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ABSTRACT

HIGH OPERATING TEMPERATURE MID-WAVE INFRARED HGCDTE
PHOTODIODE DESIGN

Yurtseven, Eray
Master of Science, Electrical and Electronics Engineering
Supervisor: Assist. Prof. Dr. Serdar Kocaman

September 2019, 81 pages

Infrared focal plane arrays are critical components in many of the military and civilian
applications for advanced imaging systems. HgCdTe is one of the most widely used
infrared detector material. An important issue with this material for thermal imaging
system is the operating temperature as it determines cryocooler crucial characteristics,
namely power comsumption and device lifetime. Therefore, there is an effort towards
to operate at higher temperatures, but performance characteristics need to be carefully
designed. Increasing operating temperature causes to increase diode current due to
thermal generation and also is associated with 1/f noise. Furthermore, number of
defective diodes increases at high operating temperatures. High quality material is the
first requirement to maintain the same diode characteristic at higher temperatures. This
can be achieved by using Molecular Beam Epitaxy (MBE) method that provides ultra-
high vacuum condition and ultra-pure materials (Hg, CdTe, Te). Further way to
improve diode characteristics at higher temperatures is applying design modifications.
For instance, adjusting absorber layer parameters such as thickness, cadmium mole
fraction and doping level or adding some extra layers to diode structure. Barrier
detectors, auger suppression structures and photon trapping structures are the major
high operating temperature (HOT) infrared detector configurations. Within the scope
of this thesis, a new HgCdTe MWIR photodiode is designed by interpreting HOT



structures which are mentioned above. With the designed structure, it was observed
that the dark current improved at all temperatures between 100 K and 300 K. The
quantum efficiency decreased by 3.1% at -0.1 V due to barrier layer in the designed
structure. However, this reduction was reduced to 1.2% by photon trapping structure.
This structure also provided an improvement of about 18.2% in the dark current. This
improvement is consistent with volume reduction in the photodiode. The surface
component of the dark current was not included in the simulations. Therefore, during
the fabrication of the designed structure, passivation of the mesa walls need to be done

well to prevent large surface leakage current.

Keywords: High operating temperature, HgCdTe, MWIR, infrared radiation
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YUKSEK CALISMA SICAKLICINDA ORTA DALGABOYU KIZILOTESI
HgCdTe FOTODIYOT TASARIMI

Yurtseven, Eray
Yuksek Lisans, Elektrik ve Elektronik Miihendisligi
Tez Danmismant: Dr. Ogr. Uyesi Serdar Kocaman

Eylil 2019, 81 sayfa

Kizilétesi odak diizlem dizinleri ileri seviye goriintiileme sistemleri i¢in en kritik
bilesendir. Bir¢ok askeri ve sivil uygulamalarda kullanilirlar. HgCdTe en c¢ok
kullanilan kizilétesi algilayict malzemelerinden biridir. Termal goriintiileme sistemi
icin bu malzemeyle ilgili nemli bir konu, gl¢ tiiketimi ve cihazin kullanim 6mrii ile,
sugutma donaniminin 6nemli 6zelliklerini belirledigi i¢in ¢aligma sicakligidir. Bu
nedenle, daha yiiksek sicakliklarda caligmaya yoOnelik bir ¢aba vardir, ancak
performans 0Ozelliklerinin dikkatlice tasarlanmasi gerekir. Calisma sicakliginin
arttirilmasi, termal jenerasyon nedeniyle diyot akimini arttirir ve bu durum 1/ f gurdlti
ile de iligkilidir. Ayrica, hatali diyotlarin sayisi artar ve ¢alisma sicakligi artar. Yiiksek
kaliteli malzeme, ayni diyot karakteristigini yiiksek sicakliklarda korumak igin ilk
sarttir. MBE yontemiyle bu bagarilabilir. Bu yontem yiiksek vakum durumu ve yiiksek
saflikta malzeme (Hg, CdTe, Te) kullanim imkan1 sagliyor. Diyot 6zelliklerini daha
yiiksek sicakliklarda 1iyilestirmenin diger bir yolu da tasarim degisiklikleri
uygulamaktir. Ornegin, kalinlik, kadmiyum mol fraksiyonu ve doping seviyesi gibi
emici tabaka parametrelerinin ayarlanmasi veya diyot yapisina fazladan bazi
katmanlar eklenmesi. Bariyer dedektorleri, burgu bastirma yapilar1 ve foton yakalama
yapilart  Onemli  yiiksek calisma sicakhigi  (YCS) kizilotesi  dedektor
konfigiirasyonlardir. Bu tez kapsaminda yukarida belirtilen YCS yapilar

Vil



yorumlanarak yeni bir HgCdTe MWIR fotodiyot tasarlandi. Tasarlanan yapiyla,
karanlik akimin 100 K ve 300 K arasindaki tiim sicakliklarda gelistigi goriilmiistiir.
Kuantum verimi, tasarlanmis yapidaki bariyer tabakasi nedeniyle -0,1 V'da % 3,1
oraninda azalmistir. Ancak, bu azalma, foton yakalama yapist ile % 1,2'ye diisiiriildi.
Bu yap1 ayn1 zamanda karanlik akimda yaklasik % 18,2'lik bir iyilesme saglamustir.
Bu gelisme, fotodiyottaki hacim azalmasi ile tutarlidir. Simiilasyonlara karanlik
akimin ylizey bileseni dahil edilmedi. Bu nedenle, tasarlanan yapinin imalati sirasinda,
blylk yilzey kagagi akimini 6nlemek i¢in mesa duvarlarimin pasiflestirilmesi iyi

yapilmalidir.

Anahtar Kelimeler: Yiiksek ¢alisma sicakligi, HgCdTe, MWIR, kizil6tesi radyasyon
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CHAPTER 1

INTRODUCTION

1.1. Infrared Radiation

In this section, the definition of infrared radiation and the general information about

different spectral bands will be explained.
1.1.1. The Electromagnetic Spectrum

Any electromagnetic radiation can be broken down into a set of monochromatic
waves. Each monochromatic wave is characterized by its amplitude and its
wavelength. The electromagnetic spectrum corresponds to the classification of
electromagnetic radiation by frequency or wavelength, and extends from the zero
frequency to the infinite frequency, as shown in Figure 1.1 [1]. The infrared domain

is between the visible and the microwaves.
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Figure 1.1: Electromagnetic spectrum (redrawn as in the ref [1])



Infrared detection is based on the fact that all bodies radiate in a given spectral range,
related to their temperature. Indeed, all bodies whose temperature is greater than
absolute zero emit infrared radiation. Thus, the presence of a light source (sun, star,
moon ...) is not essential for the IR detection of these naturally luminous bodies. This
type of imaging is called "passive" since no external stimulus intervenes in the

emission of radiation.

1.1.2. Atmospheric Transmission

As shown in Figure 1.2 [2], we mainly define four spectral bands in IR that are:
. (SWIR) Short Wavelength Infrared between 0.78 um and 3 um

. (MWIR) Mid-wavelength Infrared between 3 um and 5 um

. (LWIR) Long Wavelength Infrared between 8 um and 12 um

. (VLWIR) Very Long Wavelength Infrared between 12 um and 20 pm
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Figure 1.2: Atmospheric transmission spectrum of the light (redrawn as in the ref [2])

These bands are related to the windows of transparency of the atmosphere, and their

definition can change according to the field of application.
1.2. Types of Infrared Detectors

There are two main lines of IR detectors: photon detectors and thermal detectors [2].

Their characteristics will be presented in the following paragraphs.



1.2.1. Thermal Detectors

Thermal sensors are sensitive to the temperature rise of an incident IR absorber. To
do this, they use the thermal agitation of the electrons caused by the incident photons.
The incident IR radiation causes a temperature difference of the absorber, which
affects some of its physical properties, thus causing a modification of the measured
electrical signal. The physical properties concerned are: a potential difference for
thermopiles, resistivity for bolometers, and spontaneous internal polarization for pyro
electric detectors. A general property of all these thermal detectors is the fact that only
the total energy of the photons is counted, so there is no spectral signature specific to
the detector.

The microbolometer is an example where the elementary detector consists of a very
thin membrane suspended by nails to provide thermal insulation concerning the rest
of the component [3]. It plays the role of the absorber whose temperature variations

are measured through a change of resistivity to evaluate the incident IR radiation.

Thermal detectors operate at room temperature. This greatly reduces their cost, and
makes them easier to use. As opposed to the photon detectors, which must be cooled,
the thermal detectors are also called "uncooled detectors”. However, they are less

sensitive than photon detectors, with larger time constants.

As a result of this cost reduction, these detectors are increasingly present in the civil
sphere. Among the many applications are thermography, monitoring, and driving

assistance systems [3].
1.2.2. Photon Detectors

Photon detectors use the photoelectric effect to measure the incident photon flux,
which generates a current resulting from the excitation process. There are several

technological fields of photon detectors, which can be classified into two categories:



. Photovoltaic detectors, in which the detection structure is based on a p-n

junction. Various architectures exist, such as solid bulk semiconductor detectors.

. Photoconductors, which are based on the use of an n type or a p type
semiconductor. A voltage need to be applied for detection of incident photons. Well

known architectures include the bulk materials and the multi-quantum wells.

In contrast to thermal detectors, these detectors need to be cooled for MWIR and
LWIR region so that the thermal agitation of the electrons usually does not disturb the
measured signal. They are also called “cooled detectors”. These detectors have a very

characteristic spectral signature.
1.3. Characteristics of Photovoltaic Detectors

In this section, the basic features of photon detectors will be presented. First of all the
principle of photons detection will be explained. Next, semiconductor doping and PN
junction structure will be explained. Lastly, the advantages and disadvantages of

photon detectors will be specified.
1.3.1. Detection Principle in a Semiconductor Material

A photon detector uses a semiconductor material that generates electron/hole pairs
from incoming photons. The crystallographic structure of the semiconductor material
determines the spectral range of application. More precisely, the energy bandgap
depends on its lattice constant, as well as on the nature of the atoms of the elementary

crystal lattice, as shown in Figure 1.3 [4].

It may be noted in particular that the HgCdTe material, which we focus on in this
work, covers all spectral ranges of IR detection, since this ternary alloy is composed

of a semi-metal (HgTe) and a wide bandgap semiconductor (CdTe) (Figure 1.3).

Detection in a semiconductor is based on the band theory, according to which an
electron within a periodic atomic structure can take only discrete and quantized energy

values. Photon detectors are also called as “quantum detectors” [5]. The quantum term



comes from the fact that the detection is related to the discretization of these energy

levels.
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Figure 1.3: Energy bandgap vs lattice constant of some semiconductors (redrawn as in the ref [4])

The crystallographic architecture of a semiconductor contains a multitude of atoms
that generate discrete levels of energy allowed for the electrons. These levels are very
close to each other, forming a continuum of energy, so-called energy bands. The
highest energy band, which is filled fully (at 0K), is called the valence band. The next
energy band is called the conduction band, which may contain electrons. The energy

gap between these two bands is the bandgap of the semiconductor (see Figure 1.4) [6].

A

Conduction Band

Fermi level Bandgap

Electron energy

Valence Band

metal semiconductor insulator

Figure 1.4: Energy band structure of solids (redrawn as in the ref [6])



As shown in Figure 1.4, a semiconductor is actually an intermediate between an
insulator, where the gap is too large to create free charge carriers in the conduction
band, and a metal, which can be considered as a material with a zero gap allowing all

the carriers of charges to be free to circulate in the structure.

The detection process in a semiconductor is based on a generation of electron/hole
pair caused by the incident photon, commonly called the photoelectric effect. The
photon is absorbed if it has an energy greater than or equal to the semiconductor
bandgap. It brings enough energy to excite the electron to higher energy level. The
electron goes to the conduction band from the valence band. This creates an electron-
hole pair. These electron-hole pairs are electric charge carriers that are free to move

in the material. Metal contacts collect them to form the electrical signal.
1.3.2. Semiconductor Doping

Semiconductor doping consists of introducing impurities into the material to create
local excess carriers. This consists of a controlled implantation of specific ions in the
semiconductor to form the n and p zones. This step is necessary for the control of the

electrical conductivity of the semiconductor material.

The n-type material can be obtained by doping the semiconductor with atoms called
donors, which are capable of creating excess electrons. In this case, the density of
donors is greater than the density of acceptors. The holes are the minority carriers, and

the electrons are the majority carriers [7].

In the same way, the p-type material can be obtained by doping the semiconductor
with atoms called acceptors, capable of collecting electrons. In these materials, the

majority carriers are then the holes, and the electrons are the minority carriers [7].
1.3.3. PN Junction

The principle of photon detection is based on the operation of a p — n junction in
photovoltaic detectors. P-N junction consists of the juxtaposition of a zone n and a

zone p. When the junction is formed of the same semiconductor material, it is called



homojunction. When it is formed by two different materials (structurally compatible

crystal lattices), it is called heterojunction.
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Figure 1.5: Schematic of a typical p-n Junction (redrawn as in the ref [5])

The free carriers cause a diffusion phenomenon. In this process, the majority carriers
of each side goes to the other side to recombine. The displacement of the free carriers
forms the diffusion current. At the boundary of the two zones, the donor and acceptor
atoms form an electric field which opposes the diffusion of the majority carriers, and
which maintains the separation of the two types of carriers until reaching the
thermodynamic equilibrium [8]. This zone of strong electric field is called the space

charge zone.

When a reverse bias applied to the p-n junction, the incident photon flux creates an
excess electron-hole pairs with respect to the equilibrium. If these carriers are created
in the space charge zone, then they will be immediately separated by the strong electric
field. They will migrate each from their side, and be propelled by the electric field
towards the zone where they will be in the majority (the holes towards the p side and
electrons towards the n side). Finally, the holes or electrons will be collected through

an ohmic contact.

If optically generated excess carriers are created outside the space charge zone, and if
they are at a distance inferior to their diffusion length, then they may move to the space

charge zone, where they will be separated and collected in the same way.



The collection of optically generated carriers with the ohmic contacts will be at the
origin of a current called photocurrent that can be measured to evaluate the incident
IR flux.

In some cases, created excess carriers may not be collected. For example, suppose that
the created carriers are outside the depletion region, and they are at a distance greater
than their diffusion length. In this case, the probability of recombination (the electron
fills a hole) becomes strong, thereby removing the photogenerated electron-hole pair.
Recombination on crystalline defects is the other limitation of the collection of photo-

generated carriers.
1.3.4. Advantages of Photon Detectors

The maturity of certain semiconductor materials and varied architectures have led to
a considerable improvement in the detector performance. In fact, photon detectors

have the advantage of having an excellent response speed and a very high sensitivity.

Moreover, photon detectors imposes a selective detection of photons as a function of
their energy, which must be greater than the energy bandgap of the semiconductor,
and therefore a function of their wavelength.

All these advantages enable photon detectors to be preferred to thermal detectors, for

high performance applications (radiometry, high resolution).
1.3.5. Disadvantages of Photon Detectors

The process of converting photons into electrons can present several possible limits.
In fact, the impurities of the semiconductor material used can introduce energy levels
close to the valence band and the conduction band, causing the detection of photons
of energy that is slightly less than the bandgap. Recombinations of the optically
generated electron-hole pairs due to crystalline defects and insufficient diffusion
length are also a problem.

Besides, it is necessary to cool photon detectors for thermal detection, to prevent the
dark current from being preponderant for the photocurrent. Indeed, the simple thermal



agitation of the electrons at room temperature causes parasitic electronic transitions,
thus creating electron / hole pairs; it is the phenomenon of thermal generation of the
charge carriers. This results in a current known as the dark current, which flows
through the detector in the absence of incident radiation. This problem is mainly due
to the small gaps in the semiconductors used for detecting IR photons. There are a
variety of dark current components, such as diffusion, Shockley-Read-Hall (SRH),
trap assisted tunneling, band to band tunneling and surface leakage current, which are

detailed in chapter 2.

These sensors are therefore costly because of the need for cooling which imposes
constraints in terms of weight and power, but also because of the manufacturing

processes and materials used.
1.4. Figure of Merits

This part is devoted to highlighting the many merit criteria for evaluating the
performance of IR detectors.

1.4.1. RoA Product and Dark Current

Ro is the measured resistance value without applying bias to a detector and A is the
detector area. RoA (Q-cm?) is a parameter that makes it possible to evaluate the quality
of the photodetector [9]. This product by the simple measure of resistance at zero
voltage and by the simple knowledge of the surface area of the detector makes it
possible to inform the order of magnitude of the dark current. This product is given
by:
Ry.A = n"qL]T (1.1)

where J is the current density and n is the ideality factor which is unity for an ideal
photodiode limited by diffusion. Recall that in this diffusion regime the dark current
is proportional to ni%. The product RoA is therefore inversely proportional to ni2. In
the case of a photodiode limited by the generation recombination mechanism (SRH),

the product RoA will therefore be inversely proportional to n;j (Figure 1.6).



Equation (1.1) shows a figure of merit inversely proportional to the dark current. Thus
a simple resistance measurement at the zero voltage provides an approximate value of
the dark current of the detector.
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RoA (ohm.cm?)

10

1000 / Temperature (K1)

Figure 1.6: Evolution of the product RoA as a function of temperature for both diffusion and
generation-recombination regimes (redrawn as in the ref [8])

1.4.2. Quantum Efficiency and Spectral Response

The spectral response of a detector denoted R is defined as being the constant of
proportionality between the signal coming from the detector and the incident light

power P (1) [10]. This power expressed in Watts and given by:
P() =5 6@ (L.2)

where ¢ is the incident photon flux at a given wavelength (A). The spectral response

in the case where the detector is a photodiode whose signal is a current Ipn is given by:

Iyn(d)
R, (1) = 22 (L3)

This magnitude expressed in A/W reflects the ability of a detector to respond to an
incident light as a function of its wavelength. The spectral response is also related to

a quantity called quantum efficiency. This efficiency defines the ratio of the generated
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number of electron / hole pairs to the number of incoming photons and is equal to the
1 if each incident photon leads to the generation of a contributing electron [10]. It is
given by:

Iyp(A)
ma=ﬁ%§ (1.4)

1.4.3. Noise Current

Unwanted fluctuations in the measured signal are defined as noise. There are various

noise mechanisms for detectors such as shot noise, 1/f (pink) noise and Johnson noise.

1/f (pink) noise: The 1 / f noise is an excess noise that was initially observed by
Johnson [8]. The latter had found that the flow of a current in a resistive device was
accompanied at low frequency by a noise whose spectral density is inversely
proportional to the measurement frequency. This noise called pink noise or 1/f noise
or flicker noise. It can be found in almost all systems. In photodetectors, considerable

1/f noise occurs. The noise spectrum equation can be written as:
s(h= (1.5)
Where a is a number (between 0 and 3), c is a constant, and f is frequency.

Shot noise: The crossing of a potential barrier by a charge carrier is a random process
causing the noise of shots also called Schottky noise. It is important for low level
currents. A bias voltage needs to be applied to generate shot noise. This is main

difference with respect to Johnson noise. The shot noise is given by:

irzlshot = 2qgark + Iphoto)Af (1.6)

Johnson (Thermal) noise: It is caused by random movements of charge carriers
whose temperature is bigger than 0 K. Their thermal energy increases as temperature

increases.

iz — 4kTAf (17)

n_johnson R
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Device resistance is also important for Johnson noise level and Af stands for

measurement frequency bandwidth.

Total noise can be obtained through equation (1.8)

. _ .2 .2 .2
ltotal = \/ln_pink + ln_shot + ln_johnson (1'8)

1.4.4. Detectivity

The specific detectivity (D*) is the primary parameter that characterizes the
performance of a detector through the standard signal-to-noise ratio of the
photodetector [11]. This involves the current response and noise. A high performance
detector is limited at low temperatures by shot noise (Equation 1.6). The specific

detectivity in this case is written:
* A AA
D' =3 Fr (19)

The specific detectivity is inversely proportional to the square root of the current. A
photodiode is traversed by two types of currents: the photonic current (Ipn) constituting
the useful signal and the dark current constituting the parasitic signal. When the

current is dominated by the photocurrent, we speak of specific photon detectivity

_a [aar 2@
Dy(A) =23 |42 /qzm (1.10)

where Iph is given by:

given by:

Ipn = qn(D)p(A) (1.11)
where, ¢ (1) is the flux density at a specific wavelength.

In the case where the current is dominated by the dark current, we speak of specific

dark detectivity given by:
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AAf
2qlgark

Dozlark 1) = %U(/U (1.12)

The dark specific detectivity is no longer proportional to the square root of quantum
efficiency as shown in equation (1.12), but becomes proportional to the efficiency

itself. The relationship between these two detectivities gives:

oD = 5D (113

with

— ldark
$o(D) = an(D)p(2) (1.14)

This flux value represents the limit between two regimes: the regime where the
photonic current is mainly dominant and the regime where the dark current becomes

predominant and strongly limits the operation of the detector.
1.5. Problems of High Operating Temperature Detection
1.5.1. High Dark Current Problem

All bodies, including detectors, radiate in a given spectral range, related to their
temperature. To be able to perform its photo-detection function, the photodetector
must imperatively be cooled in order to limit the thermal generation of the carriers.
Any photosensitive device placed in the dark delivers a permanent current whose
origin is attributed to various internal leakage mechanisms. This current, a function of
polarization and temperature, is called dark current. Indeed, the measurement of the
dark current shows that it increases considerably with the heating of the detector and
therefore makes its use impossible at higher temperatures (Figure 1.7) [12]. When
cooled, a high-performance detector is still limited by shot noise. This noise is due to

random fluctuations of the electrons.
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The need to operate these sensors at higher temperatures makes fundamental the study
of physical mechanisms limiting the operation of photon detectors at high
temperatures. Several avenues have been exploited: development of new growth
techniques, development of sophisticated structures with abrupt composition profiles
and complex doping profiles designed to allow operation at high temperatures. Indeed
the deployment of heavy simulation means has made possible the design of these
structures as well as their optimization for operation at higher temperatures. These
HOT (High Operating Temperature) so-called third generation devices include several
structures among which are cited: photon trapping structures, Auger suppression

structures and barrier structures.
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Figure 1.7: Current-voltage characteristics of a HgCdTe p-n photodiode at different temperatures

1.5.2. Operability Problems

Each photodiode corresponds to a pixel of a detection matrix hybridized to a readout
electronics, which responsible for ensuring the bias voltage to photodiodes and
processing of the measured signal from each of them in order to constitute the final

image.
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The signal-to-noise ratio (SNR) is used to evaluate the impact of noise on the final
image. This ratio deteriorates as the detector heats up which quickly becomes limited
by 1/f noise. A progressive increase in the operating temperature, shows that some
pixels exhibit a 1/f noise well before the others. This behavior is manifested by a rate
of defects which increases with temperature and which affects the quality of the final

image.

Noise operability, which gives the percentage of pixels whose noise performance is
within a confidence interval around the nominal value, deteriorates more and more
with temperature. For HOT detection, understanding the different physical
mechanisms contributing to the dark current and the 1 / f noise is therefore essential
in order to develop detection structures having acceptable high temperature noise
performance. The choice of material is also important. Indeed a good crystalline
quality of the material can contribute to the reduction of the dark current and the noise
1/f.
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CHAPTER 2
HGCDTE PHOTOVOLTAIC PHOTODETECTORS

2.1. HgCdTe Based Infrared Detectors

In this section, FPAs based on the HgCdTe technology will be discussed. After the
presentation of the structure of these detectors, HgCdTe material which is responsible

for the detection process will be explained.
2.1.1. Architecture of the FPAs Based on a PN Junction

FPAs are detection matrices, which are consisting of essentially of two parts: the
detection circuit and the readout circuit, as can be seen in Figure 2.1. These two
circuits are interconnected electrically and mechanically by indium bonds through a
hybridization step [13].

Detector AlTa}" | Sior ('¢1'er72§

/\ T Substrate

HgCdTe ]
n-tvpe AbsorbertLayer

Indium Hybrid N ,
Interconnect

ROICN—>

— p-type Cap

Figure 2.1: Schematic of a typical FPA Structure (redrawn as in the ref [13])

The detection circuit is composed of a multitude of elementary detectors formed by
the p-n junction, which convert photons into electrons. Each elementary detector

represents a pixel.

The readout circuit is usually made of silicon, and is in charge of converting the current

(photonics and darkness) into a voltage measurable by the user [14-15]. In the
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following, only the detection circuit will be described, since our objective is to

improve photodiode performance at higher temperatures.

As shown in Figure 2.1, this circuit is composed of a stack of layers. The first is a
substrate, such as CdZnTe, Si or GaAs [16], which serves as a support for the growth
of the active layer of HgCdTe during manufacture. After passing through a possible
anti reflection layer and the substrate, transparent in the IR, the photons are absorbed

and generate a photocurrent in the absorber layer [17].

Generally, HgCdTe-based FPAs are cooled to a temperature between 200K and 220K
for operation in the SWIR, between 80K and 120K for the MWIR domain, and
between 50K and 80K for the LWIR [18 - 19].

2.1.2. Properties of HgCdTe

Since the first HgCdTe detector of Lawson et al. in 1959 [20], studies on HgCdTe
have increased significantly, making it one of the most mature semiconductors used

in thermal detectors.

HgCdTe is an alloy of CdTe (cadmium telluride) and HgTe (mercury telluride). It is
part of the I1-VI semiconductors because the atoms involved are on columns Il (Hg
and Cd) and VI (Te) of the periodic table of elements.

Its crystallographic structure is a so-called zinc blende structure, formed by two cubic,
centric, interlocked, and diagonal-facing cubic networks, as shown in Figure 2.2. Each
atom establishes covalent bonds with its four neighbors to form a massive
crystallographic material. The crystal Hgu-xCdxTe contains Cadmium or Mercury
atoms in the x proportion of Cd. This molar concentration will be called composition
in the rest of the study. It will be shown that it adds a degree of additional freedom in
the modeling of the detection process, unlike other materials used in the IR detection

such as InSb.
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Figure 2.2: Schematic of (a) cubic face-centered structure of Te (b) cubic face-centered structure of
Hg or Cd, (c and d) Zinc blende structure of HgCdTe (redrawn as in the ref [13])

The band structure is associated with the regularity of the crystal lattice, thus any error
can cause a disturbance in the energy bands. This results in the presence of a large
dark current and the creation of intermediate energy levels within the forbidden band,
capable of allowing parasitic transitions of the electrons. This is why it is preferred to
control the concentration of doping atoms, so that the perturbation of conductivity
properties is better known, which makes it possible to better control the detection of
IR photons. This process corresponds to the doping of the semiconductor, which is

explained in the previous chapter (introduction).

After the growth of HgCdTe on the CdZnTe (Si or GaAs) substrate, the next step is to
create p-n junctions to form the IR pixels. Among the numerous architectures of the
HgCdTe-based p-n junctions, the p on n mesa structure is an example, represented in
Figure 2.3. In the remainder of this study, a similar structure will be considered for
comparison with the designed structure.

p HgCdTe

n HgCdTe

CdZnTe

Figure 2.3: Schematic of a p-on-n mesa structure of HgCdTe

19



2.1.3. Energy Bandgap and Composition Relation in HgCdTe

The gap energy (Eg) of the material Hgu-«CdxTe can vary between 0.05 and 1.7 eV,
depending on the cadmium composition (x), thus making it possible to cover a wide

spectral range of detection between 0.7 pm and 25 pum [16].

In the current state of the art, the most commonly used formula for calculating the
dependence of Eg on temperature T and on composition X is the empirical expression
of Hansen-Schmit-Casselman (HSC) [21], given by equation 2.1 [18]. Eq and T are
expressed in eV and K, respectively. It is valid for x between 0.2 and 0.6 and is

illustrated in Figure 2.4.
Eg(x, T) = —0.302 + 1.93x - 0.810x* + 0.832x* + 535.10(—4).(1 - 2x)T  (2.1)

The gap energy increases with temperature for Cd compositions below 50%, as shown
in Figure 2.4. Beyond this composition, the temperature dependence changes, and the
gap energy decreases with temperature. To explain these trends, it should be
remembered that the HgCdTe material is an alloy between the CdTe and the HgTe
whose gap energies are increasing and decreasing respectively, as a function of
temperature. Thus, according to the Cd composition, the behavior of the gap energy
of the HgCdTe will tend towards the majority behavior in the structure.
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Figure 2.4: Bandgap of HgCdTe as a function of temperature and Cd composition (redrawn as in the
ref [21])
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2.1.4. Cut-off Wavelengths in HgCdTe

The notion of photon absorption coefficient in the process of radiative generation of
carriers in the semiconductor is essential. Direct bandgap semiconductors such as
HgCdTe have the particularity of having the maximum of the valence band coinciding
with the minimum of the conduction band [22]. Therefore, the direct bandgap
semiconductors are the most used in optoelectronics applications because they

maximize the radiative processes.

In the direct bandgap semiconductors, the absorption profile is substantially the same.
When photon energies are below the bandgap, the absorption is almost zero and the
material is said to be transparent to radiation. On the other hand, if the incident photon
energy is greater than the bandgap of the semiconductor, then there is absorption, and

the absorption coefficient is constant [18].

In the literature, the cut-off wavelength (Ac), which affects the optical absorption
threshold of the semiconductor material, is the subject of several definitions. It is
sometimes defined as being the wavelength related to gap energy, as shown in
Equation (2.2) [18]. In this formula, h and c represent the Planck constant and the

speed of light.

1.24
Eg(eV)

Ac(pm) = Z—; = 2.2)

Figure 2.5 contains information on cut-off wavelengths respect to Cd composition,
where the gap energy Eg4 is computed with the HSC equation (see equation (2.1)) for
two operating temperatures: 77K and 300K.

As shown in Figure 2.5, in the LWIR spectral range (around 12 um), there is a very
fast cut-off wavelength (Ac) variation with the composition, which is less the case in
the SWIR spectral range (< 3 um). Therefore, to obtain acceptable cut-off wavelength
uniformity in a HgCdTe-based FPAs, compositional control will be more critical for
LWIR than for SWIR or MWIR [18].
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Figure 2.5: Cut-off wavelength of HgCdTe as a function of Cd composition

2.1.5. Recent Research in HgCdTe

The main lines of research on HgCdTe concern in particular the increase of the
operating temperature. This allows a gain in energy consumption of the cooling
system, while maintaining high performance especially in terms of noise and
operability. The research axis on p-n architectures of the photodiode is also being
developed, with the aim of reducing the dark current [23-24-25-26-27].

Increasing the format of the matrixes of transducers and the reduction of the pixel size
are also tracks explored [28-29], intending to improve imaging performance. In
addition, more and more work is being done on the use of silicon (or GaAs) [30-31]
as an alternative to the CdZnTe substrate, which is historically used for HgCdTe
growth, for cost reduction and better thermomechanical stability of the focal plane.
Furthermore, improvements in the dual-band detectors [32-33] have also been made

in recent years.

22



2.2. Recombination Mechanisms in HgCdTe

The lifetime of the photo-generated holes and electrons is one of the determining
parameters in the evaluation of the performances of the HgCdTe detectors [34].
Therefore, it is crucial to develop a clear understanding and correct interpretation of

the life of minority carriers and the mechanisms of recombination governing it.

The recombination of the electron / hole pairs can be done in two ways. The first is
the direct passage of an electron from the conduction band to an unoccupied state in
the valence band. This is a live tape process. The second is initially the transition of
an electron from the conduction band to an energy level of an impurity acting as a
"recombination center” located in the forbidden band to be reemitted thereafter to the

valence band. This second mechanism is therefore an indirect process.

In the recombination process of the electron / hole pairs, an excess of energy equal to
the difference between the energy of the electron and the energy of the hole is released.
This energy can be emitted as a photon. In this case, the recombination is called
radiative. Otherwise, this energy can be dissipated in the network in the form of
phonons. A third possibility is that this energy can be transferred to a third mobile
carrier. This process is called the Auger process. In this study, Auger recombination,

radiative and SRH (Shockley-Read-Hall) mechanisms are explained.
2.2.1. Radiative Recombination

Radiative recombination is an intrinsic mechanism that involves the recombination of
a hole in the valence band with an electron in the conduction band. A photon can be
emitted through the excess energy as shown in Figure 2.6. This mechanism is of
paramount importance in direct bandgap semiconductors like HgCdTe. In a
nondegenerate semiconductor material, the radiative recombination rate at which
holes and electrons are annihilated simultaneously is associated with the concentration

of electrons in the conduction band and the availability of holes in the valence band.
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Figure 2.6: Schematic of radiative recombination in semiconductors (redrawn as in the ref [35])

The theory of radiative recombination was developed by van Roosbroeck and
Shockley [35]. The expressions of the radiative lifetime and the recombination rate
(cm3.st) in HgCdTe presented below assume that the bands are parabolic and the

semiconductor is non-degenerate:

Ryqq = Gg (np - nlz) (2-3)

1

Gr(n+p) (2.4)

Trad =

where Gr is the capture probability given by [36]:

1.5 1.5
Gr = 5.8x107 1395 (&) (1 + Moy ﬂ) (2%) " EZ (2.5)

mg+my, my mj,

with &, the high-frequency dielectric constant, m" the effective mass of the electrons,
mo the mass of the free electron, my" the effective mass of the holes and Eg4 the gap

energy expressed in eV,

As seen from the above equations, a similar radiative lifetime is expected for both the

p and n type semiconductors.
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The evolution of the radiative lifetime as a function of temperature is shown in Figure
2.7 at different doping concentrations (these results were obtained with Comsol
Multiphysics). Through this evolution, it can be said that this mechanism can be
important only for high doping. Note however that in the case of very high doping (>
1017 cm3) the small gap material quickly becomes degenerate.
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Figure 2.7: Radiative lifetime as a function of temperature for different doping concentrations in
HgCdTe

2.2.2. Auger Recombination

It can be considered as the reverse process to carrier generation by impact ionization.
Indeed this is an energy transition to third particle during recombination. When
recombining an electron in the conduction band with a hole in the valence band, the

released energy is transferred to another electron or other hole [37].

The main types of Auger mechanisms are shown in Figure 2.8: the Auger-1 and
Auger-7 mechanisms [38]. The Auger-1 transition, illustrated by the left-hand

diagram, and taking place in n-type materials, is defined by the recombination of a
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minority carrier, the heavy hole in this case, with an electron in the conduction band,
and another electron gains energy [39]. The Auger-7 transition occurs in a p-doped
material, where a minority electron will recombine with a heavy hole in the valence
band, and the conservation of energy and moments will lead to the creation of a light
hole. This transition is illustrated on the right in Figure 2.8.

# Electron
© Hole

Auger 1 Auger 7

Figure 2.8: Schematics of Auger 1 and Auger 7 recombination (redrawn as in the ref [39])

Auger-1 lifetime

The Auger-1 lifetime for an intrinsic semiconductor is given by [40]:

- 18,2 () (1420) | (g \1O (1+24') E
Taz; = 7.6x10 600( T ) (%) (st (2.6)
mo
where p'= m¢/my” is the ratio of the effective masses representing the dissymmetry of
the bands, |F1F2| indicates the overlap integral of the bands (between 0.1 and 0.3). This
rather heavy expression has been simplified by Kinch for the HgCdTe and becomes:

(1+24) Eg
(1+4) KpT

_13505 (L1 )
Tay; = 8.3x10713E2 (@) xp(2) o 2.7

In the extrinsic regime, the Auger-1 lifetime is modified by the level of doping:

2n?

TAl —l All (28)

Np(Np+N 4)
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For an n-doped semiconductor, the Auger-1 extrinsic lifetime is inversely proportional
to the square of the doping:

1
Tg1 X E (29)

Thus, the Auger-1 mechanism limits the operation of the HOT diode for high doping

values.
Auger-7 lifetime

The Auger-7 lifetime for an intrinsic semiconductor is usually expressed in terms of
the Auger-1 lifetime. It is usually taken as a first approximation proportional to Auger-
1 lifetime:

Ta7i = YTa1i (2.10)

where v is an empirical parameter that varies from 12 to 60 [39]. The Auger-7 lifetime

for an extrinsic semiconductor is thus deduced from equation (2.8) and is given by:

2n?

i (2.11)

T = —Y7T .
A7 NA(ND+NA)y A1i

The Auger-7 is the most common Auger mechanism in a p-type semiconductor and it
shows dominance at low temperature. However, the Auger-1 mechanism is no longer
negligible at higher temperatures and must, therefore, be taken into account in the
expression of the Auger lifetime for a p-type semiconductor. Thus the Auger lifetime
in a p material is generally written as the inverse sum of the Auger-1 recombination

and Auger-7 recombination:
Ty = [t + 1717 (2.12)

Note, however, that Auger-1 recombination can exist in the p material when the
number of electrons is high enough. This case is only obtained in the intrinsic case or
under illumination. Thus this approximation (equation (2.12)) is valid only because
the material becomes intrinsic to the temperatures for which Auger-1 is no longer

negligible.
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2.2.3. Shockley Read Hall Recombination

This mechanism involves the recombination of the electron / hole pairs via the energy
trapping levels (E:) located between the conduction band and the valence band. Thus,
this mechanism is not an intrinsic process. In this case, a photon is emitted with excess
energy. These trapping levels in the HgCdTe may be due to dislocations or impurities.
They can be introduced during the growth of HgCdTe, during sample processing or
during post-growth annealing.

As recombination centers, trap levels trap holes and electrons and release them as
generating centers. The generation and recombination rates depend on the nature of
the center and its predominant occupancy state, as well as the local densities of these
carriers in the valence and conduction band. The statistical theory of this
recombination mechanism was first developed by Shockley and Read and Hall [41-
42].

The SRH model considers that there is only one localized recombination center
located at a level of energy and with a trap density Nt (cm™) much smaller than the
density of the majority carriers. The basic mechanisms are shown in Figure 2.9. There
are four possible transitions via the localized recombination center through which
holes and electrons can be captured and re-emitted. The localized state can be either
full or empty. If empty, it can capture an electron from the conduction band, as shown
in Figure 2.9 (a), or it can emit a hole in the valence band, as shown in Figure 2.9 (d).
Once it is filled, there are still two possibilities. It can emit the electron to the
conduction band with an emission rate, as shown in Figure 2.9 (b), or capture a hole
in the valence band, as shown in Figure 2.9 (c). SRH recombination therefore depends
on the quality of the material. A high density of dislocations implies a high density of
trap levels and therefore a low SRH lifetime. For low radiation intensities, this is given
by [40]:

no(@+p1)+ +
L AL ARi ARy 2.13)

n+p
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with p1 and ny the hole and electron concentrations of the trap and given by:

E,—E

ny = N..exp(—q I‘iTTt) (2.14)
E,

p1 = Ny exp(=q-2) (2.15)

In Equation (2.13), tpo and tno are the characteristic lifetimes of the holes and electrons
related to the thermal velocities (vin) of the charge carriers (cm/'s), to the concentration
in Nt recombination centers and to their capture cross section on and op (cm?). They

are given by:

T, = (2.16)

= (2.17)

(a) ’ (b) : (c) ©(d)
Electron Electron Hole Hole
Capture Emission Capture Emission

Figure 2.9: Schematics of SRH recombination mechanisms (redrawn as in the ref [43])

The SRH lifetime depends on the Nt (trap density) and E: (energy of the trap level).
Thus the SRH mechanism is a limit related to the quality of the material. So to

summarize:
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. The SRH (Shockley Read Hall) mechanism depends mainly on the quality of

the material.

. The Auger-1 recombination mechanism is a mechanism whose lifetime is
inversely proportional to the square of the doping. This mechanism is dominant in the
n-type semiconductors and limits the operation of the more heavily doped IR

photodiodes.

. The Auger-7 recombination mechanism is predominantly dominant in p-type
semiconductors. However, the effect of the Auger-1 cannot always be negligible for

high temperature operation.

. The radiative recombination mechanism rarely limits the operation of IR

photodiodes since the photodiode is limited well before by the Auger mechanism.

The total lifetime of Tt Carrier recombination is the combination of lifetimes induced
by Auger, radiative and SRH recombinations. These contributions are added inversely

to give total lifetime:

CEPE R r— (2.18)

Ttot TA Trad TSRH

2.3. Dark Current Components

The dark current results from the creation and displacement of electron-hole pairs,
generated by thermal agitation and / or under the action of an electric field. It is
associated with four phenomena: the diffusion of the thermally generated minority
carriers, the band-to-band tunneling or the trap assisted tunneling, ohmic or common

leakage currents and the generation-recombination in the space charge zone.
2.3.1. Diffusion Current

It is the ultimate limitation in a p-n junction photodiode. This current results from the
diffusion of the minority carriers generated thermally near the depletion zone for a

time corresponding to their lifetime [44]. During this characteristic period, these
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carriers travel a so-called "diffusion length" distance corresponding to the depth of

penetration of the minority. It is given by:
Ly =Dt (2.19)

where D is the diffusion constant defined by the Einstein relation:

KgT

D=u p

(2.20)

Note through these two equations that the diffusion length increases in the extrinsic
regime with the temperature for a given lifetime. On the other hand, the lifetime and

the diffusion length decrease very rapidly in the intrinsic regime.

In the case of an infinite material, the diffusion current density is given by:

Jaigy = 5% (exp (7)) (2.21)

In this equation “N” is the doping concentration of the semiconductor, not the intrinsic

carrier density.

Equation (2.21) shows that the diffusion current is inversely proportional to the doping
and the minority carrier lifetime. This equation also involves the intrinsic density of
the carriers and therefore the density of the n or p minority carriers depending on
whether it is a p-type and an n-type semiconductor. Indeed these two densities are

connected by:
n? =n.p (2.22)

By replacing Lq by its expression in equation (2.21) we find another expression of the

diffusion current:

? |qKpT 14
Jaigr =" 22 uexp (L2) - 1) (2.29)
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It can be seen from this formulation that the diffusion current is inversely proportional
to the square root of the lifetime of the minority carriers and becomes proportional to

the square root of their mobility.

Equation (2.21) is only valid for a material whose thickness is greater than Lq. In the
case where one has to make thin layers of semiconductor, the diffusion volume is then
no longer defined by the diffusion length (Lq) but rather by the thickness of the layer
(e in equation). In this case Lgq is replaced by in equation (2.21):

Jairr = ng Tdeiff (exp (;T}/T) - 1) (2.24)

The dark current induced by this diffusion regime is, to sum up, proportional to n;?,
which depends exponentially on the bandgap of the semiconductor and the
temperature (ni a exp(-Eq / 2.Kg .T). Therefore, n; increases exponentially with
bandgap shrinking. Furthermore, the dark current of the detector is rather limited by
diffusion at high temperature. Itis, in fact, this exponential dependence on temperature
that justifies the need to cool the detector in order to limit the thermal generation of
the carriers. The Jaits (dark current) induced by the scattering regime also depends on
the doping and displays different dependencies on the minority carrier lifetimes,
oriented by the geometry of the structure [45]. In the case of a thick structure, this
current is inversely proportional to the lifetime of the minority carriers (1/1) and
inversely proportional to their square root in the case of a fine structure (1 / Vt). The
lifetime of the minority carriers is thus a key parameter for the dark current when the
photodiode is limited by diffusion, which is generally the case at high temperature.
For HOT operation it is therefore essential to have long lifetimes for reduction in the

dark current.
2.3.2. Generation Recombination Current

Generation-recombination (G-R) mechanisms have a direct influence on the

performance of IR detectors. The G-R current corresponds to the thermal generation
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of the holes and electrons in the depletion zone and their drift in opposite directions
due to the strong electric field which creates a current. When the electrons and the
holes generated reach respectively the p and n side of the junction, they recombine
and become majority carriers. The current corresponding to these G-R mechanisms

can be given by:

Jo-r =agmni(ep(Br) =1)  (224)

27G- KgT

Equation (2.24) shows that the G-R current is proportional to the width of the space
charge region (depletion region) and therefore to its volume and inversely proportional
to the lifetime of the minority carriers. These lifetimes are associated with
recombination mechanisms of the electron-hole pairs through energy trapping levels
which are located between the valence band and the conduction band. Note also
through equation (2.24) that the dark current induced by this G-R regime is
proportional to nj and not to n;? as we have seen in the diffusion regime. Thus, in high-
performance infrared photodiodes, the dark current is generally dominated by
generation-recombination current at the low temperature and dominated by the
diffusion current at higher temperature.

2.3.3. Tunneling Current

When the energy level occupied by the p-side conduction band becomes greater than
that occupied by the n-valence band, minority carriers can easily pass from one side
to other side. The tunneling current is divided into two categories depending on the
mode of the passage of the minority carriers from one side to the other of the junction:
the trap-assisted tunneling (TAT) and the band-to-band tunneling (BBT).

Band to Band Tunneling

In high reverse bias case, the minority carriers pass directly from one band to the other
on both sides n and p of the tunnel junction (Figure 2.12): this is the band-to-band
tunneling (BBT). This current contribution is all the more important as the temperature
is low since the bandgap energy of the alloy HguxCdxTe decreases with the
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temperature for x < 0.5. At a given temperature, this contribution increases when the
cadmium composition decreases for the same reason. The expression of the tunneling
current is deduced from the calculation of the probability of passage of the carriers

through a triangular barrier and is given by:

Jger = A1EVexp(— %) (2.25)
and
__a® |(zmé
AL = o ( Eg ) (2.26)
4
B, = 3 Zm;Eg3 (2.27)

This direct tunneling current depends exponentially on E field in the depletion region,

the effective carrier mass and the bandgap of the semiconductor.

p-bulk !depletion n-bulk
region :

electron
enerqgy

[ I N

hole
energy

Figure 2.10: Schematic representation of band-to-band tunneling effect (redrawn as in the ref [8])

Trap Assisted Tunneling Current

The presence of traps (defects in the crystal lattice) in the depletion zone associated

with the existence of an electric field makes it possible to tunnel the electrons of the
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valence band to the level of the traps (E:) and the level of the traps to the conduction
band. This contribution to the dark current is called Trap Assisted Tunneling (TAT)
and will intervene for lower reverse bias voltages than BTB. The temperature and
polarization dependence of this transition may be different depending on the level of
the traps (E:) and their occupancy rate. The trap-assisted tunnel current is given by [5]:

Jrar = gNWW,N, (2.28)
where W¢N¢ is the probability of passage through tunnel effect.

Equation (2.28) uses trap density (N:) and width (W) of the depletion region. The
tunneling current is modulated by the width of the depletion region and therefore by
the E prevailing field and depends on the quality of the material. Thus, a high quality

crystalline material will limit the contributions of trap assisted tunneling current.

To sum up, the tunneling currents believe exponentially with the electric field of the
space charge region, depending on the applied bias. They thus represent a limit for the
small gap materials used in IR detection and particularly in the case of very long

wavelength photodiodes.
2.3.4. Surface Current

The crystalline quality of the material and the state of the interfaces are two key
parameters in the recombination mechanisms of the charge carriers and guide their
life. Good interface quality and a good material significantly reduce the generation-
recombination phenomena within the crystal and allow to obtain long lifetimes.
Indeed, a high density of interface states is carrier generation source, collected by the
junction will contribute to the dark current if especially the recombination rate at the
interface is important. These carriers generated at the interface are proportional to the
intrinsic density and carriers and the recombination rate at the interface (Vs),

proportional to the density of traps Nk.

Js = q2Vs (229)
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CHAPTER 3

HIGH OPERATING TEMPERATURE STRUCTURES

The increased development of HgCdTe growth techniques and the fabrication of
different detector structures have led to achievement of BLIP (background limited
infrared photodetection) performance at high temperatures. The dark current of the
photodetector which is proportional with temperature usually determines the
maximum operating temperature. Recently, crucial improvements have been made in
IR technology through material growth and device design innovations. In this chapter,
three main high operating temperature structures will be explained.

3.1. Barrier Structure

At low temperatures the dark current of the detectors is limited by the generation-
recombination current, then by the diffusion current at higher temperatures. However,
the contribution of G-R mechanisms to dark current should not be excluded at high
temperatures. From this observation came the idea of designing structures whose
electric field is confined in a large bandgap material in order to limit the G-R
mechanisms (SRH current) [46-47-48]. However, care must be taken that this large
gap barrier does not hinder the transport of holes (in the case of nBn structure) on the
valence band to ensure correct quantum efficiency. In other words, zero valence band
offset is the most important issue in barrier detectors [49-50-51-52].

Barrier detectors offers several advantages over a conventional photodiode based on
the p-n junction. These advantages are achieved by a significant reduction of depletion
currents and surface leakage currents. In the scope of this thesis study, the following
structure (Figure 3.1) was simulated with Comsol Multiphysics [53-54]. This structure
is constituted as follows: a small gap absorber layer where the photogeneration will

take place, a large gap barrier for filtering the majority carries and a contact layer
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generally heavily doped to obtain the ohmic contact. The absorber layer is about one
to two times the optical absorption length to ensure good quantum efficiency [55-56].
The thickness of the barrier is between 50 and 200 nm to limit the passage of electrons
by tunnel effect. The thickness of the contact layer is generally of the order of a few
hundreds of nanometers. HgCdTe was used in all layers and cadmium compositions

were shown in Figure 3.1.
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Figure 3.1: Simulated barrier structure

The energy band diagram of the simulated barrier structure is shown in Figure 3.2.
Valence band discontinuity is about 19 meV. The quantum efficiency of the barrier

structure drops almost 2% due to this discontinuity.
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Figure 3.2: Energy band diagram of the simulated barrier structure
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Temperature versus current density simulation results are also available in Figure 3.3.
In the barrier structure, the SRH component of the dark current is completely removed

at low temperatures. Applied bias is -0.1 V.
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Figure 3.3: Current density vs temperature for the barrier structure, a standard p-n junction and a
standard p-n junction (SRH component not included)

Shockley-Read-Hall recombination mechanism in the depletion zone involves the
recombination of the electron-hole pairs via the energy trapping levels. These trapping
levels are located between the valence band and the conduction band constitutes a
major source of contribution to the dark current, especially at low temperatures. This
source of depletion current is, on the other hand, minimized if the depletion is
maintained in the large gap material of the barrier [24-57-58] as mentioned before.
This concept has been exploited in the HgCdTe MWIR detectors where the issue of
HOT has always been topical.

In 2015, N. D. Akhavan et al. [47] conducted a simulation study to compare different
barrier structures, which are shown in Figure 3.4. SRH, Auger, BTBT, TAT and
radiative components of the dark current were included in calculations. SRH lifetime
was taken as 1 ps in this study. Trap density level was 0.25Eg and trap concentration

was taken 5x10 cm. The thickness of the absorber layer was used 10 pum in MWIR
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cadmium mole fraction was 0.6.

spectral range (Xaps = 0.3). The thickness

of the barrier layer was 50 nm and the
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Figure 3.4: (a) Energy band diagrams of (a) a p-n photodiode (b) a HOT pnn*, (c) a HOT nBn, and
(d) a HOT nBnn* (redrawn as in the ref [47])

Simulations were performed at 300 mV reverse bias and the absorber doping level was
taken 1x10% cm. The calculated dark current is shown in Figure 3.5. Especially at
low temperatures, the reduction in the dark current appears in all barrier structures
except pnn* (due to strong BTBT below 100 K). The closest structure to rule-07 is
nBnn+. Another advantage of this structure is the absence of p-type doping, which

provides great convenience during fabrication and growth.
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Figure 3.5: Dark current of the simulated HgCdTe photodiode as a function of temperature (redrawn

Another barrier study was conducted by A. Keblowski et al. in 2016 [58]. The main
purpose of this study is to compare p-type and n-type absorber in barrier structures
(Figure 3.6). The proposed structure was grown on 2” GaAs substrate with MOCVD
(Metal Oxide Chemical Vapor Deposition) and detector fabrication completed. The
cut-off wavelength was adjusted to 3.6 um at 230 K (Xa»s = 0.36). Gold was used for

metal contacts. In this structure, p-doping was carried out by arsenic implantation and

(b)
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Figure 3.6: Schematic of a MWIR HgCdTe Mesa Structure (redrawn as in the ref [58])
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In Figure 3.7, measured dark current values are shown as a function of temperature
for pBppN and pBpnN detectors. The same figure also includes the measured dark
current-voltage graph for different temperatures. Comparing current levels at the same
temperature shows that the n-type absorber exhibits less dark current than the p type
absorber below 230 K.

In this study, from the dark current measurements, thermal activation energy was
estimated to be 0.265 eV and 0.328 eV for p-type and n-type absorbers, respectively.
This indicates that SRH behavior is present in the p-type absorber. On the other hand,
the dark current appears to be limited to the diffusion current in the n-type absorber.

Temperature [K]
390 230 180

| |
) | [MWIR HgCdTe - MOCVD, A, = 3.6 ym
\:{ | I I

~0.265 eV

Current density [A/cm’]

55 60 65
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Figure 3.7: Measured dark current density at 0.25 V reverse bias as a function of temperature
(redrawn as in the ref [58])

3.2. Auger Suppression Structure

Auger processes affect the performance of HgCdTe infrared detectors at near room
temperatures of operation. Auger suppression structure is one way to eliminate this

issue. This device structure was first proposed by Elliott and Ashley [59]. The main
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device consists of a two terminal excluded/extracted. The absorber region of the
device is near intrinsic and is n—type (lightly doped p-type) or v—type (lightly doped
n-type).

The minimum controllable doping is about mid-10'* cm™. On the other hand, the
intrinsic carrier concentration is very high at higher temperatures in HgCdTe. It can
reach values as high as 10'° cm (Figure 3.8), which is higher than the actual extrinsic

doping level in auger suppression structure [60].

Auger current is directly proportional to the number of available holes and electrons,
and so they cause large dark current in HgCdTe IR devices operated at high

temperatures where the absorber layer is nearly intrinsic at equilibrium [61].
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Figure 3.8: Intrinsic carrier density vs temperature in a typical HgCdTe

In the Auger suppression structure, the absorber layer is sandwiched between two
layers that form the extracting and excluding contacts with the absorber layer. The
N+/v or P+/n heterojunction stands for the exclusion junction. The P+/v or N+/n
heterojunction stands for the extraction junction. For instance, when a P+/v/N+

structure (Figure 3.5) operates at high temperature the absorber region (‘v’ layer) is
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intrinsic in thermal equilibrium. Fermi level lies in the conduction band in the case of
highly n-type doped material (N+ region). Therefore, higher energy required to
generate e-h pairs by Auger generation. Thus, hole concentration in the N+ region is
decreased. Now, in the case of applying increasing reverse bias, the extraction junction
(P+/v) extracts the minority holes from the absorber region. However, hole injection
from the N+ region will be slower in respect to extraction. Hence, the hole
concentration in the absorber region drops below its thermal equilibrium value [62].
Then, the electron concentration also drops below the equilibrium value due to the

charge neutrality rule.

When the applied reverse bias is increased, the electron concentration will eventually
go from the intrinsic level (mid-10" cm) down to the extrinsic doping level (mid-
10 cm®) in the absorber region. This decrement in the hole and electron

concentration provides significant reduction of Auger processes [63-64].

In 2011, Mohammad Nadimi and Ali Sadr simulated an HgCdTe medium-wave
infrared detector with ATLAS (software from SILVACO) [61]. Their device structure
is shown in Figure 3.9. The absorber layer of the structure is lightly doped (1x10* cm-

%). N* and p* layers are heavily doped (1x10'® cm™).

0
. n* Hgo.64Cdo.3sTe
1 —
€ -
2 2
= 1
20 .
v 3 v Hgo.74Cdo.26Te

o =

o

1 2 3 4 5 6 7 8 9 10
Width (ium)

Figure 3.9: Schematic of Auger suppression structure (redrawn as in the ref [61])
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The carrier concentration profiles of the Auger suppressed diode is shown in Figure
3.10 for equilibrium and under reverse-bias. From this result of the study, it can be
seen that hole concentration inside the absorber region dropped by some order of
magnitude and electron density also reduced to the below doping level (applied bias -
0.35 V). This reduction in carrier density also leads to a reduction in dark current for

high temperatures.
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Figure 3.10: Carrier densities for (a) equilibrium and (b) non-equilibrium of the simulated structure (-
0.35V bias) (redrawn as in the ref [61])

Another similar study was done by S. Velicu et al [64]. The simulated structure also
works in the MWIR spectral range (Xabsorber = 0.3). The p type doping of the top layer
is 5x10% cm™ and n type doping of the bottom layer is 1x10'" cm. Cadmium mole

fraction of the N+ and P+ layers is 0.4. The band diagram is shown in Figure 3.11.
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Figure 3.11: (a) Layer architecture and (b) energy diagram of the simulated HgCdTe structure
(redrawn as in the ref [64])
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In this study, simulations were done with Sentaurus software and results are compared
with standard p-n photodiode structure (double layer heterojunction). In HOT devices
the dark current is considerably smaller than DLPH. This leads to improvement in the
detectivity (Figure 3.12).
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Figure 3.12: Detectivity of the simulated HgCdTe structure as a function of temperature (redrawn as
in the ref [64])

In the scope of this thesis, the structure in the Figure 3.13 is simulated with COMSOL

and detailed comparative results are shown here.
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Figure 3.13: Layer architecture of the simulated Auger suppression structure
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Firstly, a reduction in the Auger generation rate respect to applied reverse bias is
calculated (Figure 3.14).
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Figure 3.14: Auger generation rates in the simulated HgCdTe structure at different biases
Temperature versus current density simulation results are also available in Figure 3.15.

In this structure, the Auger component of the dark current is completely removed at

higher temperatures.
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Figure 3.15: Current density vs temperature for Auger suppression structure and a standard p-n
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For different temperatures, current-voltage graphs of the standard PN structure and

Auger suppression structure are shown in Figure 3.16.
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Figure 3.16: Current density - voltage graphs for (a) a standard p-n junction and (b) the Auger
suppression structure

3.3. Photon Trapping Structure

Fill factor is an important concept for mesa structures in photovoltaic detectors.
Decrement in the fill factor affects both the quantum efficiency and dark current [65].
To reduce dark current without dropping quantum efficiency, Wehner et al. have
proposed the photonic crystal structure which is a kind of HgCdTe infrared detector
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[66]. This study shows that proper design can provide the light be absorbed completely
in the smaller effective regions, and thus maintain the quantum efficiency with
reducing the volume of the device based on the modulated photonic field distributions
in the photonic crystal structure. Furthermore, the detector dark current is dropped

through the reduced volume of the material [67-68].

The trapping method is to perform micro-nano processing on the front or back of the
device to form a periodic columnar structure arranged according to a certain regularity
or a hole-like structure to control the incident light [69]. Thus, increases the path of
light propagation to increase absorption. Optimizing the geometric parameters of the
photon trapping structure can reduce the reflectivity of incident photons. The
performance of the device is obviously improved. It is evident that the trapping
structure may be good practice in the field of the infrared focal plane array, particularly
when it is well-matched with the focal plane array. Currently, this structure has been

applied for HgCdTe infrared detectors.

HgCdTe medium-wave infrared (cut-off wavelength 5 um) detector with different
columnar structures and pore structures developed by Raytheon in the United States
in 2011 [70]. The results show that the quantum efficiency remains constant in the

range of 0.5 and 0.7 for the fill factor, at 4 um wavelength of light.

In 2013, Pinkie et al. [71] designed a HgCdTe medium-wave infrared detector with a
trapping structure. The core idea of this design is to mechanically strip the CdZnTe
substrate of HgCdTe. Then directly etch the HgCdTe absorber layer to form the
surface microstructure. They used the finite-difference time domain (FDTD) method
combined with the finite element method (finite element method) to simulate the
structure (simulation software TCAD). Figure 3.18 is a schematic diagram of the
designed HgCdTe infrared detector with a height of 5 um, a bottom diameter of 2 um,
a top diameter of 0.5 um, and a single-pixel pitch of 8 um. In Figure 3.18(a), The

doping concentration of the narrow bandgap Hgo.715Cdo2ssTe layer is n-type lightly
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doped Np = 1.0 x 10 cm™, and the doping concentration of the wide bandgap

Hgo.soCdo.4oTe layer is p-type lightly doped Na = 1.0 x 10" cm™3,

(a) (b) Doping concentration/cm™
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Figure 3.17: Photon trapping structure: (a) Schematic representation of a single-pixel of an array with
8 um pixels; (b) three-dimensional view of 3 x 3 pixel array (redrawnas in the ref [71]).

The dielectric constant of the HgCdTe infrared detector with a non-trapping structure
does not match with the dielectric constant of air, thus a reflection loss occurs about
30% in a device. By properly designing the geometric parameters of the columnar
structure, the reflectivity of the device in the range of 1-4.5 um becomes much less
than 1% and as shown in Figure 3.19, the quantum efficiency of the HgCdTe infrared
detector with trapping structure is basically maintained at about 90%, which is much

larger than the non-trapped structure HgCdTe infrared detector.
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Figure 3.18: Calculated quantum efficiency for the PT and non-PT arrays (redrawn as in the ref [71])

50



The photon trapping structure will also be applied to the proposed structure to increase
quantum efficiency and decrease the dark current. Absorbed power and optical
generation rate value need to be calculated to get quantum efficiency of the detector

[72]. The absorbed power can be calculated as follows:
W = oE? (3.1)

Then, the optical carrier generation rate is given by:

w
Gope = —— (3.2)

ph

Detailed simulation results of photon trapping structure is available in the next chapter.

51






CHAPTER 4

SIMULATION RESULTS AND DISCUSSIONS

It is difficult to predict the impact of the choices made on infrared detectors
performance without simulation study. The simulation results become crucial to guide
the design of the detectors and the optimal choice of parameters, since the fabrication

cycle of the thermal detectors is very long and expensive.

To simulate the proposed structure, COMSOL Multiphysics is used. It offers a
seamless interface between electromagnetic and other physics fields, easy
identification of mesh parameters and the ability to change management equations.
These are the main advantages of COMSOL. In this thesis study, electromagnetics

modules of the COMSOL Multiphysics are used to simulate the proposed photodiode.

This chapter is entirely dedicated to the simulation and characterization of the
proposed structure. First, the operating principle and layer architecture will be
introduced. In the second part of this chapter, simulation parameters are explained.
Then, the electrical characterization part is included. The standard p-n photodiode
results are also added to this section to see improvements. The last part concerns the
presentation of the electro-optical characterization results obtained on the proposed

structure.
4.1. The Proposed Structure

The current state of the art HgCdTe infrared photodiodes unfortunately does not allow
further exploitation of these structures at high operating temperatures. In order to push
back limitations, several HgCdTe-based detection structures have emerged as
explained in the previous chapter. A new design was made within the scope of this
thesis by making use of previous studies. The proposed design is shown in Figure 4.1.
In this structure, a lightly doped absorber layer is added between two highly doped
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and high bandgap materials which form the extracting and excluding contacts.
Furthermore, a barrier layer has been added to reduce the SRH current. In order to
achieve optimal functioning, all device parameters were determined after many

simulation studies.

Na = 1x10Y em3

Np = 1.2x1016 ¢m3
x=0.37
200 nm

Np = 5x10%% cm?3

Np = 2x10Y em3

Figure 4.1: Layer architecture of the proposed structure

The different architectures of HgCdTe photodiodes introduced in the previous chapter
have the particularity of offering properties that highlight one or the other of the
structures according to the applications and the targeted performances. The current
characteristics of these photodiode structures show significant differences depending
on whether the absorber layer is p-type or n-type.

Barrier thickness and composition have been decided after a parametric sweep study.

Increasing the thickness of the barrier pushes the diffusion behavior toward higher
polarizations [8]. Different barrier thicknesses were simulated (Figure 4.2). A

thickness of at least 200 nm thus seems necessary.

In the second step we sought to determine the influence of the variation of the
composition of the barrier. The evolution of the dark current corresponding to
compositions between 0.3 and 0.4 is illustrated in Figure 4.3. The cases 0.30, 0.32 and
0.34 are obviously not viable, leading to a very important SRH current related to the
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low barrier height. Cadmium mole fraction of the barrier layer was taken 0.37 to

suppress SRH current without degrading quantum efficiency.
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Figure 4.2: Current density vs voltage for various barrier thicknesses (120 K)
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Figure 4.3: Current density vs voltage for various barrier compositions (120 K)
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The p-doping is an intrinsic doping obtained by setting the level of mercury vacancies
(Hg) in the alloy. This intrinsic doping requires control of temperature and pressure
during growth. The level of mercury vacancies in the alloy is fixed by means of an
annealing known as "p type annealing" carried out under vacuum at a specific
temperature and time. The p-doping is systematically obtained for samples doped
intrinsically with the mercury vacancy. On the contrary, an "annealing” is used to
lower the rate of these defects, which are preponderant with respect to the other defects
present in the crystal lattice. Thus, mercury vacancies create SRH deficiencies that

decrease minority carrier lifetime.

Comparing current levels at the same temperature shows that the p on n structures
exhibit less dark current than the n on p structures [5]. This is because they offer longer
lifetimes as explained above. In summary, the use of n-type doping in the absorber
layer generally leads to longer diffusion lengths and allows lower scattering dark

currents to be obtained, so the n-type absorber is used in the proposed structure.

Cadmium composition of the layers are Xtop = 0.5, Xbarrier = Xtop = 0.37, Xabsorber = 0.3

(corresponding to a detection in the MWIR band). The energy band diagram is shown

in Figure 4.4.
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Figure 4.4: Energy band diagram along the device length of the proposed structure
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The dark current induced by the diffusion regime is proportional to the doping level,
so reducing doping concentration also reduces the diffusion current. However, for very
low doping levels (<10%° cm®), the lifetime of the carriers becomes limited by the SRH
lifetime and no longer depends on doping. Thus the dark current becomes inversely
proportional to the doping and increases with decreasing the doping concentration.
There is, therefore, an optimum doping level corresponding to the limit between the
SRH regime and the Auger regime which allows the optimization of the dark current.
In the proposed structure, the absorber doping level is used as 5x10* cm.
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Figure 4.5: (a) N doping profile and (b) P doping profile along the device length
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The p-type doping of the HOT device Na (top) is 1x10%" cm™ and n-type doping in the
bottom layer of the HOT device Np (bottom) is 2x10% cm The barrier layer is also

n-type doped with the level of 1.2x10® cm (Figure 4.5).

In the optical side of the study, 25 um pixel pitch size is used and the photon trapping
structure was obtained by dividing one pixel into 6 with a specific aspect ratio (Figure

4.6). The last part of this chapter contains a detailed analysis about the trapping issue.

height (um)
o o

o

1
[9)}

0 5 10 15 20 25
width (um)

Figure 4.6: Schematic of the proposed photon trapping structure

4.2. Simulation Parameters

Comsol Multiphysics provides you full control over assigning material properties
through the Material Browser and Mode Builder. The material library of the Comsol
Multiphysics contains more than 2500 materials. These include thermal insulators,

minerals, elements, semiconductors, piezoelectric materials and metal alloys.

Unfortunately, this library does not contain HgCdTe. Therefore, the parameters of the
material were entered from the literature and it was checked that these parameters

were used correctly in equations.

Parameter value can be either a constant or a variable, thus allowing to run sweep

parametric studies. This is very convenient to quantify the effect of any material
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properties or physical quantities. Within the scope of this thesis, some parameters were
used in sweep parametric studies, such as temperature, applied bias, doping level and

layer thickness.

The following table details the parameters used to simulate the proposed structure
shown in Figure 4.1. For clarity, this table also includes the unit and the description

columns.

Table 4.1: The simulation parameters for simulations of the proposed structure [73]

Parameter Value Unit Description
Xbottom 0.37 1 Cadmium mole
fraction of
bottom layer
Xabsorber 0.3 1 Cadmium mole
fraction of
absorber layer
Xbarrier 0.37 1 Cadmium mole
fraction of
barrier layer
Xtop 0.5 1 Cadmium mole
fraction of top
layer
T between 100 and 300 K Temperature
Hn 9*b*108/(T@) cm?/(V*  Electron
s) mobility
where a is (0.2/x)*® and b is (0.2/x)"®
Hh Mn/100 cm?/(V*  Hole mobility
S)
Eq (-0.302+1.93x+(4.31*104)*T*(1-2x)- \% Bandgap
0.81x2+0.832x%)
X 4.23-0.813(E4 -0.083) \% Affinity
ni (5.24256-3.5729x-4.74019*10"*T 1/em*®  Intrinsic carrier
+1.25942*10%*x*T - 5.77046*x? concentration

-4.24123*10°5*T?)*1e14*E,OT9*T(5)
*eXp(-Eg*q/(Z*k*T))

€ (20.5-15.6*x+5.7*x?) 1 Relative
permittivity
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G rad

TSRH
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5x 10%
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mo*0.071*Ey
0.55*mo

(2*(2**me*(1.38*10"
23)*T)15/((6.62607*104)%))

(2%(2*n*my*(1.38*10
23)*T)15/((6.62607*10-34)3))

0.2
15.2-15.6*x+8.2*x?

((Me/mo)*(JF1F2[))/(2*(ni?)*(3.8*10°
19)%(5,2)%(LH) 9 *(L+2*1) *
(BT ) exp(-((1+2*)/(1+10)

* (BEg/(k*T)))

Where [ is me/mp
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(5.8*103)%( £.,09)*((Mo/(me+my))L9) *
(L+(mo/me)+(Mo/mp))*((300/T)(19) *
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Debye length is a critical length parameter for photodiode simulations. It is important
to resolve this length scale with the mesh in semiconductor models. It is given by:

kBTEO Er

g (4.1)

where T is the temperature, q is the electron charge, ks is Boltzmann’s constant, & iS
the relative permittivity of the semiconductor, N is the concentration of ionized
acceptors or donors, and g is the permittivity of free space. This length is about 36
nm for the designed structure at100 K. Therefore, maximum element size in mesh was

used less than 36 nm in simulations (between 1 nm and 10 nm).

Another issue is the surface current. Surface recombination velocity in mesa walls was
taken as 0 in the trapping structure simulations. If the passivation of mesa walls is not
good in the fabricated detector, the surface leakage current may affect the detector
performance significantly. This situation should be considered during the fabrication

of the designed structure.
4.3. Electrical Characterization of the Proposed Structure

The aim of this study was to compare the performance of the proposed structure in the
MWIR range with standard p-n photodiode. This section covers the dark current
related simulation results of the proposed structure. The same simulations have been
completed for the standard p-n photodiode which is shown in Figure 4.7. Doping
levels of absorber layer and p layer are 5x10%° cm™ and 5x10" cm, respectively.
Cadmium composition and thickness of the absorber layer are the same as the

proposed structure.

As mentioned in the previous chapter, the Shockley-Read-Hall recombination
mechanism in the depletion zone involves the recombination of the electron-hole pairs
via the energy trapping levels (E:). These trapping levels are located between the
conduction band and the valence band and constitute a major source of contribution

to the dark current, especially at low temperature. This source of depletion current is,
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on the other hand, minimized if the depletion is maintained in the large gap material

of the barrier.

Na=5x107cm3 x=0.5

height (um)
2

= Np=5x10®"cm3® x=0.3

0 1 2 3 4 5
width (um)
Figure 4.7: Layer architecture of the standard p-n photodiode

In the designed structure, the depletion region is confined completely into the barrier
layer (-0.1 V). The electric field is shown in Figure 4.8.
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Figure 4.8: Electric field along the device length of the proposed structure
Each dark current component was simulated separately for both structures. The
simulation results for 180 K are shown in Figure 4.9. Calculations were performed in
steps of 5 mV. SRH lifetime was taken as 200 ns. Auger recombination factor and

radiative recombination factor are used as in table 4.1.
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Figure 4.9: Graph of each dark current density component as a function of voltage at a temperature of
180 K for (a) a standard p-n photodiode and (b) the designed structure

Current-voltage simulations were performed at different temperatures, in the range of
-0.5V and 0.3V (Figure 4.10). SRH lifetime was again taken as 200 ns. Furthermore,
the radiative dark current component was also added to simulations, in addition to

SRH and Auger. Improvement in the dark current was observed for all temperatures,
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especially lower than -0.4 V bias. Thus, simultaneous compression of both dark

current components (SRH and Auger) was achieved (Figure 4.10).
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Figure 4.10: Dark current density as a function of voltage for (a) a standard p-n photodiode and (b)
the designed structure at temperatures between 110 K and 190 K

As the reverse bias increases, the depletion region expands to the absorber layer and
the effectiveness of the barrier starts to decrease. This leads to an increase in dark
current at higher reverse biases. Figure 4.11 shows the variation of the depletion region

width at different voltage values for 110 K.
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Figure 4.11: E-field along the device length for the designed structure at different reverse biases

The calculated dark current for these two structures shows a significant gain in the
dark current over the desired temperature range (Figure 4.12). The current gain in the
low temperatures is related to the fact that the proposed structure is limited by Auger
recombination whereas the PN photodiode is rather limited under these conditions by
the SRH recombinations in the depletion region. On the other hand, the gain at high

temperature is due to the Auger Suppression structure which is explained in chapter 3

with details.
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Figure 4.12: Dark current density vs temperature for the designed structure and a standard p-n
junction
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Photocurrent simulation was also completed with 10 W/m? incident flux. The
calculated current is shown in Figure 4.13. Valence band discontinuity is 21 meV at -
0.1 V in the proposed structure (Figure 4.5). As shown in the figure, there is a
reduction in the photocurrent due to this discontinuity, especially at low voltages.
Quantum efficiency is also decreased by 3.1% for -0.1 V and 1.1% for -0.2 V. This
reduction in performance is eliminated by the trapping structure, which will be

explained in the next section.
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Figure 4.13: Current density as a function of voltage under illumination for the designed structure
and a standard p-n junction

4.4. Optical Characterization of the Proposed Structure

In order to obtain the balance between quantum efficiency and detection rate, the
thickness of a traditional device is often limited, and the reflection of the incident light
will also lead to energy loss. The trapping structure of the traditional infrared detector
can reduce reflection and improve the external quantum of the traditional detector.
Efficiency, and has a great advantage in improving the integration of focal plane
devices. By further controlling the cost and yield of the trapping structure, more
applications and developments can be obtained.

66



Besides, the dark current density is proportional to the volume of the material.
Trapping structure can effectively reduce the volume of the device and maintain the
total quantum efficiency. Therefore, the performance of the device can be obviously

improved.

The proposed trapping structure is shown in Figure 4.6 (similar to Figure 4.14). The
aspect ratio of the mesas is 6.66. Widths of the bottom and top of each small mesas

are 4 um and 2.8 pm, respectively. The height of the mesa is 4 um. Total pitch is 25
pm.

In the scope of this thesis, photo-generated electrical field distribution of the proposed
photon trapping structure is calculated with Comsol Multiphysics (Figure 4.14). The
device is illuminated from the bottom side. Incident photon flux used 10 W/m? at a

wavelength of 4 um.
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Figure 4.14: Electrical field (\V/m) distribution in the photon trapping structure (2D)

From the electrical field distribution, the optical generation rate in the photodiode can
be calculated (Equation 3.1 and 3.2). This simulation is done for both standard mesa

and photon trapping structure and obtained distributions are shown in Figure 4.15 and
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4.16. The calculated total generation in standard mesa structure is 4.18 x 10*° (1/m*s).

This value is increased to 4.34 x 10 (1/m*s) in the proposed structure.
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Figure 4.15: Optical generation rate in a standard mesa structure (1/mqs)
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Figure 4.16: Optical generation rate in the proposed trapping structure (1/mqs)
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The dark current at -0.1 V in the photon trapping structure is decreased by 18.2%

which corresponds to volume reduction (Figure 4.17).
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Figure 4.17: Dark current as a function of temperature for trapping and non-trapping structure

Optical generation distributions are used to calculate photocurrent. The photon
trapping structure further enhances photon absorption, thereby achieving a 1.9%

improvement in photo-current under same illumination (figure 4.18).
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Figure 4.18: Current as a function of voltage under illumination for trapping and non-trapping
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CHAPTER 5

CONCLUSION

Within the scope of this thesis, high operating temperature HgCdTe infrared detectors
were studied for MWIR spectral range. Barrier structure, Auger suppression structure
and photon trapping structure, which are frequently used in simulation studies in the
literature, are simulated separately by COMSOL Multiphysics and their results are
compared with the standard p-n photodiode. In addition, a new structure was designed

which can reduce dark current at all temperatures.

The auger suppression structure is also called non-equilbrium operation and provides
a significant reduction in dark current at high operating temperatures. This structure
is formed by the fact that the lightly doped absorber is located between two layers of
high doped and high bandgap. In the case of high inverse bias, the carrier density in
the absorber decreases and therefore Auger processes drops. In both reference studies
and simulations, it has been shown that the reduction in the dark current is around 12
times at temperatures above 200 K.

High SRH current may occur due to impurities or dislocations, especially at low
temperatures. This is generally the case when using alternative substrates (Si, GaAs)
during crystal growth. The barrier structure is used to reduce the SRH current in such
cases. This structure is achieved by adding a high bandgap layer to the center of the
standard p-n photodiode structure. The reduction (~50 times below 120 K) in the dark
current at low temperatures was shown by simulations. However, quantum efficiency

also decreased by 3.1%.

The photon trapping structure is another high operating temperature (HOT) structure.
In this structure, it is aimed to prevent the decrease in absorption due to reflections.
By changing the shapes of each pixel, high absorption can be achieved with a reduced

volume of material. In order to reduce reflection, the mesa structure was manipulated
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and the change in the optical generation rate was simulated in the proposed structure.
In addition, improvement in the dark current was observed due to the reduced volume

of the material.

By examining the above mentioned HOT structures, a new structure is proposed and
the simulations of this structure were completed with Comsol Multiphysics. The
Auger, Shockley Read Hall (SRH) and radiative components of the dark current were
simulated separately and compared with the standard p-n photodiode. The dark current
is also calculated for different temperatures. With the designed structure, it was
observed that the dark current improved at all temperatures between 100 K and 300
K. In quantum efficiency, 3.1% reduction was observed for the -0.1 V (reverse bias)
due to barrier layer (valence band discontinuity). However, this reduction was reduced
to 1.2% by photon trapping structure. The photon trapping structure also provided an

improvement of about 18.2% in the dark current.
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