniaxial =37 #
}

valence bands{# material parameters at gamma point in Brillouin zone in Valence band
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bandoffset = 1.390 #different definition in nn+ than elsewhere average energy of the three valence
band edges Evay = (Enn + Ein + Es) / 3

HH{ mass =0.41 g=-45.2 } # heavy hole mass
LH{ mass =0.026 g=-15.1} # light hole mass
SO{ mass =0.14}
defpot absolute =-1.00 # units eV the deformation potential of valence band aveaged over a 3
bands
defpot uniaxial b=-1.8 defpot uniaxial d =-3.6
delta SO =0.39 # split off energy ~ units eV
}
kp 8 bands{
S=-4.79159 # electron effective mass

E P=21.5 #Kane's momentum matrix element unit eV
B = 3.596 # inversion symmetry paprameter
L=-15.695 M=-4.0 N=-15.895
kappa =1.129

1

mobility constant{

electrons{ mumax = 32500 exponent = 1.7 }  #bulk electron phonon mobility units cm?/Vs ,
electrons temperature dependence exponent

holes{ mumax =510 exponent=2.3 }  #same as above but for holes

recombination {
SRH{ tau n = 1.0e-9 nref n = 1.0el9 #units s, electrons no doping scattering time, electrons
doping concentration reference units cm™
tau p=1.0e-9 nref p=1.0el8 #same as above for holes
}

Auger{ c¢ n=1.0e-31 c p=1.0e-31 # cm%/s auger constant for acceptors and donors

}
radiative{ ¢ = 7.5e-10 #radiative constant units cm®/s
}
}
}

B. GaAs material parameters

binary zb {
name = GaAs
valence =111V

lattice consts{
a =5.65325
a_expansion = 3.88e-5

}

dielectric_consts{
static a =12.93
optical a=10.89
}

elastic_consts{
cll=122.1 ¢cl12=56.6 c44=60.0

}

piezoelectric_consts{
el4=-0.160 }
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conduction_bands{

Gamma{
mass =0.067
bandgap =1.519
bandgap alpha =0.5405e-3
bandgap beta =204
defpot absolute = =-9.36
g =-0.30
}
L{
mass_1 =19
mass_t =0.0754
bandgap =1.815
bandgap alpha =0.605e-3
bandgap beta =204
defpot_absolute =-491
defpot_uniaxial =14.26
}
X{
mass_| =13
mass_t =0.23
bandgap =1.981
bandgap alpha =0.460e-3
bandgap beta =204
defpot_absolute =-0.16
defpot_uniaxial =8.61
}
}
valence bands{
bandoffset =1.346
HH{ mass =0.51 g=-7.86}
LH{ mass =0.082g=-2.62}
SO{ mass =0.172 }
defpot absolute =-1.21
defpot uniaxial b=-2.0 defpot uniaxial d =-4.8
delta_ SO =0.341
}
kp 8 bands{
S=-2.88
E P=28.8
B= 7979
L= 273984 M=-3.86 N= 1.3798
Kappa -1.74

1
s

mobility constant{

electrons{ mumax = 8500

exponent=2.2 }

holes{ mumax=3800 exponent=0.9 }
}
recombination {
SRH{ tau n=1.0e-9 nref n=1.0el9
tau p=1.0e-9 nref p=1.0el8

}

Auger{ c¢ n=1.0e-30 ¢ p=1.0e-30

}
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radiative{ ¢ = 7.2e-10

}
}
}
C. GaSb material parameters
binary zb {

name = GaSb
valence =111V

lattice consts{
a =6.0959
a_expansion = 4.72e-5

}

dielectric_consts{
static a =15.69
optical a=14.44
}

elastic_consts{
cl1=88.42 ¢12=40.26 c44=4322

}
piezoelectric_consts{
eld=-0.172
}
conduction_bands{
Gamma{
mass =0.039
bandgap =0.812
bandgap alpha =0.417e-3
bandgap beta =140
defpot_absolute =-9.33
g =-9.2
}
L{
mass_1 =13
mass_t =0.10
bandgap =0.875
bandgap alpha =0.597e-3
bandgap beta =140
defpot_absolute =-4.38
defpot uniaxial =15.0
}
X{
mass_| =1.51
mass_t =0.22
bandgap =1.141
bandgap alpha =0.475¢-3
bandgap beta =94
defpot absolute = =-0.20
defpot uniaxial =6.46
}
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valence bands{

bandoffset =1.777
HH{ mass =0.34 }
LH{ mass =0.0447 }
SO{ mass =0.12 }

defpot_absolute =-1.32
defpot uniaxial b=-2.0 defpot uniaxial d=-4.7

delta_ SO =0.76
H
kp_8 bands{
S=-2.25165
E P=27.0
B= 13.079
L=-785M=-5.0 N=-10.656
kappa = -1.044

|8
il
mobility constant{
electrons{ mumax = 5300 exponent=1.9 }

holes{ mumax =1000 exponent=12 }

}

recombination {
SRH{ tau n=1.0e-9 nref n=1.0el9
tau p=1.0e-9 nref p=1.0el8

H
Auger{ #c n=1.0e-31 c p=1.0e-31
c n=5.0e30 ¢ p=5.0e-30 }
radiative{ #c = 8.0e-11
c=1.0e-9 #?
}
}
}

D. GaAsSb material parameters

ternary zb |
name = "GaAs(1-x)Sb(x)"
valence =III V
binary x = GaSb
binary 1 x =GaAs

conduction_bands{

Gamma{ bandgap =1.43 } # Vurgaftmanl
L {bandgap=12 } # Vurgaftmanl
X {bandgap=1.2 } # Vurgaftmanl

}

valence_bands/{
bandoffset = -1.06
}

148



mobility constant{
electrons{ mumax =0 }
holes {mumax= 0 }

}
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