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ABSTRACT

PHYSICS AND TECHNOLOGY OF THE INFRARED DETECTION SYSTEMS
BASED ON HETEROJUNCTIONS

Aslan, Biilent
Ph. D., Department of Physics

Supervisor: Prof. Dr. Rasit Turan

March 2004, 127 pages

The physics and technology of the heterojunction infrared photodetectors having
different material systems have been studied extensively. Devices used in this study
have been characterized by using mainly optical methods, and electrical
measurements have been used as an auxiliary method. The theory of internal
photoemission in semiconductor heterojunctions has been investigated and the
existing model has been extended by incorporating the effects of the difference in
the effective masses in the active region and the substrate, nonspherical-
nonparabolic bands, and the energy loss per collisions. The barrier heights
(correspondingly the cut-off wavelengths) of SiGe/Si samples have been found
from their internal photoemission spectrums by using the complete model which
has the wavelength and doping concentration dependent free carrier absorption
parameters. A qualitative model describing the mechanisms of photocurrent
generation in SiGe/Si HIP devices has been presented. It has been shown that the
performance of our devices depends significantly on the applied bias and the
operating temperature. Properties of internal photoemission in a PtSi/Si Schottky

type infrared detector have also been studied. InGaAs/InP quantum well

il



photodetectors that covers both near and mid-infrared spectral regions by means of
interband and intersubband transitions have been studied. To understand the high
responsivity values observed at high biases, the gain and avalanche multiplication
processes have been investigated. Finally, the results of a detailed characterization
study on a systematic set of InAs/GaAs self-assembled quantum dot infrared
photodetectors have been presented. A simple physical picture has also been

discussed to account for the main observed features.

Keywords: Infrared photodetectors, internal photoemission, SiGe/Si, dual-band,

quantum well, quantum dot.
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COKLUEKLEM TABANLI KIZILOTESI ALGILAMA SISTEMLERININ FiZiGi
VE TEKNOLOJISI

Aslan, Biilent
Doktora, Fizik Boliimii

Tez Yoneticisi: Prof. Dr. Ragit Turan

Mart 2004, 127 sayfa

Farkli malzeme sistemlerine sahip ¢oklueklem kizildtesi fotoalgilayicilarin fizigi ve
teknolojisi genis Ol¢iide calisildi. Bu ¢aligmada kullanilan aygitlar, temel olarak
optiksel yontemler kullanilarak nitelendirildi ve yardimci bir yontem olarak
elektriksel Ol¢timler kullanildi. Yariiletken ¢oklueklemlerdeki dahili 1s1lsalim teorisi
incelendi ve varolan model, aktif bolge ve alttag etkin kiitleleri arasindaki farkin,
kiiresel olmayan-parabolik olmayan bantlarin ve carpisma basina diisen enerji
kaybmin etkileriyle birlestirilerek genisletildi. SiGe/Si  6rneklerin  engel
yiikseklikleri (denkce esik dalgaboylar1), dahili 1s1lsalim tayflarindan dalgaboyu ve
katkir miktar1 bagimli 6zgiir tasiyict sogurmasi parametrelerine sahip tam model
kullanirak bulundu. SiGe/Si HIP aygitlardaki fotoakim olugsma mekanizmalarini
aciklayan nitel bir model sunuldu. Aygitlarimizin performanslarinin uygulanan
voltaja ve calisma sicakligina 6nemli derecede bagli oldugu gosterildi. PtSi/Si
Schottky tipi kizilotesi algilayicilardaki dahili 1silsalim &zellikleri de calisildi.
Bantlar ve altbantlar arasindaki gecisler yoluyla hem yakin hem de orta-kizilotesi
bolgeyi kapsayan InGaAs/InP kuatum kuyu fotoalgilayicilar calisildi. Biiyiik

besleme degerlerinde gozlenen yiiksek tepkiselligi anlamak i¢in kazang ve ¢i1g



cogalma olaylar1 incelendi. Son olarak, bir InAs/GaAs kendiliginden olusan
kuantum nokta kizildtesi fotoalgilayicilar grubu iizerindeki ayrmtili nitelendirme
caligmasi sonuglart sunuldu. Gozlenen temel 6zellikleri degerlendirmek igin basit

bir fiziksel resim tartisildi.

Anahtar kelimeler: Kizilotesi fotoalgilayicilar, dahili 1s1lsalim, SiGe/Si, ikili-bant,

kuantum kuyu, kuantum nokta.
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CHAPTER 1

INFRARED DETECTORS

1.1 Introduction

Infrared (IR) spectrum is a part of the electromagnetic spectrum: It is defined as the
region just above the visible (0.7 um) to millimeter waves (1000 um). This is the
region where every object having non-zero temperature emits “thermal radiation”.
The characteristics of this radiation depend on the temperature and the wavelength.
Since the human eye responds well to the visible light but poorly to infrared
radiation, almost all the information encoded in the infrared radiation is not directly
detected by the human eyes. Therefore, it is necessary to develop a device if thermal

radiation is to be detected.

The interest in the detection of IR radiation has centered mainly on the two
atmospheric windows, 3-5 um and 8-12 um, based on two facts: (/) Most of the
energy emitted by an object at around room temperature is in 3-14 um wavelength
region [1]. (if) Atmospheric transmission is the highest in these windows. Fig. 1.1
shows the infrared transmission over a spectral range from 0.7 pm to 15 pm [2]. In
recent years, along with the technological development/progress, there has been

increasing interest in longer wavelengths stimulated by space applications.

The main function of a detector is the conversion of the radiation falling on it into
an electrical signal for further investigation. This can be done by using many
different physical phenomena. IR detectors are divided into two basic groups;

photon detectors (or photodetectors) and thermal detectors which differ by the



physical mechanism used for the detection process. In the photon detectors, the
radiation is absorbed within the material by interaction with electrons either bound
to lattice atoms or to impurity atoms or with free electrons. This interaction
produces parameter changes (such as voltage, current, resistance etc.) that are
detected by external measurement circuits. As in thermal detectors, the radiation
must alter the temperature of the sensor resulting in the change in some basic
property of the device. Thermal detectors produce a signal that is independent of
energy or wavelength, while photon detectors are dependent on the number of

photons and their energy.
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Fig. 1.1 Transmission spectrum of the atmosphere.

This thesis is designed in a way that each chapter is self-contained. This chapter is
devoted to the general discussion of infrared detectors. In chapter 2, the theory of
internal photoemission in semiconductor heterojunctions is discussed and a
complete model is derived. In chapters 3 and 4, SiGe/Si HIP infrared photodetectors
are characterized by optical and electrical methods. Additionally, a qualitative
model describing the photocurrent generation mechanisms is presented. PtSi/Si
Schottky type infrared photodetectors are given in chapter 5. In the following
chapter (chapter 6), InGaAs/InP dual-band quantum well infrared photodetectors

showing high responsivity feature at high biases are presented. Finally, the results



of a detailed characterization study on a systematic set of InAs/GaAs self-
assembled quantum dot infrared photodetectors are presented in chapter 7. All
samples except PtSi/Si ones used in this study were grown and processed at the

Institute for Microstructural Sciences, National Research Council, Ottawa, Canada.
1.2 Photon Detectors

Photon detectors are quantum counters where the incident photons create electrons
that are conducted to the external measurement circuit. They are usually
characterized by a minimum energy of photon detection or, equivalently, a long
wavelength cut-off beyond which the device has no response to the incident photon.
Photon detectors having long wavelength limits (>3 pm) generally need to be

cooled to achieve good signal-to-noise ratio and a fast response.

Depending on the nature of the interaction, the photon detectors are divided into
sub-groups: Intrinsic detectors (e.g. PbS, PbSe, HgCdTe, InGaAs, InAs, InSb etc),
extrinsic detectors (e.g. Si:Ge, Si:As, Ge:Cu etc.), free carrier detectors (PtSi, IrSi
etc.), quantum well detectors (GaAs/AlGaAs, InGaAs/AlGaAs, InAs/InAsSb, etc.),
and quantum dot detectors (InAs/GaAs, Ge/Si, etc). Depending also on how the
electric signal is developed, there are various modes such as photoconductive,
photovoltaic, and photoemissive ones. There are several detailed review articles and

texts on these photon detectors in the literature [3-12].

Detectors are characterized by figures of merit that allow comparison of different
detectors. The most important figure of merit is the responsivity of the
photodetector which is determined by the quantum efficiency, 7, and the gain, g, if

available, and can be written as [5]

2’6‘
R=—eng (1.1
hc

where A, is the cut-off wavelength of the detector. The quantum efficiency value
describes how well the detector is coupled to the radiation to be detected. It is

usually defined as the number of carriers generated per incident photon. The idea of

3



gain is proposed as a simplifying concept for the understanding of photoconductive
phenomena [13] and defined as the number of carriers passing contacts per one
generated carrier. There are some other figures of merit which are not mentioned
here such as noise equivalent power (NEP), detectivity (D), photon-noise-limited

performance, etc., since they are not the main emphases of the thesis.

In the following sub-sections, some of the important photon detectors are presented

for the sake of completeness.
1.2.1 Mercury Cadmium Telluride (HgCdTe) Photodiodes

From fundamental considerations Mercury-Cadmium Telluride (MCT) is the most
important and worldwide attracted semiconductor alloy system for IR detectors in
the spectral range between 1 and 25 pm [8, 14 and references therein]. This material
is a ternary compound that alloys two binary compounds HgTe and CdTe. Its
chemical formula is defined as Hg;.<CdsTe. By tailoring the composition ratio of
the material (i.e. x value in Hg; «Cd,Te), the energy gap of this material varies from
semimetallic for HgTe (x = 0) with a gap of -0.3 eV to semiconducting CdTe (x =
1), which has a gap of 1.65 eV [15]. The negative sign for HgTe shows that the
bottom of the conduction band is lower than the top of the valence band. Thus, the
longer wavelength response can be achieved by increasing the Hg percentage in the
compound. These detectors are made by building a p-n junction and the optical
absorption occurs at or near the junction. If a photon with sufficient energy is
absorbed in photoactive region, an electron will gain sufficient energy to move into
the conduction band and leave a hole behind. With the movement of these
photogenerated electron-hole pair to the detector’s terminal a current flow is set up.
Note that they can also be designed as a photoconductive detector by using a slab of
material in which the created electron-hole pairs are separated by the applied bias.
Therefore, the bandgap energy determines the cut-off wavelength of the detector.
On the other hand, it is not easy to determine the bandgap of this material: As is
typical of most semiconductors, CdTe has a bandgap that decreases with
temperature. However, the bandgap energy of HgTe is increases with temperature

[16]. Therefore, various empirical expressions have been developed relating the



bandgap energy to the temperature 7" and the fraction x of cadmium. The most

accurate expression relying on data from several different studies is given as [17]
E,=-0.302+1.93x+5.35(10% 7(1-2x) - 0.810 x°+ 0.832 x° (1.2)

Another important advantage of this material is its “intrinsic” behavior. Since the
intrinsic energy gap determines the wavelength response, the cooling requirement is
not as severe as for extrinsic detectors; because, the absorption of the radiation is

due to the bulk material HgCdTe, not the impurities.
1.2.2 Schottky Barrier Infrared Photodetectors

The metal/semiconductor contacts have been studied extensively since they have an
important role in microelectronics technology as well as their wide range of
practicability to the very large scale integration (VLSI) technology [18,19, and
references therein]. If a semiconductor is brought into a physical contact with a
metal, a rectifying or an ohmic contact is formed, depending on the type of metal
and semiconductor used. The formation of an electronic barrier at the junction is the
most important feature of a metal-semiconductor junction. The physical mechanism
responsible for this formation has been studied for many years [20,21]. Various

models using different physical concepts have been proposed and used [22-25].

In this type of detectors, light is absorbed in the metal/silicide side of the junction
and creates a “hot” carrier which passes over the potential barrier; this process is
known as internal photoemission (IP). The internal photoemission process is

discussed in details in the following chapters.

The variety of metals (or their silicides) can be used to make the Schottky barrier.
On condition of using a p-type Si substrate, the most important Schottky junction is
made of platinum (Pt — PtSi), which produces a response to ~5.6 pm [26]; other
possibilities include palladium (Pd — Pd,Si) out to ~3.5 pm [26], and iridium (Ir —
IrSi) out to ~10 pm [27,28]. All these are of interest primarily because they are

suitable for the standard silicon VLSI processing.



1.2.3 Heterojunction Internal Photoemission (HIP) Detectors

The heterojunction internal photoemission (HIP) detector is entirely analogous to
the Schottky type detector: The metal or silicide electrode is replaced by
degenerately doped another semiconductor material. The idea of Schottky barrier
photodiode with a degenerate semiconductor active region is first proposed by
Shephard et al. [29] and is first demonstrated by Lin ef al. [30] for SiGe/Si system.
HIP detectors offers higher internal quantum efficiency compared to the Schottky
barrier detectors. There are two main reasons; (i) photons can excite carriers from
the states far below the Fermi level such that they do not gain sufficient energy to
overcome the barrier in Schottky type detectors. In contrast, narrow band of
absorbing states in the SiGe layer of the HIP detector leads to more energetic
carriers. (if) Photoexcited holes traveling over the barrier are less likely to be
backscattered from the heterojunction interface because of the more favorable ratio
of effective masses. However, the absorption coefficient for SiGe is less than that of

the silicide or metal due to the lower free carrier density.

1.2.4 Blocked Impurity Band (BIB) Detectors

A blocked impurity band (BIB) detector is an example of the extrinsic detectors. It
is first conceived by Petroff and Stapelbroek [31]. The extrinsic Si:As detector was
reported with high sensitivity and quantum efficiency in far infrared region (to 28
um) [32]. The BIB detector resembles the photovoltaic detector in its operation. It
has a heavily doped donor band in silicon and an undoped blocking layer is
introduced to the structure to prevent dark current from dominating the carriers. The
detailed operating principles described by an analytical model for the figure of merit

of a BIB detector can be found in [33].

1.2.5 Homojunction Internal Photoemission Detectors

Homojunction internal photoemission detectors are novel detectors for basically
very far infrared detection. The basic structure of these detectors consists of a
heavily doped layer, which acts as the IR absorber region, and an intrinsic (or

lightly doped) layer, across which most of the external bias is dropped. Therefore,
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the barrier height depends on the applied bias. The concept of homojunction IR
detector was first proposed by Tohyama et al. [34] with the cut-off wavelength of
12 um. Later they reported a silicon homojunction IR detector having an active PtSi
layer with extended cut-off wavelength of 30 um [35]. Various detector approaches
(depending on the doping amount) based on Si and GaAs homojunction IP junctions
have been discussed by Perera et al. [36,37]. They obtained >40pum cut-off

wavelength.

1.2.6 Quantum Well Infrared Photodetectors (QWIP)

The concept of light detection by using quantum wells has been studied extensively
by many researchers for more than 25 years. The earliest studies were on two
dimensional electron systems in metal-oxide-semiconductor inversion layer that has
triangular barrier [38, and references therein]. Possibility of using quantum wells
with rectangular barrier for infrared detection was first suggested by Esaki and
Sakaki [39]. The first experiment on making use of quantum wells for IR detection
was reported by Smith et al. [40]. Their device operation was based on the
absorption of the IR radiation by the free carriers which are trapped in the wells
formed by GaAs/AlGaAs heterojunction material systems. Quantum wells are
constructed by growing a lower bandgap material (i.e. GaAs) between two larger
bandgap materials (i.e. AlGaAs). Therefore, the larger bandgap material serves as a
barrier while the small bandgap material serves as a well. When the width of the
well is small enough, discrete energy levels are created in the well. Intersubband
transition (ISBT) in the wells is the base of modern quantum well infrared detectors.
The prediction and the first observation of ISBT in quantum wells was reported by
West and Eglash [41]. The first clear demonstration of quantum well infrared
photodetectors (QWIPs) was made by Levine et al. [42]. Since then tremendous
progress has been made on both experimental and theoretical considerations about

QWIPs and can be found in the literature [12,43,44].



1.2.7 Quantum Dot Infrared Photodetectors (QDIP)

With the success of quantum well (QW) structures for the infrared detection, the
quantum dot infrared photodetector (QDIP) has attracted a lot of interest in recent
years. In general, QDIPs are similar to QWIPs but with the quantum wells replaced
by quantum dots in which electrons have discrete energy levels created by the three
dimensional confinement [45]. Quantum dots used in the detection of infrared
radiation are generally formed by the process called Stranski-Krastanov: when the
thickness of the film with the larger lattice constant exceeds a certain critical
thickness, the compressive strain within the film is relieved by the formation of
coherent island. These islands may be quantum dots called self-assembled QDs.
Because of this self assembling process, dots show large inhomogeneity both in size
and in vertical alignment. Some efforts on size and shape engineering can be found

in [46,47 and references therein].

There are several material systems used in QDIP applications. Most widely studied
one is InAs dots on GaAs substrate (i.e. InAs/GaAs) [48-50]. Another important
material system consists of Ge dots on Si substrate (Ge/Si) [51-53].

1.3 Thermal Detectors

Thermal detectors are made of materials whose physical properties change in the
presence of radiant heat. The most common thermal detectors are; (i) bolometers,
where temperature change produces a change in the resistance of the bulk material;
(if) pyroelectric detectors, where temperature change produces a change in the
surface charge of the material; and (iii) thermocouples, where temperature change

produce a change in voltage at the junction of two different solid state materials.

Thermal detectors are important because they offer uncooled operation and cover a
large portion of the infrared spectrum. Basically the detector is suspended on lags
which are connected to the heat sink. Different from the photon detectors, thermal
detectors respond to the intensity of absorbed radiant power without regarding to

spectral content. In other words, they respond equally well to all photon



wavelength. Since they work based on the heat flow in the device, heat balance

equations are an important consideration when analyzing these devices.
1.3.1 Bolometers

A bolometer is the thermal analogue of a photoconductor. The effect is that of
change in resistivity of a material in response to the heating effect of incident
radiation. In contrast to photoconductors, bolometers can be made of any material
which exhibits temperature dependent change of resistance. The temperature
dependence is specified in terms of the temperature coefficient of resistance «

defined as [5]

1 dR,

(1.3)

o=
R, dT,

where R, is the detector resistance and 7} is the detector temperature. The electrical
circuit requires a voltage source to measure the change in resistance due to the

heating effect of the radiation.
1.3.2 Pyroelectric Detectors

Pyroelectric detectors were developed to be worked as a sensitive uncooled
detector. They have wide spectral response. Pyroelectric detectors are made from
ferroelectric crystals, that is, crystals that can exhibit a permanent electric dipole
moment even in the absence of an applied electric field [54]. Lithium tantalite and
triglycerine sulfate are the most common detector materials. If the temperature of
such material is altered, the electric dipole moment of the crystal must change,
leading to the motion of bound charge. If electrodes are placed on the surfaces of
the crystal, this motion can induce a current flowing through the external circuit.

The magnitude of this current is given by [55]

dr,
i=pA—2 (1.4)

dt



where A4 is the area of the electrode and p is the pyroelectric coefficient. This
process is independent of the wavelength of the radiation and hence pyroelectric

sensors have a flat response over a very wide spectral range.

1.3.3 Thermoelectric Detectors

In a circuit consisting of two different conductors and the junctions between them,
preferential heating of one junction will generate a voltage which is a measure of
temperature difference. When the temperature difference arises from the absorption
of radiation at one junction, the device is known a radiation thermocouple. In order
to increase the signal voltage, they are connected in series to form a radiation

thermopile.

Radiation thermopiles are generally made by subsequent evaporation of metal films
such that they are partly overlapped forming a junction. They require no electric
bias. They have been found to be useful in spaceborne applications. The preparation

and properties of radiation thermopiles can be found in review article [56].
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CHAPTER 2

THEORY OF INTERNAL PHOTOEMISSION IN HETEROJUNCTIONS

Internal photoemission is the process in which a carrier is created / excited by an
incoming photon, transported to another region and detected as an electric signal.
To understand the photon-detection process, the concept of converting a photon of
light into an electron must be investigated and for whole process a model must be
developed. The efficiency of converting a photon to an electron is defined as
quantum efficiency and it takes into account reflectance, absorptance, scattering and

electron recombination.

The internal photoemission studies started after R. H. Fowler [57] developed a
model describing the response characteristics of the photoemission from metal into
vacuum in 1931. According to the theory, photoelectric sensitivity or number of
electrons emitted per quantum of light absorbed is proportional to the number of
electrons per unit volume of the metal whose kinetic energy normal to the surface
augmented by incident photon energy /v is sufficient to overcome the potential step
at the interface. This is the basic statement for the later studies. In late 1960’s
internal photoemission in a metal-semiconductor junction was first studied by
Cohen et al. [58] without taking into account the optical absorptance and the carrier
scattering. In this approach, a geometrical analysis was applied to derive the
photoyield in the photoemission process. Moreover, several simplifications were
assumed to make photoemission model tractable and to drive an equation known as
“modified Fowler equation”. Then the theory must have been further extended,

taking into account multiple reflections of the excited electrons from the surfaces of
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the metal film, in addition to collisions with phonons, imperfections, and cold
electrons. Vickers [59] and Dalal [60] each developed a ballistic transport model
independently in 1971. They showed that the redistribution of momentum by
phonon and wall scattering (which can redirect the hot-hole momentum so that it
falls in the escape volume) increases the yield. Later, the model was advanced by
Mooney and Silverman [61,62] in 1985. They incorporated the “counting loss

correction” and “energy loss” terms to the model.

During this period, the idea of utilizing the internal photoemission over a
heterojunction barrier for infrared detection was first proposed by Shepherd et al. in
1971 [29]. The idea was very attractive since it is possible to control the barrier
height and to improve the quantum efficiency. However, the technology was not
available at that time to demonstrate the operation of heterojunction infrared
detector. It was 1990 that the first Si;.«Gey/Si heterojunction internal photoemission
(HIP) infrared (IR) photodetector was demonstrated by T. L. Lin and J. Maserjian
[30]. With the development of molecular beam epitaxy (MBE), several works on
heterojunction infrared detectors have been reported [63-66]. A theoretical model
for the quantum efficiency of the Si; xGe,/Si HIP detector was reported by Tsaur et
al. [63]. In the model, the internal yield was calculated through the integration of
density of states. Nevertheless, it was developed for the region ~v > Ep, and the
wavelength dependent absorption was not considered, which made model not
applicable for the determination of the optical barrier. This is because the Fermi
energies in such structures are usually quite high due to the high doping
concentration. The model which includes these aspects was then developed by Lin
et al. in 1994 [67]. But, neither of these models was including scattering
mechanisms that the carriers experienced during their motion. Another model
taking into account the scattering of excited carriers was reported by Strong et al.
[65,68]. In this model, they followed the model which was developed for the
metal(silicide)/semiconductor  systems by Vickers [59] and incorporated the
wavelength and doping concentration dependent absorption. The model comprises

several assumptions and needs to be improved.
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In this chapter, an extended model, whose contents are similar to that of Mooney’s
extended model [61], for semiconductor heterojunction internal photoemission
detectors is presented. The extensions incorporate the effects on the yield of the
difference in the effective masses in the active region and the substrate,
nonspherical-nonparabolic bands, and the energy loss per collisions. Before
analyzing the effect of the nonspherical-nonparabolic bands on the yield, different
equations are derived for the yield for different regions depending on the relative
magnitudes of the photon’s energy, Fermi level position and the barrier height
considering the relation between the magnitudes of the effective masses in both
sides of the interface in the next section. In section 2.2 band corrections over the
effective mass is discussed. Sections 2.3 — 2.5 present effects of several physical
mechanisms such as wall reflection, hot carrier-phonon collision, quantum
mechanical reflection, e-p collisions and energy losses. The results of theoretical
calculations as a function of different material parameters are presented in section
2.6. Finally in the last section, the model is completed by incorporating the
wavelength and doping concentration dependent free carrier absorption to the

model.

2.1 Model for Escape Probability

Quantum efficiency (namely external photoyield) can be taken as the product of the
absorption of the incident photons and the internal yield which describes the
photocurrent generation mechanisms inside the structure after the photons have

been absorbed:

Y, =AY, 2.1)

exi

Here A is the optical absorption of the active layer as a function of wavelength and

doping concentration, and Y, is the internal photoyield. We first demonstrate the

model describing internal yield.

Fig.2.1 shows the valence band profile and the energy levels for a SiGe/Si HIP

structure. For SiGe heterojunction detectors with a degenerately doped SiGe layer,

13



photon N\ >

Fig. 2.1 Valence band profile and the energy levels.

holes populate states from the valence band to the Fermi level. When T = 0K all
states up to Fermi level is full of carriers and there is no hole above the Fermi level.
Note that, energy value of the valence band edge of the SiGe layer has been taken
as 0 eV. Excited holes are generated in the active region through the free carrier
absorption of photons. Some of these holes reach the SiGe/Si interface, where they
can be emitted over the potential barrier created by the valence band offset between
strained p'-Si;«Ge, and p-Si. Depending on the relative magnitudes of (hv) and the

Ep, distribution of excited holes can be written in momentum space as
k(Ep) < k < k(Egthv), hv<Er (2.2a)
k(hv) <k < k(Epthv), hv> Er (2.2b)

Schematic representation of the excited holes’ distributions for both 2v < Er and Av
> Er are shown in Fig.2.2. If the spherical-parabolic band is considered for the
holes at the SiGe and the Si layers, the condition for the conservation of total energy

is found to be

(2.3)

Here m; and m, are the effective masses in the SiGe film and the Si substrate
respectively, k is the magnitude of the hole’s wave vector in SiGe and k£’ is that of

in silicon substrate. Momentum can be divided into two parts; parallel and
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perpendicular components with respect to the barrier (k> =k} + k). Imposing the
conditions that the final kinetic energy directed normal to the barrier (%°k’ /2m,)
must be grater than zero and that the parallel momentum is conserved (k, =k)),
one obtains

ko ont| 1 1

t—| ——— 1k ZE, +® (2.4)
2m;, 2 \m;, m,

———_ k(Er + hv)

Spherical
shell of
excitation

(a) (b)

Fig. 2.2 Distribution of holes in momentum space for a spherical Fermi surface at 0

K. a) hv <Eg, b) hv > Ep.

For Eq. (2.4), magnitudes of the effective masses determine what kind of equality is

satisfied in k-space:

i. Form,> my, an ellipsoid satisfies the equality with the equation

K k?
B | (2.5)
a’> b*

where
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1/2

a* =2m,(E, + D)/ 1> and b = 2m,(E, +®)/n?) —2

m, —m,

ii. For m; = my, a plane which is parallel to the interface satisfies the equality with

the equation

—=1. (2.6)

iii. Formy; <m,, atwo-sheeted circular hyperboloid oriented along the &, direction
satisfies the equality with the equation
ki k)

———=1. 2.7)
a* b?

When the relative magnitudes of @ and b compared, it is easy to see that b > a. So,
the ellipsoid is longer in k,-direction than &k, -direction. At this point, it is

necessary to check whether the width of the ellipsoid in &, -direction b > k(Ert+hv)

or not:

(E, +®)|—2 > (E, +hv) 2.8)

m, —m,

It is true especially for the photon energies close to the barrier height (i.e. Av~@)
since | m> / (my — m1)| > 1. Fig. 2.3, Fig. 2.4 and Fig. 2.5 show the 3D graphical
representation of the carriers in momentum space for m, > m;, m; = my;, and m, <
my, respectively. Note that these were drawn by keeping the effective mass in the Si
region constant, m» = 0.6 my, and changing that of in SiGe region, m;. Considering
Eq. 2.4 and the fact that only states in the spherical shell of excitation are excited,
the states which are in between the ellipsoid (or plane, or hyperboloid, depending

on the relative magnitudes of the effective masses) and the bigger sphere will emit
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Fig. 2.3 3D graphical representation of the carriers in momentum space for m, (=0.6

mp) > my. a) m; = 0.3 my, b) m; = 0.55 my, c) Floating 3D view of the system

showing the intersection.
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(a) (b)

Fig. 2.4 3D graphical representation of the carriers in momentum space for a) m, =

m; = 0.6 my, b) Floating 3D view of the system showing the intersection.

carriers into Si (see Fig. 2.6 for two-dimensional representation). As seen in Fig. 2.3
and Fig. 2.5, when m; approaches to m, from the left (right), ellipsoid (hyperboloid)

gets bigger in k,-direction, therefore, the curvature of the ellipsoid (hyperboloid)

inside the Fermi sphere reduces. Thus, at first look one would say that since the
above-mentioned volume between them will decrease (increase for hyperboloid)
when the curvature gets smaller, the yield will increase. Then it can be concluded
that, to reach high yield in a HIP, the difference between the effective masses must
be as big as possible provided the effective mass of the active region is less than
that of substrate. Nevertheless, this inference can only be valid for the constant
effective masses. The effect of the effective mass to a HIP’s yield will be discussed

in the next section.
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(¢)

Fig. 2.5 3D graphical representation of the carriers in momentum space for m (=0.6
my) < my. a) m; = 0.7 my, b) m; = 0.9 my, c) Floating 3D view of the system

showing the intersection.
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Fig. 2.6 Escape volume for holes in momentum space for three different cases (the
hatched region corresponds to the holes that may escape over the barrier). a)

m(SiGe) < m(Si), b) m(SiGe) = m(Si), ¢) m(SiGe) > m(Si).
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Hatched region in Fig.2.6 shows the states which will emit. Assuming the density of
states is uniform throughout k-space, the yield is obtained by dividing the volume of
the hatched region by that of the spherical shell of excitation. The volume of the cap
is given by

27 ke O(k)

[ &*sinododkdg (2.9)

$=0 kkpy 0=0

Vhatched =

0(k) is the angle between the momentum vector of the hole and the normal (to the

interface) component of it (see Fig.2.7). Using the known equations

sin@(k) = % (2.10)
K=kl +k 2.11)

and the help of Eq. (2.4), the volumes can be written as follows for different regions

depending on the relative magnitudes of Er, @and hv:

=

/I

Fig. 2.7 Geometrical definitions of the parameters in momentum space.
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Casel: hv< Er

3/2

4r(2

V—”[ ”j} (e, + vy - (£, )] @.12)
3\n

kmin = k(EF + (D)

k. =k(E, +hv) (2.13)

3/2
3 hz M -1 M -1

(2.14)

where M is the ratio of the effective masses in the Si to that in the SiGe part (i.e. M
= m;/ my). Then the yield can be written by dividing Eq. (2.14) by Eq. (2.12) as

M —~1)E, +hv)? —M(E, +®)"? +[E, —(M —Dhv + MD]" Vol
#*

2(M -1) [(EF +hv)"? —(E, )“]

(E, +hv)"? —(E, +®)"*

M =1
2[(EF +hv)3/2 _(EF )3/2]

(2.15)

Case2: hv> Epand (Ept+®) > hv

3/2

Ar( 2

Vo = _ﬂ( ”Zl J [(EF +hV)3/2 —(h V)3/2] (2.16)
3\h

Since the minimum and the maximum momentum values that define the limits of
the hatched region are the same as that are in the Casel, V is the same as well (i.e.

Eq. (2.14)). Therefore, with the same approach, yield can be written as
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M ~1)E, +hv)? —M(E, +®)"? +[E, —(M —Dhv + MD]" Yo
oM D |(E, + )~ ()]
Y, =
(Ep+hv) " (B + @)
(e, + vy = (av)"]
(2.17)

Case3: hv> Erpand (Ep+ @) < hv

For this region, V. is the same as that in Case2, however, the k,,;, is different;

kmin = k(EF +(D)

ki = k(Ep +hv) (2.18)
Therefore,
3/2
i) 2 E, —(M -1hv+ M)
= 77[ ml} !(EF +hv)3/2 —(hv)3/2 +( F ( ) )
3\n i
(B~ (1 Dby + M)
M-1
(2.19)
Then the yield,
1 (B -1 -Dhv - MO ~[ME, — M ~Dhv 40}
2 2M =) [(E, +hv)? = (hv)?]
Y, =
1
2
(2.20)
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2.2 Band Correction over Effective Mass

While developing the model above, the spherical-parabolic band was considered for
the holes at the SiGe and the Si layers: The density of states (DOS) at energy E is
then given by

N(E)dE =

3/2
2m* 1/2
E"*dE (2.21)

27° \h?

where #” is Planck’s constant divided by 2m and m* is the constant effective mass

found from the curvature of the band E(k) = #’k’ / 2m” .
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Fig. 2.8 Calculated effective mass and Fermi energy versus doping concentration

graph for different x values at 4 K (from reference [69]).

For nonspherical-nonparabolic bands, Eq. (2.21) is still valid provided m* is not a
constant but a function of energy, m(E). These energy dependent carrier
concentration effective masses were calculated for heavily p-type doped Si and

strained Si;.xGex layers by Y. Fu et al. [69]. Fig. 2.8 shows the calculated effective
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mass and Fermi energy values vs doping concentration graph for different Ge
contents at 4K (from [69]). If the energy dependent effective mass is considered, as
m(E) changes, not only the curvature but also the boundaries defining the escape

volume changes (see Fig.2.2 and Fig. 2.6).
Analysis:

As discussed above for energy independent effective masses, yield increases when
m (the effective mass of the active region) decreases by keeping the effective mass
of the substrate, m,, constant (i.e. M = m, / m; in Eq. (2.15), (2.17) and (2.20)
increases). Fig. 2.9 and Fig. 2.10 show the calculated yield versus photon energy
graphs for different M values, and yield versus effective masses ratio M for different
photon energies, respectively. During the calculations, Fermi energy and the barrier
height have been taken as 80 meV and 40 meV, respectively. As expected from the
energy independent effective mass approach, the yield increases both with

increasing M and photon’s energy.

0.15 T ; T ; T ;
EF= 80 meV

0.12

0.09

0.06

Yleld ( Vhatched / Vshell )
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. A ]
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hv (meV)
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Fig 2.9 Calculated yields versus photon energy graph for different M values when

the constant effective mass is considered.
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Fig 2.10 Calculated yields versus effective masses ratio M for different photon

energies when the constant effective mass is considered.

In the case of constant structural parameters (except m;), when the effective mass of
the carriers reduces, i.e. M gets bigger, their resistance to the movement in the
structure reduces as well. Thus, they can move more easily after excitation and this
increases the yield. This concept would be clearer when the scattering mechanisms
is investigated. On the other hand, when the energy dependent effective mass is
considered, yield does not increase monotonically as seen in Fig. 2.11 and Fig. 2.12.
If the valence band discontinuity, E7+ @, is assumed to be depended only on the Ge
content in the Si;  Gex layer, yield decreases with decreasing m;. Since the Fermi
level decreases with m; (see Fig. 2.8), the effective barrier that must be passed by
the excited carriers increases. This is especially dominant for the low energy region
of the spectrum. Therefore, we can say that increase in M has two opposite impacts
on the yield, which are effective in different regions of the spectrum and this is the

reason for the crossover in Fig.2.11.
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Fig. 2.11 Calculated yields versus photon energy graph for different M values when

the energy dependent effective mass is considered.
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Fig. 2.12 Calculated yields versus effective masses ratio M for different photon

energies when the energy dependent effective mass is considered.
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Fig. 2.13a shows the 3-dimensional representation of the variation of the yield with
respect to the effective masses ratio and the energy of the incident photons. The
projections of the 3D surface on each plane are presented in Fig. 2.13b in the

shaded form.

(a) (b)

Fig. 2.13 a) 3-dimensional representation of the variation of the yield with respect

to the effective masses ratio and the energy of the incident photons. b) The

projections of the 3D surface on each plane in the shaded form.

The effect of different substrate (Si in this case) effective masses on the yield is
shown in Fig. 2.14. As seen in the figure, increase in the Si layer’s effective mass

causes increase in the yield as well.

2.3 Effects of Multiple Reflections and Scattering

Up to this section, we have calculated the escape probability (i.e. yield) for holes
that experience no scattering events between excitation and reaching the interface.
However, scattering affects the escape probability by redistributing the momentum
of the excited carriers: multiple reflections of the excited holes from the surfaces of
the active region as well as the collisions with phonons, imperfections and cold
electrons can either increase the yield by directing carriers into the escape volume

or decrease the yield by directing carriers out of the escape volume.
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Fig. 2.14 The effect of different substrate (Si in this case) effective masses on the

yield.

The scattering mechanism in such a structure junctions can be investigated in three

groups:

1. Interface scatter: (Elastic scattering) This occurs when a hot-hole interacts with
the walls of the active region (e.g. air/SiGe and SiGe/Si interfaces for Fig. 2.1) and

1S not emitted.

2. Hot-hole / cold-electron scatter: (Inelastic scattering) This mechanism is
characterized by a mean free path L. and the energy loss in such an event will be so

great that the hot-hole can no longer get over the barrier.

3. Hot-hole / phonon scatter: (Semi-elastic scattering) This mechanism is
characterized by a mean free path L, and except for collisions with cold-electrons,
all other bulk collisions such as collisions with phonons, grain boundaries, lattice

defects etc. are in this group with the mean energy loss Zw.
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Fig. 2.15 Schematic diagram showing the different processes during the motion of

an excited carrier before emission.

The probability of reaching the barrier without colliding in the bulk for a hole
created at a distance z from the barrier is in the form exp(-z/L). L is related to the
specific scattering parameter of a hot carrier with cold electrons, phonons etc. Thus,
the accumulated probability for escape without scatter for an excited hole, which is

initially in the escape cap, can be found as (Fig.2.15-a)

14
a=—[e"" dz (2.22)
0

Notice that (//d) term comes from the normalization where d is the thickness of the
film. In addition to this, uniform absorption is assumed. For small photon energies,

all states in the escape volume have momentum directed approximately normal to

the barrier, and therefore, Eq. (2.22) can be written as az(l—e'd/ L*)L*/ d.
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However, for higher photon energies, the momentum component of the excited
carrier parallel to the interface increases the distance that the carrier must travel
before reaching the interface, and d in Eq. (2.22) must be replaced with d/cos(6).
For an excited hole, the probability of escape without being scattered can then be

written as

1 d 7/2
a=—| [exp(~z/L*cosO)sin0d0dz (2.23)
do o

If the holes are not initially in the escape cap, the accumulated probability of

reaching one of the interfaces is given by (Fig.2.15-b)

1 d m/2
ﬁ:_J jexp(—(d—z)/L*cosH)sinQd@dz (2.23)
dO 0

For multiple reflections, one can similarly calculate the probability ¢ that a hole,
which is diffusely scattered off one surface, reaches the other surface without any

collision as (Fig.2.15-c)

/2
&= [exp(~d/L*cosO)sin0do (2.24)

0

And now it is easy to calculate the total accumulated probability that a hot-hole will
be emitted without colliding in the bulk. The probability that a hot-hole reaches the
barrier prior to any collision in the bulk (Yj) contains infinite number of terms

including the effects of multiple scatters off the interfaces. For example,
Y, F'a (225)

is the probability that a hot-hole is initially in the escape cap and that it is able to
reach the barrier (see Fig.2.15-a).

Yr et (2.26)
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corresponds the probability that the hot-hole is initially directed toward the
air/active region interface, is scattered into escape cap at the interface and is able to

reach the barrier (see Fig.2.15-b).

If 7 is the probability that a hot-hole is not initially in the escape cap then the
capture probability of it which has two scatters at the interfaces with the term

considering hole which was initially directed toward the junction can be written as
Yrnpoe™: (2.27)

And if this hole is initially directed to the back interface then probability becomes
Yenpo& e (2.28)

In this way infinite number of terms can be written and consequently the sum of

these terms (that is Eq. (2.37-40)) will give
Yo =Yea+ Y, fe " (1408 + 05> +7°0° + 725t ++)  (2.29)

The term 7 may also be viewed as a counting loss correction term reflecting the
number of times the carrier is scattered back from the barrier before ultimate

capture and be written as

(2.30)

Where Y., the maximum quantum yield, is given by the volume ratio of the
spherical shell (not hatched volume in Fig. 2.6) of potentially capturable holes to
the shell of excitation (see Fig.2.16).
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Notice that the yield and hence this probability has been normalized since only a
portion of the excited states can potentially emit, and the population of the states
which can emit is depleted, while that of the non-emitting states remains

statistically unchanged.

Substituting Eq. (2.30) to (2.29) and simplifying it, Eq. (2.29) can be reduced to

L 1+(1-27,/7,)5
Yo=Y, o+ pe'" (1-2v,/7.) (2.32)

1-(1-2v,/7,)s?

N\ k(Erthv) K, ks

Casel: k(Er) k(Ert+®)
Case2: k(hv) k(Ept )
Case3: k(hv) k(hv)

Spherical shell
of excitation

Spherical shell of
emission

Fig. 2.16 Diagram illustrating the definition of the spherical shell of emission.
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2.4 Quantum Mechanical Effects

After the hot-hole reaches the barrier there is a finite probability that it will be
reflected at the barrier even though it is in the escape volume. If the probability that
a hot-hole in the escape volume is transmitted across the barrier is t, then the total

yield for no collisions in the bulk is given by [62]

Y, =Yorll+[ (1=2)8(-n)e " (1478 +7°8” +--) ]

+[(1—1)5(1—77)e’d/”(1+7752 +7°6° +---)]2 +[ P+

_ (2.33)

The first term of the above equation (i.e. Y;y7) generates the probability of emission
without a quantum-mechanical reflection at the interface. The other terms comes
from the probability of the possible future scenarios of the subset of hot-holes
which approach the barrier with the requisite escape condition, i.e. would be
captured in the classical model, but were quantum-mechanically reflected away

from the interface uniformly in all directions.
2.5 Effect of e-p Collisions and Energy Losses

In the above sections, contributions of the scattering mechanisms to the yield have
been taken into account, however, that of the phonon collisions and hence energy
losses have not been incorporated. When this is done, the yield is viewed as a sum
of partial yields, where the n™ partial yield represents the yield of the hot-holes that
have suffered n phonon collisions. This means that hot-holes are divided into
groups distinguished from each other by the number of phonon collisions. In terms
of the geometry (see Fig.2.16), as the carriers lose energy, the spherical shell of
excitation shrinks from outside to in for casel. Additionally, the inner sphere gets

smaller as well for other cases but since the effect of the reduction in Av to the

34



volume of the excitation shell is more prominent than that, the shell of excitation

shrinks.

And now, it is necessary to find the probability y that a hole will collide with a
phonon before it collides with a cold-electron because this process leaves a hot-hole

unable to overcome the barrier. The fraction y can be calculated as follows:

The fraction undergoing a phonon collision over a path length dz, having traveled a

total path length z, would be

e — (2.34)

~

of these, only exp(-z/L.) would not have collided on the way with a cold electron

and been removed from the process. Thus, one finds

< o dz L,
V= J.e T gmeibe = (2.35)
0

L, L +L,

P

At this point, the yield including contribution of successive phonon distributions

can be found by combining Eq. (2.31-33), and (2.35);

YO YO Yl 2
Y=Y +|1-—— | +|1—— | 1=—— |y, +-- (2.36)
Y, Y, Y,

where the effects of holes which have been emitted on previous distribution are

h

appeared in terms like (I-Y,/Y.). And Y, (appropriate for the »n" phonon

distribution) is the generalization of Eq. (2.33).

One can find Y, by upgrading the Eq. (2.15), (2.17) and (2.20) for all three cases; if
nhw is the energy loss for n" phonon distribution, (Av-niw) is used instead of /v in
the numerator of these equations because the numerator corresponds to the escape

volume. Thus Yr, can be found for M # 1
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(M ~1)(E, +hv—nhw)'? ~M(E, +®)"* +[E, —(M —1)(hv — nhw) + MO

20M -1) [(EF +hv)"? —(E, )3/2]

casel

M -1)(E, +hv—nho)? ~M(E, + ®)"? +[E, —(M —1)(hv - nho) + MO]"

= oM -D|(E, +hv)? — () 2]

case

1 N [E, —(M =1)(hv — nho) + MO'? —[ME, — (M —1)(hv - nho) + MO]"

2 2(M -1) [(EF +hv)'? —(hv)“]
case3
(2.37a)
and for M =1,
E.+hv—nho)? —(E, +®)"”
(E, ) -
casel
2[(EF +hv)3/2 _(EF )3/2]
(E, +hv—nho)'> —(E, + )"
Y, = case2
2[(EF +hv)"? —(h v)“]
1
— case3
2
(2.37b)

Eq. (2.37) and/or (2.38) can then be used in Eq. (2.33) to generate ultimate yield Y.

The series is truncated when “thermalization” occurs, i.e.

no = (2.38)




2.6 Analysis: Effects of the Scattering Parameters on the Yield

In this section the results of the model developed above will be given by a series of
graphs. For the calculations, all equations have been used as in the original form
presented in the thesis; no approximations have been made except that the quantum
mechanical transmission probability was taken to be 7= 1. It can also be noted that
since the model presented here does not include the temperature dependence, it can
be thought that the device is operated at 0 K. In fact, for the model developed for
the PtSi/Si Schottky type infrared photodetectors, we had the conclusion that the
internal photoemission is expected to be almost temperature independent [70].
Unless otherwise stated, @ =40 meV, Er = 80 meV, m; = 0.751 my (corresponding
to the Fermi level used, from reference [69]), and m, = 0.522 m, have been used in
the calculations. These values are close to the ones for a p-type highly doped

SiGe/Si HIP operating for the mid-infrared region.

Fig. 2.17 shows the yield calculated from the Eq. (2.36) for different layer
thicknesses with the following parameters: L, = 50 A, L, = 1000 A and /o = 1
meV. Note that it is hard to estimate and/or measure these parameters; the ones used
here are within the ranges suggested by Mooney and Silverman [61,62] for
Schottky IR technology (L, ~ 50-150 A, L, ~ 500-5000 A and 7w ~ 1-10 meV).
Strong et al. [65] used similar values for L, and L, for their SiGe/Si detectors; they
extracted the elastic scattering length L, of 10 A from the relaxation time

measurements in heavily doped material.

The upward curvature of the theoretical curves for low photon energies in the graph
can be explained as follows: As the energy of the incident photon increases, the hot-
hole can survive for more phonon collisions and have more chance to be redirected
to the escape volume. But for higher photon energies, since the elimination of the
previously emitted carriers becomes pronounced, the curves start to roll off from the
linearity. So, one can say that this is more significant for the lower energy loss term
(see Fig. 2.20 as well). Since the yield around the barrier height is quite small, in
Fig. 2.17 the cut-off energy of the system looks like 50 meV although it is 40 meV.
If the graph had been plotted in logarithmic scale, it would be seen that the cut-off
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energy is what it should be. The effect of the film thickness can also be seen in Fig.
2.17. Decrease in the thickness of the active region causes an increase in the number
of wall scattering and hence hot-holes are redirected to the escape volume.

Therefore, the yield increases.

0.7 L L L R I L L L I R AL R AL |
[ E,=80 meV d=50 A
0.6 —
® =40 meV
[ Le=1000 A
0.5 | Lp:50 A -1
- hw=1 meV
o 04r d=100 A T
o I 1
>_
0.3 .
0.2
0.1+
0_0 | P S SR W TR W NN WY WY SN SN N S SN SN S R SR S T
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hv (meV)

Fig. 2.17 Effect of the film thicknesses on the yield versus energy plots.

Fig. 2.18a and 2.18b show the effects of the different L, values on the yield for 7w
=1 meV and %o = 10 meV respectively. As seen here, the effect of the variation in
the mean free path for semi-elastic collisions depends on the excitation energy, film
thickness, and the energy loss value per collision. For low excitation energies, few
phonon collisions suffice to thermalize the carrier, so shorter L, values lead to lower
yield. This effect is more pronounced for high energy loss case (Fig. 2.18b). On the
other hand, at high excitation energies, the hot-hole is less easily thermalized and
more probably redirected into the escape direction and hence phonon scattering

tends to increase the yield for the small energy loss case (Fig. 2.18a).

In Fig. 2.19 L, dependence of the yield is demonstrated. For a hot-hole, small mean
free path of elastic collisions means high probability of collision with a cold-

electron.
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Fig. 2.18 Yield versus energy plots for several hot-hole/phonon scattering mean

free paths (L,) with an energy loss per collision (%) of a) 1 meV, and b) 10 meV.
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Therefore, due to the fact that energy loss in hot-hole/cold-electron scattering is
very big, the hot-hole can no longer get over the barrier. So, the yield reduces

dramatically with decreasing L. value.
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Fig. 2.19 Yield versus energy plots for several hot-hole/cold electron scattering

mean free paths (L.).

Fig. 2.20 shows the effect of the energy loss term on the yield. As we mentioned
above when describing the other graphs, when the energy loss per collision
decreases, carriers’ chance to fall in the escape volume increases. Therefore, one
can see the yield increases with a given excitation energy. This increase in the yield
reduces for high photon energies because of the elimination of the previously
emitted carriers. This is the explanation for the roll off at high energies in the

graphs.

Effect of the Fermi level position in the active region to the yield is shown in Fig.
2.21. For the constant barrier height, there will be no change in the number of
excited carriers as the Fermi energy decreases. They, however, will have relatively

high energy and thus have more chance to be redirected into the escape volume
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before collisions will thermalize the carriers. So, the yield increases with decreasing

Fermi level.
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Fig. 2.20 Effect of the energy loss per collisions (%w) term on the yield.

0.7 — N —
0.6 |- d =100 A E =40 meV
' ® =40 meV
~  Le=1000 A
05 Lp=50A E,=60 meV
L hw=1meV
5 04G
2 I
> E.=80 meV
03 4
02 F 4
0.1 -
0.0 T S I PR (N SN WY ST S (N SN SR SN SN N SN U S
50 100 150 200 250 300

hv (meV)

Fig. 2.21 Yield versus energy plots for different Fermi energies.
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Finally, Fig. 2.22 shows the variation of the yield for different barrier height values.
For constant Fermi level, when the barrier height gets smaller, there will be net
increase in the number of carriers that can overcome the barrier. They can also be
counted as relatively high energetic carriers. As a result, the yield increases with

decreasing barrier height and the curves shift without changing their features.
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Fig. 2.22 Variation of the yield with different barrier height values.

2.7 Infrared Absorption

As it is stated at the beginning of this chapter, external yield is defined as the
product of the optical absorption and the internal yield calculated above.
Experiments showed that the incoming photons are absorbed in the film via free-
carrier absorption [68,71,72]. Classically, free-carrier absorption results from the
damped motion of carriers which are accelerated in the direction of the photon
electric field (i.e. parallel to the wafer surface with normally incident illumination).

The absorption coefficient (in cm’” unit) is given [73]
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NG R
g=—247 (2.39)

2 3
8T m'nc’t

where N, is the doping concentration, g is the electronic charge, A and n are
respectively the wavelength of the incident photon and the index of refraction, m* is
the effective mass of the active region, c is the speed of light and 7 is the relaxation
time that reflects the influence of the scatterers. Since the optical absorption is the
defined as the product of the absorption coefficient & and the film thickness d, then

the external yield can be written as
Yo=W,dc2)y, (240)

where C” is the collection of constant terms such as effective mass, optical
constants, speed of light, etc. It is an unitless parameter whose order is around 107'°.
Fig. 2.23a shows the external yield versus photon’s energy graph; the difference
both in magnitude and shape can be easily seen when compared to the previous
graphs (e.g. Fig. 2.17). Low yield values in the high energy part of the graph come
from the wavelength dependent feature of the absorption process (Eq. (2.39)). In the
calculations of the external yield, the following values were used for the
parameters; @ =40 meV, Er =80 meV, d =100 A, L,=50 A, L.,=1000 A, fiw =1
meV, Ny = 5x10" ¢m™ and C* = 1x10"°. In Fig. 2.23b, same graph have been
plotted in the form of Fowler plot since it is the traditional way of presenting the

results.

In the analysis of our experimental results, this final form of the model was used
and a good agreement was seen. Details of this analysis are given in chapter 3 and

partly in chapter 4.

43



3
1.ox10° —]r/m™m™m—™m—m——p4—r—r—r—"/"—"p7—r—r—rTJ1T——T—T—TT1T T

8.0x10" | -
o
(0] 4 L — -
= 6.0x10 EF—80 meV
Tg @ =40 meV
I3 Le=1000 A
N 40x10* | Lp=50 A S
d=100 A
hw=1 meV
2.0x10% N,=5x10" (cm™) i
C'=10" (a)
ool o o w0 b )
50 100 150 200 250 300
hv (meV)
T T T T T
0.012 |
0.010 |
E_=80 meV
& 0.008 | F
= ® =40 meV
-C§ Le=1000 A
>_<° 0.006 - Lp=50A .
= d=100 A
0.004 - hw=tmeV .
N,=5x10" (cm”)
*_ 410
0.002 | C=10 .
(b)
0.000l....l....l....l....l....
50 100 150 200 250 300
hv (meV)

Fig. 2.23 a) External yield (product of the internal yield and the optical absorption)

versus energy plot, b) same graph in the form of Fowler plot.
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CHAPTER 3

MECHANISMS OF PHOTOCURRENT GENERATION IN SiGe/Si HIP
INFRARED PHOTODETECTORS

Si; xGey/Si heterojunction internal photoemission (HIP) infrared photodetectors
have attracted a lot of interest in recent years [30,63,64,65,72,74,75]: Their cut-off
wavelength adjustability over a wide infrared range, relatively high quantum
efficiency at longer wavelength compared to silicide Schottky barrier detectors, and
the compatibility with the existing Si technology make them attractive. The
operation mechanism of the SiGe/Si heterojunction infrared photodetector is the
same as that of the PtSi/Si Schottky barrier detector (discussed in chapter 5), which
is the most popular and studied Schottky barrier detector [61,76]. The incident
infrared radiation is absorbed via free carrier absorption in heavily doped Si;.xGex
layer and followed by the internal photoemission of photo-excited holes over the
SiGe/Si heterojunction barrier into the Si collector layer. The cut-off wavelength A,
of the HIP detector is determined by the effective barrier height @ which is the
energy difference between the Si;.xGe,/Si valence band offset AE, and the Fermi
level Er in the Si;.xGex layer. Thus, the cut-off wavelength of a SiGe/Si HIP
detector can be tailored over a wide infrared range by engineering the Ge content

and the doping concentration of the Si; xGey layer.

The study on the mechanisms of the photocurrent generation can help us to obtain a
clear physical understanding of the device operation. Although there have been
many papers published on the detection mechanisms of HIPs, we feel that the basic

current mechanisms have not been adequately addressed and clearly resolved. In
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this chapter, physical effects governing the photocurrent generation process is
studied, and therefore, the devices used here are not expected to have best
performance for practical applications. As a matter of fact, for example, the
responsivity values of our devices are less than that of similar ones. On the other
hand, interesting experimental results were observed, such that they can be labeled
as a “voltage tunable” infrared photodetector. Among infrared detector studies,
multispectral detection and/or tunable cut-off wavelength properties have been paid
special attention [34,36,77-81]. Schottky barrier [78], metal(silicide)-
semiconductor-metal(silicide) [79,80], homojunction IPs [34,36], and especially
quantum well structures [81, and references therein] have been the subject of these
studies in recent years. In this chapter, we present a Si;  Ge,/Si with x=0.11 HIP
whose cut-off wavelength can be varied by the externally applied bias, and a
qualitative model by identifying the photocurrent generation mechanisms in the
structure to explain the experimental results. And finally, the experimental results of
a set of samples with different parameters are presented. Part of this chapter has

been published and can be found in [82].
3.1 Experimental Details and Device Operation

The samples used in this study were grown on 0.01-0.02 Q ¢cm Boron doped (3-
8x10" cm™) p-type Si (001) substrate by ultra-high-vacuum chemical vapor
deposition (UHV-CVD). Details of the growth procedure have been given
elsewhere [83]. A schematic layer structure and the valence band edge profile are
shown in Fig. 3.1. Along the growth direction, the sample consists of 100 nm
undoped Si layer, 38.2 nm p" -Si;.,Ge, active layer with x = 0.11, and 5 nm p"* -Si
layer followed by a 197 nm p-Si top contact layer. Si;.xGey active layer was doped
to about 2.1x10" e¢m™ with boron to increase the amount of absorption and the top
contact layer was doped to about 6x10'® cm™ with B to act as a reservoir of charged
carriers (holes). Layer thicknesses and the doping levels (also indicated in Fig. 1)
were determined from x-ray diffraction (XRD) and Auger electron spectroscopy
(AES). Doping levels were also verified by secondary-ion-mass-spectroscopy
(SIMS) measurements. Similar structures with different Ge alloy fractions and layer

thicknesses were also investigated and similar behaviors were observed.
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Fig. 3.1 Schematic device structure with layer thicknesses and the valence band
edge profile showing the basic operation principle of the SiGe/Si HIP investigated

here.

Mesa devices of 400x400 and 600x600 pm? in size were defined by wet etching,
and top and bottom ohmic contacts were made by evaporating Al followed by rapid
thermal annealing. The top Al contacts were ring shaped to allow normal incidence
illumination. Fig. 3.2 shows the schematic representation of a device: in part (a)
cross-section of the device and in part (b) the top view of the mesa with ring shaped
Al ohmic contact are shown. Width of the square-shaped ring contact is 50 pm and
the distance between the inner sides is 370 um. For spectral photoresponse
measurements, a closed cycle helium cryostat with KBr window and a Bomem
MB100 Fourier transform infrared spectrometer with a globar source were used.
Devices were illuminated from the top opening. The responsivity calibrations were
done using a 1000-K blackbody infrared source, with the excitation wavelength
selected by a variable narrowband filter. Fig. 3.3 shows the responsivity

measurement setup.
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Fig. 3.2 The schematic representation of a device: (a) cross-section of the device

and (b) the top view of the mesa with ring shaped Al ohmic contact.
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Fig. 3.3 Responsivity measurement setup.
3.1.1 Device Operation

The basic device operation (see Fig. 3.1) relies on the absorption (through free-
carrier absorption) of the long wavelength infrared (LWIR) photons in a p-type
heavily doped SiGe layer, followed by the collection of the photoexcited holes (i.e.
internal photoemission) over the potential barrier formed by the SiGe-Si valence

band offset, as demonstrated by Lin et al/ [30,84]. Our device design (Fig. 3.1),
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which is first proposed by Liu ef al [64], is similar but with some modifications for
easier growth and fabrication. The undoped silicon layer forms a triangular barrier.
Si;.xGey active layer, which is doped heavily to enhance infrared absorption, is thick
enough to ensure free carrier absorption and thin enough to increase the effect of
multiple traversals through the SiGe film walls. To reduce the resistance from the
heterojunction between SiGe and the p-Si layers (top contact) a heavily doped Si
layer is added. The same structure with thin undoped SiGe layer inserted between i-
Si and SiGe active layer has been used as a double-heterojunction Si-SiGe-Si

unipolar transistor by fabricating a three terminal device [85].

Cut-off wavelength of our devices, unlike other HIPs in the literature having only
SiGe/Si junction, have strong dependence on the applied bias. The voltage
dependence of the photoresponse [86] and the quantum efficiency [66] have been
presented before (in the literature) but this does not necessarily mean that the cut-
off wavelength of the detector also depends on the voltage across the device. All
SiGe/Si photodetectors, whose cut-offs change with the applied bias and showing
the similar experimental results with ours, have a metal or a silicide layer to shape
the potential barrier [35,77,79,87]. For the particular sample presented here, we
obtained cut-off wavelength that can be tailored between 31 um and 18.2 um by
changing the potential difference across the device. From the working region point
of view, our devices can be compared with the Si based blocked impurity band
(BIB) detectors even though the responsivity values obtained here are much less
then that of BIB detectors [88-90]. Moreover, the structure presented here is

superior to the BIB detectors in terms of the cut-off wavelength tunability.

3.2 Spectral Photoresponse and a Simple Model

Fig. 3.4 shows the spectral photoresponse curves for the SiGe sample under
different potential differences across the device at 10 K. All voltage polarities are
defined with respect to the bottom contact, i.e., the positive bias is defined as the
top of the mesa biased positively with respect to the bottom. As seen in the figure,
despite that the applied bias values are very small, dramatic changes were observed

in the photoresponse of the device. When it is under illumination, the device has
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Fig. 3.4 Spectral photoresponse curves under different bias conditions at 10 K. The
voltage values written in the legend are the potential differences across the device
when it is illuminated by the light coming from the IR source. The inset shows the

change in the photovoltage with the applied bias for 10 K measurements.

-37 mV offset voltage across its terminals and shows double peak feature in the
photoresponse spectrum. As the device biased positively, the second peak appearing
in the longer wavelength region of the spectrum starts to disappear while the first
one becomes prominent. The first peak position shifts from ~6.5 um to ~7.7 um
with the applied voltage whereas the second peak position remains unchanged. Note
that the voltage values written in the legend are the potential difference values
across the device when it is illuminated by the light coming from the IR source. The
device has shown photovoltaic behavior. The inset in Fig. 3.4 shows the graph of
the photovoltage, AV, versus applied bias for 10 K measurements. As shown here,
as the applied bias is increased in positive direction, the photovoltage increases with
decreasing increments. This means that the photocurrent produced in the structure
increases with the applied bias and becomes almost constant at high voltages.
Therefore, it can be concluded that there are other current mechanisms apart from

the internal photoemission process in the structure or the internal photoemission is
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somehow affected by the applied bias indirectly. The decrease in the final data is
artificial because at that bias, it is difficult to sift the photocurrent due to the high

dark current.

To interpret the observed results, we use the qualitative picture shown in Fig. 3.5.
Under illumination, multiple photocurrents in opposite directions are generated in
the structure: I, and I, are created by the photons absorbed in the SiGe well and
directed towards the bottom contact and top contact, respectively. Is and 14 are the
photocurrents formed by the hot holes generated in the bottom and the top contact
layers, respectively. The absorption in these layers together with the barriers leads
to a net photocurrent. Depending on the p~ -Si layer thickness and the device
operating temperature, effects of the currents I, and 1, to the net photocurrent can be
significant. The model described here takes all possible current mechanisms into
account. Due to different spectral responses and different positions along the light
propagation path, their competition gives distinct outcomes in different spectral
regions. As seen in Fig. 3.4, the second peak is not as strong (dominant) as the first
one because most of the incident light is absorbed in the SiGe well before they
reach the bottom contact and the absorption in p-Si region is not as high as that of in
the SiGe region since the doping level is relatively low. According to this picture,
I, and 14 are responsible for the first peak while I, and I3 are responsible for the
second one. When the device is negatively biased, V' < 0, valence band edge bends
as shown in Fig. 3.5a. Therefore, the amount of current flowing towards the top
contact (reverse direction) increases when compared to the equilibrium position,
= 0, and becomes comparable with the main current. Note that, at equilibrium there
is a net photocurrent in the forward direction (towards the bottom contact) as
considered in HIPs. We now discuss the reason of increase in the reverse current
under negative bias: If the tunneling process from the SiGe/i-Si barrier is neglected,
it can be said that I;, the main current, is independent of applied bias, so it is
constant. Due to the very thin barrier between the p* -Si and SiGe layers and the
low operating temperature, the tunneling process can not be neglected for I,
therefore, it increases. I3 increases, too, because the apparent barrier for the carriers

in reverse direction is reduced. As for l4, since the generated holes see higher barrier
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Fig. 3.5 Qualitative physical picture for interpreting the experimental results. The
potential difference is negative for (a) and positive for (b). The bottom contact is the

ground and arrows show the direction of the photoexcited holes’ direction.

it decreases. Consequently, net current in the reverse direction increases with
increasing reverse bias. In negative bias condition, since the potential barriers for
the second and the third current mechanisms are less than that for the others, they
show themselves in the long wavelength part of the spectrum. Thus, this second
peak screens the main peak and therefore causes an artificial shift in the peak
position as well as the decrease in the response as seen in Fig. 3.4. Moreover, since
the cut-off wavelength of the device is determined by the smallest distinguishable
barrier, the tale of the second peak stretch out in the longer wavelength as the
potential difference across the device increase in the reverse direction. This feature
is also clear in Fig. 3.4. On the other hand, when the device is biased positively, V>

0, band edge profile becomes as shown in Fig. 3.5b. In a similar approach with the
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above discussion, the suppression of the reverse current and the increase in the net
current in the forward direction can easily be explained. Briefly, the decrease in the
tunneling probability for I,, the increase in the potential barrier for I, and the

decrease in the potential barrier for 14 are responsible for this feature.

If the above qualitative interpretation is correct, we would expect a temperature
change to simulate the effect shown in Fig. 3.4: The effect of the voltage increase
(in the forward direction, i.e. from 5 to 1 in the Fig. 3.4) on the creek position
should be similar to that of the temperature increase when the potential difference
across the device under illumination is the same. But we would not expect the same
increase in the response as in the figure. On the contrary, one can expect decline in
the peak value because of the increase in the dark current. We then plotted the
photoresponse versus wavelength graph (not shown here) for temperatures 10 K, 20
K and 30 K when V' = -10 mV, and saw the same red shift in the creek’s position.
Additionally, it also met with the expectation of decrease in the maximum response
value for higher temperatures. The effect of the temperature on the photoresponse
curves of our devices when they are biased to obtain maximum signal can be found

in the following chapter.

3.2.1 Fowler Analysis

As a result, our device acts as an infrared photodetector whose cut-off wavelength
can be adjusted by applying different potential differences across the device. In
order to demonstrate the change of cut-off wavelength with applied bias for this
sample, the measured photoresponse data were converted to Fowler plots. Since the
yield (or the quantum efficiency) can be written as the product of the responsivity
(A/W) and the photon energy (eV), photoresponse data of the device (Fig. 3.4) were
multiplied by a calibration constant in a way that the photoresponse value
corresponding with the wavelength at which the responsivity measurement was
performed will be the responsivity value obtained for that wavelength. Details of
the responsivity measurements are given in section 3.3. For the conversion, we used
the responsivity value obtained for the bias at which the spectral photoresponse

measurements were done (see Fig. 3.7); 2.1 mA/W and 1.1 mA/W at 7.14 um for
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75 mV (curve 1 in Fig. 3.4) and 75 mV (curve 5 in Fig. 3.4) biases, respectively.
Fig. 3.6 shows the experimental data and the theoretical fit (according to the model
presented in chapter 2, Eq. 2.40) to the experimental data. The extracted barrier
height values from the Fowler analysis are 68 meV and 40 meV that correspond to
~18.2 um and ~31 um cut-offs for curves number 1 and 5, respectively. In the
fitting process, d = 382 A, Ny = 2.1x10" cm™, € = 1x10"°, M = 0919
(=0.49/0.533), and corresponding Er = 51 meV were used as unchanged parameters.
Thus, for the results showed in Fig. 3.6, L, = 38 (12) A, L. = 1200 (600) A, /v = 1
(1) meV were obtained for curve 1 (5). These results also support the model
presented in section 3.2: When the device is negatively biased (curve 5 case), since
the currents I, and I3 increases, the possibility of elastic and semi-elastic collisions
increases. Therefore, the mean free paths for collisions decrease while the energy

loss per collision term is constant.
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Fig. 3.6 Fowler plot of the experimental data (circles) and the theoretical fit (solid
lines) for the device biased with 75 mV and -37 mV.

In the literature, the relation between the photoyield Y (or quantum efficiency) and

the photon energy /4 v is given by the equation [67]
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Y:CIM (3.1)
hv

because of the simplicity. Here C, is the emission coefficient depending on the
absorptance and the Fermi energy level in the SiGe active region. In fact, Eq. (3.1)
is the approximated form of the Eq. (2.15) (® < hv << EF), and does not include the
scattering effects. Experimental data in Fig. 3.6 were also analyzed with this
equation in order to show the differences between this model and the model
presented in chapter 2. From Eq. (3.1), we obtained 17.8 um and 28.3 um cut-offs
for curves number 1 and 5, respectively. As seen here, it then overestimates the

barrier height of the junction.
3.3 Responsivity versus Voltage

The responsivity versus voltage characteristics of the device at different
temperatures are shown in Fig. 3.7. Measurements were performed at the peak
position of the spectral photoresponse curve, i.e. at 7.14 um (see Fig. 3.4). As seen
in the figure, responsivity of the device showed strange features that we do not fully
understand, nevertheless, most of them can be understood by considering the model
described in section 3.2. The general character of the curve is similar for all
temperatures; therefore, we now talk on 10 K results (voltage values that will be
given are different for different temperatures). The curve is in a complete harmony
with the inset in Fig. 3.4 for the voltage region where the spectral photoresponse
measurements have been performed, i.e., from about -50 mV to 150 mV. Change in
responsivity values has a significant dependence on the voltage up to 0 mV, since
the competition between currents is influential in that voltage range. The amount of
currents flowing in opposite directions are the same at the turning point where the
responsivity value is zero (non-zero for 30 K and 40 K because of the increase in
the noise level arising from the high dark current and/or the lack of data at which
both currents are equal). As for 0-170 mV region, responsivity is almost
independent of the applied bias as expected from a HIP detector [66,86], so we call
this region as “internal photoemission region”. However, at ~145 mV, there is a

jump in the values and the graph makes a nick that we could not explain with a
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negative slope. As the temperature increases, the nick’s slope gets smaller and it
covers a larger region. Starting from ~180 mV the increase can be attributed to the
hole injection from the top to the SiGe layer, i.e., a nonequilibrium hole distribution
is created in the center region (see Fig. 3.5b) [85,91]. Therefore, the hole current
from the SiGe region to the bottom increases since the absorption in this region
increases, too. Finally, the effect of the temperature to the graph can be explained as
follows: Since the reverse currents (I, and I3) are suppressed as the temperature
increases, the main current mechanisms (basically I;, and I4) become dominant.
Thus, the effect of the high voltage for the low temperature can be achieved with
lower voltage at high temperature. As a result, all features seen in Fig. 3.7 (such as
shift in zero point crossing and the position of the nick, etc) shift towards the small
voltage region in the graph as the temperature goes up. Indeed, this is what we

observed in the spectral photoresponse measurements at higher temperatures.
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Fig. 3.7 Responsivity versus voltage characteristics of the device at different

temperatures. Measurements have been performed at 7.14 um.
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For the sake of completeness, detectivity D" values were obtained by using shot
noise approximation. Since we could not read the dark current values below 100 pA
due to the electrical noise limit of the measurement setup, the peak value of the
detectivity was estimated; it is in the order of 10'* cm Hz'"? /W. This value is less
than that of BIB detectors [88,89], but higher than SiGe HIP detectors’ detectivity
values presented in the literature [65,72,74].

3.4 I-V Characteristics and Activation Energy Analysis

To understand the carrier transport through the structure, I-V characteristics of the
samples were studied under different experimental conditions. I-V curves of the
sample, which were obtained when it is exposed to the light coming from the
laboratory environment, are shown in Fig. 3.8. The dark current obtained at 10 K
was also plotted for comparison. The graph is completely in agreement with the
other measurements presented above. The excess current seen for low bias and
temperature values is due the photo-generated carriers at or near the barriers. This
current is composed of two components: the internal photoemission over the barrier
and the band-to-band excitation in the intrinsic Si in which an electric field is set up.
The band-to-band excitation is effective for photon energies greater than silicon
bandgap at the measurement temperature. The photocurrent is observable at low
temperatures where the dark current is suppressed sufficiently. The presence of the
potential barrier manifests itself as a step feature in the photocurrent part of the I-V
curves. Note that the voltage region where the step has been seen corresponds to the
“internal photoemission region” excluding the nick part in Fig. 3.7. This step
disappears as the temperature increases because the dark current through the barrier
junction starts to dominate the current at relatively low temperatures. The dark

current is an important issue when the device performance is considered.

It is well known that the temperature dependence of the dark current can be used to
determine the barrier height of the device by using the thermionic current equation

[92],
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Fig. 3.8 Semilogarithmic plot of I-V characteristics of the sample under different

experimental conditions.
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Fig 3.9 Activation energy plot for determination of barrier height.
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where 4 is the device area, 4™ is the Richardson constant, and ¥, is the applied bias.
As seen here, the slope of a plot of In(J/T”) versus 1/kT (known as Richardson plot)
yields the activation energy (effective barrier height) ®—¢qV,. Fig. 3.9 shows the
activation energy plot of the forward current (20 mV) in our device for
determination of barrier height. From the slope, 89.7 meV activation energy was
obtained, which corresponds to 69.7 meV barrier height. This value is very close to
barrier height value obtained from Fowler analysis, 68 meV. The discrepancy
between the experimental data and the solid line (linear fit) at low temperatures
comes from the fact that thermionic current is not the dominant current mechanism
at very low temperatures. This is the region in which tunneling processes become
more effective. Actually, this discrepancy for Schottky type junctions has been
studied extensively as a part of current mechanism studies. Since this point is not
within the main concern of this thesis, it is not discussed further. For more details,

see [93], and references therein.
3.5 Samples with Different Parameters

The sample discussed in above sections in fact belongs to a set of samples with
different parameters. Since each sample has the same structure and shows the same
behavior in terms of the experimental results, we found that it is convenient to
present all the results over only one of them. As in this section, details of the other

samples and the experimental results are given in a very compact form.

Table 3.1 shows the structural parameters of the samples as determined by XRD,
AES and SIMS. Note that the sample used in the previous sections is 1108. The
spectral photoresponse curves of the entire set are shown in Fig. 3.10. For these
spectrums, devices were biased with 75 mV except for sample 1105 which was
biased with 20 mV. These are the values at which maximum signal was obtained.
Besides, photoresponse values were normalized to 1 to make easy comparison

between different samples. It is seen that the cut-off wavelengths changes in a range
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of ~14 pm to ~27 pm depending on the Ge content and doping amount in the SiGe

active region of that sample.

Table 3.1 Structural parameters of the samples.

Si| Gey i-Si Si contacts
Samol Thickness Doping Thickness | Doping | Thickness | Doping
ample (nm) * (ecm™) (nm) (cm™) (nm) (cm™)
1105 16.9 0.100 1.6E19 4.2 6.3E19 188 1.7E18
1107 31.2 0.093 1.5E19 4.0 4.5E19 201 6.0E18
1108 38.2 0.110 2.1E19 5.0 5.0E19 197 6.0E18
1109 18.9 0.135 2.5E19 4.0 3.3E19 198 4.5E18
1110 11.6 0.132 2.0E19 4.8 2.7E19 198 5.5E18

Photoresponse (normalized)

5 10 15 20 25
Wavelength (um)
Fig 3.10 Spectral photoresponse curves for a set of samples. Samples were biased

with 75 mV except 1105 which is biased with 20 mV.

Fowler and activation energy analysis also confirm the order in Fig.3.10. The
Richardson plot for all the samples can be seen in Fig. 3.11. Parameters used in

Fowler analysis and the extracted barrier height values both from Fowler and
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Richardson plots are presented in Table 3.2. It can be seen that barrier height values
obtained from Fowler plot and activation energy analysis are very close to each
other. We should, however, note that the result of Fowler analysis is not unique
because of too many adjustable parameters involved in the calculations such as L,
hw, and L.. Even though there are no certain values available for these parameters,
they are within the suggested range. The values given in Table 3.2 are from the best
fit results. What is surprising in these analyses is that the very small difference in
the Ge content (%o07) in samples 1105 and 1107 is distinguished by both methods
(the doping values are almost the same). And finally, the responsivity versus

voltage curves for the entire set are shown in Fig. 3.12.
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Fig. 3.11 Activation energy plots for determination of barrier height (for the entire

set of samples).
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Table 3.2 Parameters used in Fowler analysis and the barrier height values obtained

from both electrical and optical measurements.

Sample 1105 1107 1108 1109 1110
M 0.974 0.978 0.919 0.959 1.010
c’ 1E-10 1E-10 1E-10 1E-10 1E-10
Er (meV) 44 43 51 58 53
L, A) 50 60 38 40 75
L.(A) 4200 2000 1200 1550 4000
hw (meV) 2 2 1 1 2
Drpier (MEV) 52 46 68 75 86
D, (MeV) 49.9 454 69.7 79.1 88.4
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Fig. 3.12 Responsivity versus voltage characteristics of the devices at 10 K.
Measurements have been performed at 8.06 um, 8.06 um, 7.14 um, 6.67 um, and
6.25 pm, respectively.
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CHAPTER 4

DOUBLE-BARRIER LONG WAVELENGTH SiGe/Si HIP INFRARED
PHOTODETECTORS

Among infrared detector studies, multispectral detection and/or tunable cut-off
wavelength properties have been paid special attention [77,78,80,81,94]. Schottky
barrier [78], metal-semiconductor-metal [80], and especially quantum well
structures [64, 81 and references therein] have been the subject of these studies in
recent years. At the beginning of chapter 3, the advantages and the operation
principles of the Si;.«Ge,/Si heterojunction internal photoemission (HIP) infrared
photodetectors were mentioned. Moreover, voltage dependence of our samples’
responses has been presented with a qualitative model. As in this chapter, in
addition to the samples presented in chapter 3, we present the temperature
dependent cut-off wavelength of double barrier Si;Ge/Si HIP infrared
photodetector. Our proof of concept device, which has two Si;.xGe,/Si junctions
with x = 0.1 and x = 0.23, has the cut-off wavelength of 22.5 pm at 10 K and 12.6
um at 50 K. As the temperature increases, the small barrier becomes invisible for
the holes since they have enough thermal energy to overcome the barrier. Although
the details of the sample 1105 were given in previous chapter, it will be mentioned
again with the sample 1111 (new one) for the self-consistency. Part of this chapter

has been published and can be found in [95].
4.1 Experimental Details

Two samples, labeled as 1111 and 1105, were grown on 0.01-0.02 Q cm Boron
doped (3-8x10"® cm™) p-type Si (001) substrates by ultra-high-vacuum chemical
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vapor deposition (UHV-CVD) with nominally identical parameters except for the
number of layers. Details of the experimental procedure have been given elsewhere
[83]. The device structure and the valence band edge profile for sample 1111 are
shown in Fig. 4.1. Sample 1105 only has the layers up to the first p-Si layer, which
acts as the top contact. In other words, sample 1105 has only one Si;.<Ge,/i-Si
junction, which determines the cut-off wavelength of the device, with x=0.1,
whereas the sample 1111 has a second junction with x=0.23 in addition to this first
junction also with x = 0.1. Therefore, the cut-off wavelength of this device will be
determined by the combined effect of these two junctions depending on the
operating temperature. The layer thicknesses for both samples are also given in Fig.
4.1. The top contact layers were doped to about 2x10" ¢cm™ with B to act as a
reservoir of charged carriers (holes). In order to increase the amount of absorption,
Si;.«Gey active layers were doped to about 2x10' cm™ with boron. The doping was
about 4x10' cm™ for thin p™-Si layers inserted between the top contact and the
SiGe active layers. As mentioned in chapter 2, layer thicknesses and the doping
levels were determined from x-ray diffraction (XRD) and Auger electron
spectroscopy (AES). Doping levels were also verified by secondary-ion-mass-
spectroscopy (SIMS) measurements. Details of the mesa devices and the

measurement techniques are the same as that mentioned in section 3.1.

Sample 1111 consists of two single HIP infrared photodetectors that have different
cut-off wavelengths grown in a stack mode. Due to our mesa definition in the
microfabrication process, it works as a single detector whose cut-off depends on the
operating temperature. As the temperature decreases, the contribution of the small
barrier to the photoresponse of the device becomes prominent. In fact, it determines
the cut-off wavelength. This structure (sample 1111) can also be fabricated as a
three terminal device by contacting the intermediate conducting layer (p-Si), which
separates two HIP photodetectors grown in a multistack. This results in a separately
readable and addressable multispectral HIP detector. This approach was first

demonstrated by Kock et al [94] for GaAs/AlGaAs multi-quantum well structures.
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(b) hv

Fig. 4.1 Schematic device structure with layer thicknesses for both sample 1111 and

sample 1105 (a) and the valence band edge profile showing the operation principle

(b).

4.2 Experimental Results and Discussions on the Double-Barrier SiGe/Si HIP

4.2.1 Spectral Photoresponse

Figure 4.2 shows the spectral photoresponse curves for samples 1111 (a) and 1105
(b) at different temperatures under small positive bias. Positive bias is defined as the
top of the mesa biased positively with respect to the bottom. Applied voltage values
are given in the figure caption. These are the values at which maximum signal was
obtained. Photoresponse values were normalized to 10 to make easy comparison
between different temperature results and between different samples. As seen in
Fig. 4.2a, the cut-off wavelength gets smaller as the temperature increases for the
sample that has two barriers with different heights. At low temperatures, the
effective cut-off wavelength of the device is mainly determined by the SigoGeo.i/Si
junction whose valence band discontinuity is smaller than that of the Sig77Ge23/Si
junction. In fact, the combined effect of the two barriers determines the cut-off

wavelength of the device; for less energetic photons, the higher barrier (created by
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Fig. 4.2 Spectral photoresponse curves under positive bias at different temperatures

for sample 1111 (a) and for sample 1105 (b) under small positive bias. Applied bias
values are 250 mV (10 K), 200 mV (20 K), 125 mV (30 K), and 30 mV (50 K) for

sample 1111. As for sample 1105, 20 mV was applied at both temperatures. Note

that 20 K spectrum was multiplied by 10.
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Sip.77Geg.23, in which photons are expected to be absorbed, and Si interface) has a
screening effect. This can be seen clearly when 10 K photoresponse curves of both
samples are compared; in spite of having the same parameters, sample 1105 has
slightly longer cut-off wavelength and higher response at 10 K than sample 1111
has, because some of the photons that have long wavelength are absorbed until they
reach the Sip9Geglayer. The effect of double barrier is clearly seen in Fig. 4.2. As
the temperature increases, the peak position of the photoresponse curves for sample
1111 shifts towards the lower wavelength region whereas that for sample 1105 does
not change with the temperature. Note that the response of the sample 1105 for 20
K reduced remarkably (see Fig. 4.2b) although there is no change in the shape of
the spectrum, i.e. when 10 K and 20 K spectra are normalized to the same value, it
can be seen that they match well. As for temperatures 30 K and above, no signal
from the sample 1105 was detected since the barrier height is small enough for
thermally excited carriers (holes). Sample 1111, however, gives relatively a strong
response to the light even at 50 K due to the presence of the large barrier. The
decrease in the response at short wavelength region of the spectra is because of the
fact that the free carrier absorption decreases as the wavelength of the light
decreases [92]. The lack of response at around 9.5 and 12 pm (the wavy feature)

seen in Fig. 4.2 is an instrumental effect.

4.2.2 Fowler analysis and Responsivity

The double barrier sample acts as a temperature tunable infrared photodetector. In
order to demonstrate the change of cut-off wavelength with temperature for this
sample, the measured photoresponse data were converted to Fowler plots by
following the same way as described in section 3.3.1. For the conversion, we used
the responsivity value obtained for the bias at which the spectral photoresponse
measurements were done; 3.5 mA/W and 2.4 mA/W at 5.8 pm for 10 K and 50 K,
respectively. The responsivity versus voltage graph of the device for both
temperatures is presented in Fig. 4.3. It shows the same behaviors with the
responsivity versus voltage graph for one barrier sample described in section 3.4
(see Fig. 3.7). As in current-voltage graph it shows the double-barrier feature on the

curve.
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Fig. 4.3 Responsivity versus voltage characteristics of the sample 1111 at different

temperatures; 10 K and 50 K. Measurements have been performed at 5.8 um.

Fig. 4.4 shows the photoresponse of the double-barrier sample at 10 K and 50 K in
the form of Fowler plot. The shift in the cut-off wavelength is clearly seen in this
figure. The curves were analyzed by using both Eq. (3.1) and Eq. (2.40) and the fit
lines were shown on the graph; dashed lines are for Eq. (3.1) and will be called as
“modified Fowler” while the solid lines are for Eq. (2.40) and will be called as “the
model” in this chapter. In fact, it might have not been proper to analyze these
spectrums with “the model” described in chapter 2 since the sample has two barriers
and model was derived for one junction. But, at least for the barrier height
determination it must be more reliable than the modified Fowler. The extracted
barrier height values from the solid (dashed) lines in Fig. 4.4 are 22.5 um (19.9 um)
and 12.6 pum (11.7 pm) for 10 K and 50 K respectively.

For the sake of completeness, detectivity D~ values were obtained by using shot
noise approximation. Obtained peak value, 2x10" em Hz"? /W for sample 1111, is

in agreement with the literature [65].
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Fig. 4.4 Fowler plots of internal photoemission spectra for the sample 1111 at 10 K
and 50 K.

4.2.3 1I-V and Activation Energy Analysis

In order to understand the carrier transport through the double barrier structure, I-V
characteristics of the samples were studied under different experimental conditions.
[-V curves of the sample 1111, which were obtained when it is exposed to the light
coming from the laboratory environment, are shown in Fig. 4.5a. The excess current
seen for low bias and temperature values is due the photo-generated carriers at or
near the barriers. This current is composed of two components: the internal
photoemission over the barriers and the band-to-band excitation in the intrinsic Si in
which an electric field is set up. The band-to-band excitation is effective for photon
energies greater than silicon bandgap at the measurement temperature. The
photocurrent is observable at low temperatures where the dark current is suppressed
sufficiently. The presence of double potential barrier in the sample 1111 manifests
itself as a double step feature in the photocurrent part of the I-V curves. This feature
is not seen in the sample with single barrier as shown in Fig. 4.5b. The wider step

seen in the I-V curves of sample 1111 for low voltage values is likely to result from
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the larger barrier because the applied voltage drops mostly across the large barrier
in this part of the I-V curve. The photocurrent due to the small barrier becomes
observable as a second (higher) step at about 0.2 V only after the applied voltage is
high enough to generate a significant effect from this barrier. This small step
disappears first as the temperature increases because the dark current through the
small barrier junction starts to dominate the current at relatively low temperatures.
In Fig. 4.5b, a comparison between samples 1105 and 1111 is given. Sensitivity to
the light is observable for small voltage values. This photocurrent component
disappears in the dark current upon a small increase in the sample’s temperature just
like the small step in the I-V curve of the sample 1111 discussed above. Another
effect of the presence of double barrier is the reduction of the dark current through
the device. As clearly seen in Fig. 4.5b the dark current is reduced by many orders
of magnitude when a second junction with a larger potential barrier is incorporated
into the device. The irregularities below 100 pA in Fig. 4.5b are due to the electrical
noise limit of the measurement setup. The dark current is an important issue when

the device performance is considered.

Using the dark current values for different temperatures, the activation energy
analysis was also done on sample 1111 and shown in Fig. 4.6. From the slope of the
linear part of the experimental data, 120 meV effective barrier was obtained, which
corresponds to 100 meV barrier height since the applied bias for Fig. 4.6. This value

is again very close to value obtained from the Fowler analysis by “the model”.
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under different experimental conditions.
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CHAPTER 5

INTERNAL PHOTOEMISSION SPECTROSCOPY FOR PtSi/p-Si
INFRARED DETECTORS

Internal photoemission spectroscopy (IPS) is an efficient technique in studying the
opto-electronic properties of a metal-semiconductor junction. The barrier height
determined from an IPS measurement is more reliable than other techniques
because it does not usually suffer from non-ideal contributions. On the other hand,
the measurement procedure and the experimental setup are more complicated than
others. Delicate instrumentation and careful light handling are required especially

when the interested spectrum lies in the infrared region.

PtSi/p-Si Schottky diodes serve as infrared detectors in 3-5 pum atmospheric
window. In spite of their low quantum efficiency, PtSi/p-Si junctions have been
successfully used in the infrared imaging systems [96,97]. The process
compatibility with the existing Si technology has made them possible to integrate
PtSi-Si diodes to the existing microelectronic technology. Thus, the electrical [98]
and optical [26,58,99-102] properties of PtSi/p-Si junctions have been subject of
investigation. The modified Fowler theory is commonly used to find the Schottky
barrier height (i.e. the cut-off wavelength of the detector) of these diodes. It is,
however, known that this approach does not agree with the experimental results
especially for photon energies close to the barrier height of the Schottky junction
[61]. The barrier height values extracted by this approach are usually greater than
the actual value [61]. Several studies have been reported on a complete theoretical

formulation of the internal photoemission in metal-semiconductor junctions,
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particularly in PtSi-Si diodes [59-61,103]. Mooney and Silverman [61] improved
the modified model by taking all possible scattering mechanisms in the thin PtSi
layer into account. However, this theoretical model has not been widely used due to
the simplicity of the common form of the Fowler approach. A comparative study is
then needed to test the validity of the extended model. Additionally, the features of
the internal photoemission spectrum of PtSi-Si diodes in the whole range of the
atmospheric window (3-5 um) are not well studied. A loss of photoresponse is
usually observed in the high-energy side of the window (~3 pm -0.4 eV-)
[26,101,103,104]. This loss was attributed to parasitic barrier heights present at the
junction [104]. The same behavior was also observed for other detector structures
such as SiGe/Si heterojunctions [30,86], GaAs quantum wells [105] and IrSi;/Si
Schottky diodes [106].

This chapter presents the properties of internal photoemission in PtSi/p-Si.
Theoretical model and the results were discussed in chapter 2 for heterojunctions.
The model is adapted to metal/semiconductor systems and its comparison with the
experimental results is given in this chapter. The effects of various experimental
conditions are also reported. Part of this chapter has been published and can be

found in [76].

5.1 Internal Photoemission in Metal/Semiconductor Systems

In this section, instead of setting up the model for metal(silicide)/semiconductor
internal photoemission infrared detector systems from the beginning, different
points from the HIPs will be introduced to the model presented in chapter 2, since

the operation mechanism in both structures is the same.

Fig. 5.1 shows the detailed energy levels in metal/p-semiconductor band structure.
Since the 0 eV energy reference point is different (bottom of the conduction band of
the metal film), and the energy of the absorbed photon (%) is less than the Fermi
energy (Er), distribution of excited electrons can be written in momentum space

only as

K(Ep- hv) < k < k(Ep) (5.1)
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Fig. 5.1 Energy levels in metal-semiconductor band structure.

From the conservation of total energy, the equivalence of Eq. (2.4) which

determines the escape volume in momentum space is written as

ki R o1 L],
+—| —+— 1k, <E.-OD (5.2)
2m 2\m, m

m

s

where m,, and m, are the effective masses in the metal film and the Si substrate
respectively. As seen from Eq. (5.2), the equality is satisfied for an ellipsoid of
revolution in k-space no matter what effective masses’ magnitudes are. Thus, the
states which will emit are shown as hatched region in Fig. 5.2. This region is known

as the ‘escape cap’. For the escape cap

kmin :k(EF _hV)

kmax = k(EF _CD) (53)

The yield can then be written from the volume ratio of the escape cap and the shell

of excitation as
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V. M(E,-®)?+[E, —(1+Mhv+MO[? -(1+M)E, —hv)"

Y,=——=
Vhen 2(1+M)[E;/2 _(EF _hv)3/2]
(5.4)
In the limit that Ep >> hv >> ¥ the yield is approximately
hv—®Y)
nzM”L——l (5.5)
8E.hv

Eq. (5.5) is known as the modified Fowler equation and traditionally used in the

analysis of the junction.

Escape cap

Spherical shell of excitation

Fig. 5.2 Escape cap for holes in momentum space. The hatched region corresponds

to the holes that may escape over the barrier.

This model only differs from the model presented in chapter 2 in the calculation of
the maximum yield while incorporating the scattering mechanisms into it. By using
the fact that Er > @ and Er > hv, the maximum yield is written as

hv—-®
Y = (5.6)

hv

As a result, for M = 1, Er >> hv >@, and neglecting the quantum mechanical

reflections, the partial yield Yn term in Eq. (2.36) is reduced to
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L*U(d/L*
Y, =¥(hv—nha)—<b)2 (5.7)
8dE, hv
where
U/ L =[ a+e " pll+5+5>+5° +--) |/ L* (5.8)

5.2 Experimental Details

PtSi/Si diodes were fabricated on p-type (100) Si substrates with a resistivity of 25-
30 Qcm. The samples were first cleaned by using a standard RCA cleaning process.
Then they were immediately loaded into a vacuum chamber for the Pt evaporation
process. A 50 A thick Pt film was deposited on the sample's surface by e-beam
evaporation at a rate of 1.5 A/sec (UNIVEX 450 system with an e-beam gun
ESV4). In this process a metal shadow mask with circular openings of a diameter of
I mm was used to define the active regions. The base pressure of the chamber
before the evaporation was 1x10° Torr; it dropped to 1x10° Torr during
evaporation. The PtSi film was formed by annealing the samples at 675 °C for 30
minutes under N, atmosphere. This high annealing temperature was used to reduce
the oxygen related problems in the PtSi film formation [107]: Under this
temperature the reaction between Pt and Si can be too rapid to trap both unreacted
Pt and Pt,Si in the PtSi lattice. And it is also known that high annealing temperature
does not cause the film of poor quality [108]. The samples were finally fixed on a
sample holder that can be mounted into a closed cycle He cryostat with a special
window which allows infrared light to reach the sample surface. The electrical
contacts to the samples were taken from the implanted guard ring and from the

backside as shown in Fig. 5.3.

555 m

SiO

Al

Fig. 5.3 Cross-section of the PtSi/p-Si diodes.
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The experimental set-up for the internal photoemission measurements is shown in
Fig. 5.4. A globar IR source is used for illuminating the sample. Before entering the
monochromator (ORIEL, MS257) the light is filtered with a long pass filter with a
cut-on wavelength of 2.35 um. By using a mirror system a small fraction of the
monochromatic light at the exit of the monochromator is directed onto a
pyroelectric reference detector. The undeflected part of the light illuminates the
photodiode mounted on the sample holder in the cryostat (Cryophysics). The signals
from the pyroelectric detector and from the PtSi/p-Si diode are measured by using a
radiometer (ORIEL, Merlin) and an electrometer (Keithley, 6517), respectively.

The measurements are controlled and recorded by a personal computer.

The yield of a photodiode is defined as the ratio of the number of photoelectrons to
that of incident photons. While the number of photoelectrons was determined
directly from the measured photocurrent, that of incident photons was estimated by
measuring the light falling on the sample from a calibrated pyroelectric detector.
The amount of light transmitted through the sample was determined by measuring
the transmission spectrum through the sample. The ratio between the reflected and

absorbed light was estimated from previously reported results [62].

Light source  Filter Monochromator  Beam f Cryostat
splitter ~
\ Vacuum
ple

Chopper
[1
Electrometer |
Pyroelectric Computer
detector | Radiometer [ |
T

Fig. 5.4 Optoelectronic spectrum measurement system.
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5.3 PtSi/p-Si Spectrum

Fig. 5.5 shows the internal photoemission spectrum of a PtSi/p-Si diode at 70 K.
The dip seen at 0.4 eV (~3 um) results from the absorption of the incident light by
the thin ice layer formed on the sample during the cooling process and will be
discussed in the following section. When a straight line (dashed line in the graph) is
fitted to the linear portion of the curve, the barrier height is found to be 0.274 eV.
This value of the barrier height is higher than what is usually obtained from I-V
measurements (~0.25eV) [98]. The traditional Fowler theory (Eq. (5.5)) relies on
ballistic transport of photo-excited carriers and ignores their interaction with
phonons, other carriers and film walls. It then overestimates the barrier height of the
junction [61]. As seen in Fig. 5.5 the experimental points do not follow the straight
line of Eq. (5.5) especially for energies close to the barrier height. This commonly
observed feature of the curve is due to the effect of multiple reflections of the
excited holes from the surfaces of the silicide film and that of collisions with
phonons, imperfections and cold electrons. The solid line in the graph represents the
theoretical internal yield of Eq. (2.36) with Eq. (5.7). In the calculations, Eq. (5.8)
was approximated by [1 — exp(— d/L*)]"? [59]. Scattering by phonons and electrons
and by the film walls, and the energy lost during electron-phonon collisions are thus
taken into account. In the fitting process, L,, L., and /w were used as adjustable
parameters. For the result showed in Fig. 5.5, L,=60 A, L=2000 A, #®w=0.006 eV.
These values are within the ranges suggested for holes in PtSi [61]. As shown in
Fig. 5.5, a perfect fit to the experimental data was obtained for the whole spectrum
except for the dip region. The nonlinear part below 0.35 eV is well accounted for by
this model. The barrier height used in this fitting is 0.244 eV which is consistent
with the reported values for PtSi-Si junctions [98]. One can then conclude that the
extended theoretical approach that takes the scattering mechanisms into account
provides a more consistent explanation for the internal photoemission process. We
should, however, note that the result of extended theory is not unique because of too
many adjustable parameters involved in the calculations such as L,, /iw, and L..
Unfortunately, reliable values for these parameters are not available, and they are

not easily measurable quantities. Some speculative estimations are available in the
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literature. We used these estimations in our calculations and obtained consistency in

the results.
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Fig. 5.5 Internal photoemission spectrum of the PtSi/p-Si diode. Curves fitted by

modified Fowler theory and extended theory are also shown.
5.4 Effect of the Ice Formation on the Detector’s Response

In the internal photoemission spectrum of a PtSi/p-Si diode shown in Fig. 5.5 a dip
is seen at about 0.4 eV (~3 pum). The position of the dip along the horizontal axis is
same in all measurements but its depth varies under different experimental
conditions. The same dip was also observed in similar experiments by others
[26,30,86,101,103-106]. However, either they ignored the presence of the dip
because this would not affect the results of their work [26,30,86,101,103,106] or
speculated on the reason for the incongruity [104,105]. The same spectral dip at
around 3 pm is seen in many devices having different materials and structures.
Among them there are Schottky devices using Pd,Si [26,104], IrSis [106], SiGe/Si
heterojunction infrared detectors [30,86] and GaAs based quantum wells [105]. We
have shown that the foregoing dip in the spectrum is due to the formation of thin ice

layer on surface of the detector during the cooling process.
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Fig. 5.6 a) Effect of different vacuum conditions on the internal photoemission

spectrum of the PtSi/p-Si diode. b) Direct comparison of the observed dip to the

spectrum of the ice taken from Ref. [109]. (Experimental data are normalized

against the theoretical response curve). The solid line (ice’s absorption spectrum)

belongs to the left axis and the others (experimental data) belong to the right axis.

Marker types are same as (a).
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In order to see how this loss in the photoresponse is related to the detector’s
ambient, the experiment was repeated by using different vacuum conditions. For the
case in which a mechanical (rotary) pump was used, the starting pressure during the
cooling down process was about 1x107 Torr. In the other case a diffusion pump
with a liquid N, trap, which provided a starting pressure of 1x10™* Torr, was used to
evacuate the system. The internal photoemission spectra obtained for these
conditions are displayed in Fig. 5.6a. It is seen that the depth of the dip is
considerably reduced when a diffusion pump is employed. In the last experiment,
the sample was first cooled down to 70 K and then heated quickly up to 300 K and
cooled down again without breaking the vacuum created by the diffusion pump. In
this cycling process, the sample is locally heated while the cryostat’s body is still at
very low temperature. The water condensed on the sample’s surface is then
expected to be evaporated from the sample and captured by the cryostat’s cold body
which acts as an effective cryopump. The internal photoemission spectrum of the
diodes obtained after this cycling process is shown in Fig. 5.6a. It is seen from this
spectrum that the dip at 0.4 eV is further reduced with this heat-cool cycle. In
addition, when the position of the dip is compared with the absorption spectrum of
the ice, a correlation between the spectra is clearly seen. Fig. 5.6b shows the
comparison of the ice’s absorption spectrum [109] with the detector’s response
normalized against the theoretical curve fitted nicely to the experimental data (see
Fig. 5.5). It is seen that the spectrum of the ice has a strong absorption peak at 3.078
pum and this coincides exactly with the observed dip in our experiments. This
indicates that the observed loss in the photoresponse resulted from the absorption in
the ice layer formed on the detector’s surface. The incident light is partly absorbed
in this ice layer before reaching the surface of the diode. Taking the peak absorption

coefficient as k=2.5x10* c¢m

, the thickness of the ice layer can roughly be
estimated to be 0.1-0.8 um from the normalized curves shown in Fig. 5.6b. The
amount of the ice would of course depend on the quality of the vacuum and the

relative speed of the cooling process for the parts of the cryostat’s cold stage.

We proved the presence of the same ice effect on the detector’s spectrum for GaAs-

based quantum well systems in another study [110]. It was shown that the
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speculated double peak behavior was not actually two peaks but one peak and one
dip superimposed on each other. It was again seen that when the detector Dewar

was evacuated more effectively, the dip was almost disappeared.
5.5 I-V Characteristics of PtSi/p-Si Diodes

Even though it has several drawbacks, determination of the Schottky barrier height
from the I-V measurements is a widely used technique in this area. We have mainly
focused on the internal photoemission of the PtSi/Si Schottky junction in this work.
I-V measurements provided supplementary results on the electronic structure of

PtSi/S1 interface.

Fig.5.7 shows both forward and reverse bias characteristics of the PtSi-Si diode.
The overall characteristics of the diode are consistent with what is expected for this
diode. Due to the low Schottky barrier height PtSi/Si junction is an ohmic contact
with a low junction resistance at room temperature. In order to see its rectifying
properties and the diode action, it should be cooled down to a certain temperature
below which the carriers do not have enough thermal energy to surmount the barrier
from the metal side to the semiconductor side. This is why the PtSi/Si infrared
detectors should be cooled down to observe their detector action. An exponential
dependence and a rectification were observed below 100 K in the diodes used in
this work. The barrier height and ideality values were determined below this

temperature only.

In the extraction of the barrier height and the ideality factor, the thermionic
emission theory was used and all other current mechanisms were ignored. The

thermionic emission current is given by

. ® 4
1,=A44T’ exp{— —J exp(q—J
kT nkT

”
1, =1, exp(—q ) (5.9)
nkT
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Fig. 5.7 I-V characteristics of the PtSi/p-Si diode at different temperatures for (a)
forward and (b) reverse bias. Fitted lines for the extraction of the barrier height and

the ideality factor are also shown.
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where V' is the applied voltage, A4 is the diode area, A" is the effective Richardson
constant and # is called the ideality factor accounting for other current mechanisms.

In the analysis of the reverse [-V characteristics, the equation

CV1/4
I, =1, exp (5.10)
kT

was used and done by plotting /nl vs V" plot as shown in Fig.5.7b. The results are
displayed in Table 5.1. We see that the Schottky barrier height values determined
both from reverse and forward characteristics at 100 K are close to what is expected
for a PtSi/Si junction. Also the ideality factor is close to unity for this temperature.
The barrier height decreases and the ideality factor gets higher values as
temperature decreases. This behavior is typically observed in the non-ideal Schottky
junctions. The reason is that other current mechanisms such as tunneling and
recombination current become more important as the temperature is reduced and the
thermionic current is suppressed. It is then reasonable to assume that the Schottky
barrier height determined at higher temperatures are closer to the true value. This is

consistent what we have obtained in the I-V measurements.

Table 5.1 Barrier height and ideality factor (n) values extracted from I-V analysis

of PtSi/p-Si diodes at various temperatures.

FORWARD REVERSE
Temp (K) | 100 70 50 100 70 50
BH(eV) | 024 0.186 0.132 0.253 0.189 0.130
n 1285 | 1.546 1.66 - - -

The barrier height values of PtSi/p-Si obtained by I-V analysis and internal
photoemission spectroscopy (IPS) analysis are displayed in Table 5.2. The
difference between the barrier heights found by using the Modified Fowler theory
and using the extended theory is due to the multiple reflections of the excited holes
from the surfaces of the metal film and the collisions with phonons and

imperfections as discussed before. As a result of these processes, hot holes, which
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have initially no chance to be captured, are redirected to the interface and pass
through the barrier. Thus, the yield increases. This increase in the yield makes the

aforementioned difference in the analysis.

When one compares the optical and the electrical barrier heights, it is obvious that
there is an excellent agreement between them. And consequently it can be
concluded that the analysis of the internal photoemission spectroscopy by using the

extended model yields the most accurate values for the barrier height.

Table 5.2 Barrier height values of PtSi/p-Si obtained by I-V analysis and internal
photoemission spectroscopy (IPS) analysis.

I-v IPS
Forward Reverse Extended Modified
BH (eV) 0.24 0.253 0.244 0.274
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CHAPTER 6

InGaAs/InP QUANTUM WELL INFRARED PHOTODETECTORS

Modern growth techniques allow the fabrication of low-dimensional semiconductor
heterostructures of almost any desired design: from two- and one-dimensional
(quantum wells and wires) down to zero-dimensional (quantum dots). These
structures are of high interest due to their technological potential, ranging from
commercially available devices such as solid-state lasers and detectors based on
quantum wells, up to more advanced goals such as using quantum dots to build a

quantum computer.

A common feature of all these systems, which makes them different from the
structures mentioned in the previous chapters, is their quantization of valence and
conduction band into discrete levels. This causes an effective confinement of charge
carriers within the structures. In quantum wells, for instance, carriers can move
freely within a plane, but the motion perpendicular to it (i.e. the growth direction) is
quantized into so-called subbands. Note that, there was no restriction on the carriers
in SiGe/Si and PtSi/Si structures mentioned before; they were free to move in all
directions. As in the extreme case of a quantum dot, all degrees of freedom are
quantized, and the system has an atomic-like density of states. The density of states
(DOS) is an important concept in the device performance since the optical response
is affected fairly by the number of carriers in the structure. Fig. 6.1 shows the

density of states for 0, 2, and 3-dimensional carries.

Leaving the discussion of the 0-dimensional structures’ application as an infrared

photodetector to the next chapter, 2-dimensional case is discussed in this chapter.
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After giving the basic principles of quantum well infrared photodetectors (QWIP) in
section 6.1, some experimental observations of InGaAs/InP dual-band quantum
well photodetectors and their theoretical discussions are given for the rest of the

chapter. Part of this chapter has been published and can be found in [111].

\ \
Free Carrier Quantum Well Quantum Dot
3D 2D 0D
A A A

~E" constant ~OFE
n I
o
A

ENERGY

Fig. 6.1 Density of states versus energy for 0, 2, and 3-dimensional carries.

6.1 Basic Principles of QWIPs

The idea of using multiple quantum well structures to detect infrared radiation can
be explained by using the basic principles of quantum mechanics. The quantum
well is equivalent to the well-known particle in a box problem in quantum
mechanics, which can be solved by the time-independent Schrodinger equation. The
solutions to this problem are the eigenvalues that describe the energy levels inside
the quantum well in which the particle is allowed to exist. The positions of the
energy levels are primarily determined by the quantum well dimensions (height and
width). For infinitely high barriers and parabolic bands, which is the simplest model
to describe the physics, the eigenstate wavefunction and the energy levels are given
by
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Fig. 6.2 Schematic band diagram of a quantum well showing the basics of infrared
absorption: Intersubband absorption can take place between the energy levels of a
QW associated with the conduction or valence band while the interband absorption

is between the bands.
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2m’L:, 2m’
where L,, is the well width, 4 is the normalization area in the x-y plane, n is a

positive integer, l;xy is the in-plane wave vector, and m’" is the effective mass in the

well. The well is situated from z = 0 to z = L,,. For a given quantized state, one can
put many electrons occupying different in-plane momenta, which leads to a Fermi
energy determined by 2D quantum well density of states. Therefore, a QWIP
utilizes the photoexcitation of an electron (hole) between the ground state and the

first excited state in the conduction (valence) band (see Fig. 6.2). It can also utilize
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the transition between the bands. Depending on the position of the first excited
states, transitions are labeled as bound-to-bound (B-B), bound-to-quasi bound (B-
Q), and bound-to-continuum (B-C) when the excited state is within the well, at the

well and pushed out the well, respectively.

6.2 InGaAs/InP Dual-Band QWIP

Quantum well infrared photodetectors (QWIPs) [43,81] have become a standard
technology for infrared detection and imaging applications over the past decade
[112]. As the band structure of a QWIP can be accurately designed and controlled,
some multicolor and multispectral devices have been implemented [81]. Most of
these devices cover mid-infrared (MIR) and far-infrared (FIR) spectral regions. For
some applications, it is desirable to have a detector working not only in MIR or FIR
but also in the visible and near infrared (NIR) regions. In this regard, InGaAs/InP
[113] and GaAs/AlGaAs [114] based dual-band quantum well photodetectors for
the detection of NIR/MIR and visible/MIR radiation, respectively, have been
reported. The idea of dual-band operation is straightforward: While the
intersubband electron (or hole) transitions are used for MIR detection, visible/NIR
radiation is detected by means of interband transitions. In this chapter, the dual-
band detection with the intersubband part having both bound-to-bound and bound-
to-continuum transitions for the InGaAs/InP materials system are further
demonstrated. Therefore, it has been determined that the parameters for designing
optimal QWIPs for this materials system, completing the original demonstration on
an un-optimized InGaAs/InP structure [113]. In addition, regarding the device
physics of QWIPs, most issues have been adequately resolved [81]. However, we
don’t yet fully understand the responsivity versus voltage characteristics especially
for high-applied fields. The observed responsivity saturates for some samples (for
example in [114]) while increases exponentially-like for other samples (for example
in [113]). Early results were attributed to an avalanche multiplication process due to
intraband impact ionization [43]. As another point of the study, experimental results
of both responsivity and noise measurements and analyze the data using the theory

in [115] are presented.
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6.3 Experimental Details

Two samples, labeled as 235 and 236, were grown on semi-insulating InP substrates
by chemical beam epitaxy. Both consist of 20 periods of InGaAs wells and InP
barriers with InP top and bottom contacts of 500 and 800 nm, respectively. The
targeted In content is 53%, i.c., the InGaAs is lattice matched to InP. The contacts
were doped with Si to 1.5x10'® cm™. Sample 235 (236) has 6.6 nm (6.0 nm) n-type
InGaAs wells and 31.2 nm (30.2 nm) undoped InP barriers. The wells were doped

with Si to 3x10"" c¢m™

by center 6 doping. X-ray and photoluminescence
measurements were done on the two wafers. The layer thicknesses given above
have been slightly refined according to the X-ray result. The PL measurement
indicates that sample 235 probably has a lightly lower In content than that for 236,
by about 2%. A schematic energy band diagram of the device under bias is shown
in Fig. 6.3a. Mesa devices of 400x400 and 600x600 pm’ in sizes were fabricated
with NiGeAu top ring contacts to allow normal incidence illumination for NIR
detection. A 45° edge facet was polished for light coupling to the intersubband
transitions [42] (Fig. 6.3b). For spectral photoresponse measurements a closed cycle
helium cryostat with KBr window and a Bomem DAS Fourier transform
spectrometer were used. For the MIR region a globar infrared source and a KBr
beamsplitter were used, while for the NIR region a quartz halogen source and a
quartz beamsplitter were used. All photoresponse measurements were performed at
a cryostat temperature of 77 K. The MIR responsivity calibrations were done using
a 1000-K blackbody infrared source, with the excitation wavelength selected by a
variable narrowband filter. A quartz halogen source and a grating monochromator
with a long pass filter were used to make NIR responsivity calibrations. Noise

measurements have been performed using the method of [116].
6.4 Spectral Photoresponse

Fig. 6.4 shows the normalized spectral photoresponse curves for both MIR and NIR
regions. MIR curves correspond to the transition from the confined quantum well
state E1 to confined state E2 for sample 235 (i.e. bound-to-bound:B-B) and to the

continuum states for sample 236 (i.e. bound-to-continuum:B-C). The spectral width

91



MIR
E2

El .

Z
NIR
HHI [
HH2
LHI HH3

LH2 [~ 45°

InP
! IMhA?\\\ //(//
\ .. IR

(a) (b)

P

Fig. 6.3 a) Schematic energy-band diagram of the device used here under bias. The
arrows indicate the processes for dual-band detection. b) 45° facet measurement

geometry for the light coupling.

of B-C transitions (sample 236) is substantially wider than that of B-B transition
(sample 235) and the peak position is shifted to a higher energy [117,118]. The
MIR response band centered at about 9.4 um (0.132 eV) and 8.6 um (0.144 eV) for
samples 235 and 236, respectively. By considering the confined quantum well states
in both conduction and valence bands, labeled as HH1 and HH2 for the heavy hole,
and LH1 and LH2 for the light hole valence band, all features in the NIR part of the
graph can be accounted for [113]. The large turn-on at about 1.01 eV for sample
235 and 1.06 eV for 236 is due to the onset of HH2 to E2 transition. The small step
below 0.9 eV is due to the weak signal of HH1 to E1 and LH1 to E1 transitions. The
sharp cut-off at 1.4 eV is due to the absorption of the incident light in the InP
substrate because of the backside illumination measurement geometry through the
45° facet. Under normal incidence through the top window, for NIR detection,
spectra are broader in the higher energy region (with a drop coming from the InP
top contact at ~1.4 eV) because of the contribution of the photoexcited carriers

within the barrier region. Moreover, one could replace the InP top contact with
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wider band-gap materials such as InAlAs or InAlAsSb, leading to a wider spectral

response in the shorter wavelengths.

We can make a simple effective mass calculation to compare with the spectral
features in Fig. 6.4 [117,119]. The following parameters are used: InGaAs/InP
electron effective mass m, = 0.041/0.08, InGaAs/InP heavy hole effective mass myy
= 0.45/0.6, InGaAs/InP light hole effective mass m;y = 0.052/0.089,
conduction/valence band offset AEqy = 0.21/0.38 eV, and the bandgap of InGaAs
(at 77 K) Eg mcass = 0.82 V. We concentrate on sample 236 because 235 may be
slightly lattice mismatched. The results of the calculation are indicated in Fig. 6.4
by arrows pointed to the expected transition positions. Note that the effect of the
non-parabolic conduction band is included in the calculation with the non-
parabolicity parameter oo = 1.24 eV™'. Note also that E2 is a virtual state in

resonance with the top of the barrier.
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Fig. 6.4 Spectral photoresponse curves for samples 235 and 236 at device
temperature of 77 K. The two parts are separately normalized. The spectral shapes
are insensitive to the bias values and voltages in the range of 2 — 3 V are used for

the curves shown.
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6.5 Responsivity versus Voltage

The responsivity-voltage characteristics of both devices are shown in Fig. 6.5.
Measurements in MIR were performed at the peak positions of the spectral
photoresponse curves, i.e. at 9.4 um for sample 235 and at 8.6 um for sample 236
(see Fig. 6.4). For NIR calibration 0.96 um (1.3 eV) light was used for both devices.
As shown in Fig. 6.5 both devices display the same trend: a higher responsivity in
MIR than that for NIR and a rapid increase in high voltage region, reaching up to 26
A/W at -3.5 V for sample 235 and 12 A/W at 3.1 V for 236. The obtained
responsivity values are much higher than those for typical GaAs/AlGaAs QWIPs
[118]. Since sample 235 uses bound-to-bound transitions in both spectral regions, a
clear delay in the turn-on of the photoresponse as a function of voltage was
observed [118]. Consistent with this assignment, sample 236 shows nearly no turn-
on delay in responsivity versus voltage plot since the transitions are bound-to-
continuum (Fig. 6.5b). Moreover, comparing Figs. 6.5a and 6.5b it can be seen that
the absolute responsivity values for B-C transitions (sample 236) are higher than
those for B-B transitions (sample 235) up to about +3V (~23 kV/cm) because of the
relatively high photoexcited escape probability. On the other hand, at higher electric
fields the responsivity for sample 235 exceeds that for sample 236. This may be
caused by the higher peak absorption quantum efficiency in this B-B sample than
that for a B-C situation [117].

6.6 Noise and Avalanche Multiplication

The high responsivity values observed here, similar to the ones in [113] and much
higher than those in standard GaAs/AlGaAs QWIPs [118], are attributed to two
factors. (I) The InP barriers used here have a higher mobility than that for AlGaAs.
(IT) There is an avalanche multiplication process due to intraband impact ionization
of electrons out of the quantum wells [43]. To quantitatively identify the
contribution of the avalanche process, we performed noise measurement and carried
out analyses according to the theory described in [115]. The avalanche process is

described by a multiplication factor M, and can be taken into account by replacing
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Fig. 6.5 Responsivity versus voltage characteristics of (a) sample 235 and (b)
sample 236 at device temperature of 77 K. Measurements in MIR were performed
at 9.4 and 8.6 um for samples 235 and 236, respectively. For NIR calibration 0.96

um light was used for both devices.
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the photoconductive gaing , by gM . Therefore, the detector current responsivity

is written as [115,116]

e
R=—ngM (6.3)

hv

where g is the “met” gain that the QWIP would have in the absence of the

avalanche process. Similar to [115,116], the generation-recombination noise current

in the presence of avalanche multiplication is written as

I}, =4el,BgMF (6.4)

n,g—r

where the noise gain g, is replaced by gMF, I, is the dark current, B is the
measurement bandwidth, and F is the excess noise factor. From Eq. (6.3) and Eq.
(6.4), the photoconductive gain g, = gM and noise gain g, = gMF differ by the

noise factor . Note that the definition of F used here differs from [115] by a

factor of two.

For sample 236 the deduced photoconductive gain g, and the noise gain g, by

means of Eq. (6.3) and Eq. (6.4) are shown in Fig. 6.6, together with the dark
current versus voltage characteristic. For the photoconductive gain calculation

n=5% was used. Up to a voltage 1.8V (~14kV/cm) where there is no
multiplication process both gain values are the same g, = g, = g, and then noise

gain increases more rapidly than photoconductive gain, confirming the existence of
the excess noise factor F. The ratio of the two gains (i.e. F) is also plotted in Fig.
6.6. To relate the noise factor F to the avalanche multiplication M for the present
unipolar photoconductor, we follow the model in [115]:

F=M-pM—-1+1/2M), where p is the capture probability. In the limit
of p << 1, which is true here, we have I’ = M . The curve in Fig. 6.6 for F therefore

represents the magnitude of M. It is then implied that for low voltages (|V|<2 V)
there is no multiplication (M=1) and at high voltages (|/]>2 V) the multiplication
factor reaches approximately two (M = 2). It is not understood why M and F
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saturate rather than keep increasing with bias. A larger observed M and F values
would have provided a stronger evidence of avalanche multiplication. It is also
interesting to get a feeling of the magnitude of the impact ionization probability for
an electron traversing one quantum well, labeled as g . Using the expression derived
in [115] M =p/(p—q), for a multiplication of M =2, we have q/p=1/2. We
point out that the observed M of our InP-based devices is in the same range as found
in InGaAs/GaAs QWIPs [116], whereas g, is about one order of magnitude higher.
InGaAs/InP QWIPs thus enable high photoresponse without penalty from excess
noise. The multiplication process also influences the dark current. Fig. 6.6 shows a
more rapid increase in dark current for voltages larger than about |V|>2 V. Note that
for the device sizes used here (400x400 and 600x600 pm?) the dark current does not
exceed 2 mA. In this low current regime, the measurements of responsivity and

noise are reliable and are not affected by series and contact resistances.
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CHAPTER 7

DETAILED CHARACTERIZATION OF A SYSTEMATIC SET OF
QUANTUM DOT INFRARED PHOTODETECTORS

With the successful usage of quantum well structures for infrared photodetectors,
sensors and imaging systems [43,81], the quantum dot infrared photodetector
(QDIP) has attracted a lot of interest in recent years [48-50,120,121]. Among
QDIPs, the most widely studied ones are made of self-assembled InAs dots on

GaAs substrate.

In general, QDIPs are similar to QWIPs but with the quantum wells replaced by
quantum dots. Different from quantum wells, quantum dots have size confinement
in all spatial directions. Fig. 7.1a shows the schematic layers of a QWIP and a
QDIP. In both cases, the detection mechanism is based on the intraband
photoexcitation of electrons from confined states in the conduction band wells or
dots into the continuum. The potential profile at the conduction band edge along the
growth direction for both structures would have a similar shape as shown in Fig.
7.1b. In fact, it would be exactly the same if the dots were aligned in the growth
direction. In practice, since the dots investigated here are self-assembled and the
barriers are made thick to suppress dark current, they are not correlated between

layers.

An ideal QDIP is expected to be substantially superior to QWIP. Therefore, the area
of QDIP research is very active in the last couple of years. Although there have
been many papers published on self-assembled QDIPs, some critical issues have not

been adequately addressed and clearly resolved. In the following section, the
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anticipated advantages of QDIPs with simple theoretical basis are enumerated.
Then, some of the issues such as the polarization behavior and the effect of the
number of electrons occupying the dots are discussed by studying a systematic set
of samples with varying the doping density and hence the number of electrons. We
address these issues using the simplest physical picture and neglect higher order
effects such as the effect of wetting layers and the effect of random (modulation)
doping and dot distributions on the photoconductive transport properties. Note that

some of this chapter’s content have been published and can be found in [122,123].

7.1 Anticipated Advantages of QDIPs

“ODIPs allow normal incidence”. A limitation of QWIPs is that, due to the
transition selection rules, they are not sensitive to normally incident light, and they
typically only have a narrow response range in the infrared [43,124]. Note that,
“normally incident light” is the light which is normal to the wafer along the growth
direction. On the other hand, QDIPs do not suffer from this normal-incidence
limitation because of the geometry with the carrier confinement in all three
directions. The normal incidence property is advantageous because it avoids the
need of fabricating a grating coupler in the standard QWIP imaging arrays [112].
Furthermore, QDIPs can have a broader infrared response range because the self-
assembled dots have several discrete states [125,126]. Although normal incidence
response of QDIPs has been reported in the literature [50,127-130], most of the
publications do not show polarization dependence of the photocurrent spectra, and
some [131-133] show dominant P-polarized response in the 45-degree facet
geometry (see Fig. 6.3b). In one publication [134] on absorption measurements
clear evidence of absorption features due to in-plane confined quantum dot levels

was reported. The possible reason of this problem is discussed in section 7.3.

“ODIPs have lower dark current”. Another potential advantage of QDIPs over
QWIPs is the theoretical prediction of lower dark currents in QDIPs [135]. The

simplest way to estimate the dark current is by the following expression [81]

S darc = €V N (7.1)
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where v is the drift velocity for the electrons in the barrier and n;3p is the three-
dimensional electron density in the barrier. Note that the diffusion is neglected in

Eq. (7.1). The electron density can be estimated by [81]

3/2

| myksT E,

nyp =2 exp| ——— (7.2)
27h* k,T

where m;, is the barrier effective mass and E,, is the thermal activation energy which
equals the energy difference between the top of the barrier and the Fermi level in
the well or dot. The difference in the dark current for similar barriers in a QWIP and
a QDIP (i.e. v and m; are comparable) is then determined by the difference in E,. If
the field induced barrier lowering effect in £, is neglected (valid for low applied

fields), the activation energy relates to detection cut-off wavelength (A.) by

E =—-E, (7.3)

for a QWIP with a bound-to-continuum detection scheme, and for QDIP

hc
=— (7.4)

A

c

oDIP
Ea

where Er is the Fermi level in the well. Thus, it can be seen from the Eq. (7.3) and
Eq. (7.4) that for the same cut-off wavelength and barrier material, there is a

reduction in the dark current in QDIP versus QWIP.

“ODIPs have higher responsivity”. The final advantage relates to the potentially
long excited electron lifetime, Tjir.. It has been anticipated [136] that the relaxation
of electrons is substantially slowed when the inter-level spacing is larger than
phonon energy — “phonon bottleneck” [137]. If the phonon bottleneck can be
implemented in a QDIP, the higher responsivity values are obtained. Because a

photoconductor responsivity is given by [81]
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e
R=—ng (7.5)
hv

where 7 is the absorption efficiency and g is the photoconductive gain [81]

T
g=—" (7.6)

Ttrans

where 74 1 the transit time across the device. Thus, a long 7, directly drives the

large responsivity R.
7.2 Experimental Details

Using molecular beam epitaxy, four samples with nominally identical parameters
except for the modulation delta-doping densities in the GaAs barriers were grown.
Starting with semi-insulating GaAs substrates, the layers are (in growth sequence):
an undoped 300-nm GaAs buffer layer, a 760-nm n'-GaAs bottom contact layer, a
5-nm GaAs spacer layer, QDIP active region, and a 400-nm n'-GaAs top contact
layer. The active region consists of 50 layers of self-assembled InAs QDs separated
by 30-nm GaAs barriers that are center modulation delta-doped with Si to populate
the QDs. The top and bottom contact layers were doped to 1.2x10"® ¢cm™ with Si to
act as reservoirs of charged carriers (electrons). Mesa devices were made using
standard GaAs microfabrication techniques. The mesas were defined by wet
chemical etching, and the top and bottom contacts were made by depositing

Ni/Ge/Au followed by annealing.

Doping levels per QD layer for samples used in this study are: 1x10' cm™ (due to
the background doping) for sample A, 1.5x10' cm™ for sample B, 2x10'° cm™ for
sample C, and 3.5x10' cm™ for sample D. By estimating the QD density from
structural observations (from atomic force microscopy and plan-view transmission
electron microscopy) on the three samples grown under the same condition, the
average number of electrons per dot was calculated as 2, 5, 7 and 12 for the four

samples, respectively. Table 7.1 shows the structural parameters used for
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estimation. For the photoresponse measurements, 400x400-um’ devices were
mounted in a closed-cycle helium cryostat. A Bomem DAS8 Fourier transform
infrared spectrometer with a globar source was used. Devices were illuminated
through the 45° polished edge facets. Data were taken with two sets of beamsplitters
and windows, and corrected by background spectra. To obtain a complete spectrum,
two parts were joined together by superimposing the overlapped region. The
responsivity calibrations were done using a 1000-K blackbody infrared source, with
the excitation wavelength selected by a variable narrowband filter. All
photoresponse measurements were performed at a cryostat temperature of 6 K and

no qualitative differences were seen up to ~30 K, except an increase in the noise

level.

Table 7.1 Structural parameters obtained from atomic force microscopy and plan-
view transmission electron microscopy observations to estimate the number of the

electrons per dot.

Sample QD Density Doping per period Electrons per dot
(10" ecm™?) (10" cm?) (10" cm?)
A 0.5 1 2
B 0.3 1.5 5
C 0.3 2 7
D 0.3 3.5 12

7.3 Physical Picture

The electronic shell structure and the level separations of InAs/GaAs self-assembled
QDs are determined by the dot size and shape [138,139]. In general, these self-
assembled QDs are wide in the in-plane direction (~20 nm) and narrow in the
growth direction (~3 nm). Therefore, the strong confinement is in the growth
direction while the in-plane confinement is weak resulting in several levels in the
dots [45]. Samples used in this study have disk-shaped QDs with a diameter of
about 18 nm and a height of about 2.5 nm. Then, in cylindrical coordinates the

Schrédinger equation can be written as
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To clearly illustrate the physical picture and as an approximation, we view the
confining potential in the growth direction (chosen as the z coordinate) and the in-
plane directions (x-y) as being separable. The former is the familiar quantum well
problem. Since the height of the QDs is much smaller than its radii, the electron
motion in the growth direction is strongly confined. Therefore the wavefunction of

an electron may be written as [140]

Y(r.0,z)= "yl (] (2) (7.8)

2z

where n represents the distinct subbands related to the vertical motion (n = 0,1,...).
In our case the disks support only one confined level in the growth direction
(ground state, n = 0) [140]. The in-plane circular shape leads to the z-component
angular momentum being a good quantum number (/). Then, for each angular

momentum / and subband index n =0, y,(r) satisfy the equation

Pl1o oy, (I
_ | -7 + _+Vr l//l :Erwl (79)

2m|ror or P

Analogous to real atoms, the bound states are grouped into three shells: s, p and d.
The d shell has two degenerate angular momentum states, under the parabolic

potential approximation, with quantum numbers / =+2 and / = 0 [45].

For light polarized in the growth direction, E//z, only transitions (A/ = 0) from
bound to continuum states are allowed. On the other hand, for the in-plane polarized
light, E//x or E//y, the allowed transitions are those changing the angular momentum
by Al = +1, and therefore both bound-to-bound and bound-to-continuum transitions

are possible. To obtain the observed photocurrent, the final state must be either in
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Fig. 7.2 Schematic conduction band inter-shell transitions in a self-assembled
InAs/GaAs quantum dot. Solid and dotted arrows represent transitions for £//z and
E//x-y polarized lights, respectively. The top part is for transitions originating from

the s shell, and the bottom for p shell.
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the continuum or close to the continuum, i.e., the d shell, so that the photoexcited
electrons can escape. Additional details are given in [141]. Fig. 7.2 shows
schematically some of these possible transitions. The solid arrows indicate
transitions that are sensitive to £//z light whereas dotted ones are for £//x light. The
top panel shows transitions originating from an electron occupying the s shell. For a
given polarization, the transition oscillator strength is strong for going to the nearest
allowed state, for example, for E//x, s to p is strong whereas s to continuum is weak.

Similarly, the bottom panel shows transitions from the p shell.

7.4 Results and Discussion

Dark current characteristics of all samples at two different temperatures, 77 K and 6
K, are shown in Fig. 7.3. A generally expected behavior is seen with varying the
number of electrons. Since the dark current is proportional to exp(-E/ksT) [81,121],
where E, is the activation energy and T is temperature, it decreases with decreasing
number of electrons per dot because activation energy is determined by the electron
number inside the dot [142]. On the other hand, when the temperature of the
samples is reduced, the current due to thermally excited electrons are significantly
suppressed. The irregularities below 200 pA in Fig. 7.3b is due to the electrical limit
of the coaxial cable used in the measurements. Fig. 7.3b also shows clear tunneling
features through the GaAs barrier especially for sample D, which are studied in

more details in [142].

Fig. 7.4 shows the normalized spectral photoresponse curves of samples A, B and C
under P- and S-polarized lights in the mid-infrared. For the highest doping sample
(D), all the energy levels in the dots are filled with electrons (12 e/dot). The very
small activation energy leads to a high dark current and therefore a high noise
current which prevents the spectral response measurements. The measurement
geometry is shown in the inset. Note that the P-polarized light contains both E//x
(50%) and E//z (50%) components; whereas the S light is only E/x. We have
chosen the x coordinate to coincide with the S-polarization direction. The main
broad peak (Fig. 7.4a) corresponds to the transitions from s and p shells to the

continuum (see also Fig. 7.2), which cover an energy range above ~130 meV. The
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Fig. 7.3 Dark current characteristics for all samples at two different temperatures,
77 K (a) and 6 K (b).

response under S-polarized light (Fig. 7.4b) is weaker than that for P because low
lying bound-to-bound transitions from s to p shell and from p to d shell exhaust
most of the oscillator strengths. In contrast, the largest E//z oscillator strength for
both s and p initial states is the one going into the continuum because there are no
other lower allowed final states. As the number of electrons per QD increases, the
population of the higher states is enhanced. As a result, the transitions to the

continuum states from the higher p shell become more prominent and the
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photoresponse curve broadens toward the lower energy region. For sample A with
an average of 2 electrons per dot, ideally only the lowest s shell is occupied.
However, due to the random distribution of dopants in relation to dot positions,
some dots have more than 2 electrons leading to a non-zero occupation on the p

shell. For samples B and C, both s and p shells are occupied. For the same reason of

randomness, d shells are occupied in some dots.
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Fig. 7.4 Comparison of mid-infrared photoresponse curves of samples having
different numbers of electrons per dot for (a) P-polarized and (b) S-polarized lights.
The P-spectra are normalized to unity, while the S-spectra are scaled by the same

amounts for comparison. The inset to the bottom panel shows the experimental

geometry.
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Since the peak feature in the range from 70 to 90 meV displays a strong S-polarized
(E//x) response, it is attributed to the transition from a lower confined state to a
higher one, i.e., from p to d shell (see Fig. 7.2b). This feature increases in strength
with the electron number because the p shell is more occupied, and becomes
comparable in height to the broad main feature for sample C shown in Fig. 7.4a.

This is a clear and strong observation for in-plane polarized response in QDIPs.

The spectral response curves in the far-infrared are shown in Fig. 7.5. The behavior
in this region is more complicated and we can offer only a hand-waving
interpretation. For samples B and C, the peaks in the 40-70 meV range are believed
to be caused by the transition from the highest occupied d shell into the continuum.
The reason for peaks appearing at different positions and having different
polarizations is not clear and may be due to electron-electron interactions. Phonons
may also play a role since the energy scales are close to the phonon energies of the
system. The dark region lying in between 32 and 37 meV is a result of longitudinal
optical and transverse optical (TO) phonon absorptions. The dip at ~66 meV comes
from the 2TO absorption [143]. The photoresponse spectrum in this region is thus
further complicated since this entire region lies within the one- and two-phonon
absorption bands. Since sample A has only 2 electrons per dot, the d shell should be
completely empty. It therefore should show no response in this spectral region. This
is true in experiments except just above and below the phonon dark region. The two
peaks at just above and below the dark region may be caused by the phonon
absorption, perhaps coupled with inter-shell transitions. It is known that if a dipole-
transition resonance is close to phonon energy, the electron-phonon interaction
leads to a strong modification of the spectrum and a coupled mode behavior [144].
Clearly the far-infrared characteristics need further study to arrive a fully consistent

interpretation.

Fig. 7.6 shows the responsivity versus voltage characteristics of samples A, B and C
at 7.14 pum (174 meV). All samples display a peak characteristic as a function of
voltage. Starting from zero voltage the increase can be attributed to the increase in
the carrier escape efficiency and in the transport mobility, but the reason for the

decrease at larger voltages is not clear. Note the very high values of responsivity
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Fig. 7.5 Normalized far-infrared photoresponse curves for (a) P-polarized and (b) S-
polarized lights. To compare the relative magnitudes between P and S responses,
the lower panel curves should be multiplied by 0.6, 0.8, and 3.8 for sample A, B,
and C, respectively, for example, the solid curve in (b) should be multiplied by 0.6

to compare with the curve in (a).

indicating a large photoconductive gain: By using Eq. (7.5) and Eq. (7.6), the
photoconductive gain can be estimated speculatively as ~70 for R = 4 A/W, hv =
0.174 eV and 77 = 0.01 (since the absorption in these samples is low). For drift
velocity v = 2x 107 cmy/s (the maximum velocity for the electrons in the GaAs [92]),

and having the device length x = 1600 nm, the transit time (z,qs= x/v ) and
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therefore the life time (7;.) can be found as >0.5 ns. This is a couple of order higher
than that for normal QWIP [145]. This value is even larger for R > 4 A/W (sample
C for instance). For samples A and B, there is a delay in the turn-on of the
photoresponse as a function of voltage, and the reason again is not clear. The large
asymmetry in the responsivity curve of sample C is correlated with the low

temperature dark current results (see Fig. 7.3b).
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Fig. 7.6 Responsivity versus voltage characteristics for samples A, B and C at 7.14

um (174 meV) and 6 K.
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CHAPTER 8

CONCLUSION

The primary aim of this work was to study the internal photoemission (IP)
mechanism of semiconductor heterojunctions used as infrared detectors in the
mid/far-infrared region. In order to provide a better understanding of the
experimental results, the old and recent theoretical descriptions and models were
reviewed, revised and extended. The extensions incorporate the effects of the
difference in the effective masses in the active region and the substrate,
nonspherical-nonparabolic bands, and the energy loss per collisions on the internal
quantum efficiency of the detector. The model is then completed by incorporating
the wavelength and doping concentration dependent free carrier absorption to the
model. Experiments done in this study have shown that the IP spectrum of SiGe/Si
(in the form of Fowler plot) can be consistently described by this completed
theoretical model. The secondary aim was to study on the infrared photodetectors
having different detection mechanisms and different material systems to complete
the picture of the infrared detector subject. Since the thesis is organized in a way
that each chapter is self-contained/consistent, it would be appropriate to make

conclusion for each chapter separately.

In chapter 3, the mechanisms of photocurrent generation in the SiGe/Si
heterojunction internal photoemission (HIP) infrared photodetectors have been
studied and a qualitative model has been presented. It has been shown that the
performance of our devices depend significantly on the applied bias and the

operating temperature. We obtained 31 pm and 18.2 um cut-off wavelengths for -37
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mV and 75 mV, respectively. These cut-off values were extracted by using the
complete model derived in chapter 2 for semiconductor heterojunction systems. It
has been shown that the experimental and theoretical curves are in a very good
agreement. However, the result of the theory is not unique because of the many
adjustable parameters involved in the calculations such as L., L,, and /.
Unfortunately, reliable values for these parameters are not available and they are
not easily measurable quantities. The tunability feature seen in our devices can be
utilized to design new devices whose cut-off wavelength can be set by the
externally applied voltage. However, device parameters should be optimized for an

efficient application.

The effects of double barrier on the photoresponse spectrum of the SiGe/Si
heterojunction internal photoemission (HIP) infrared photodetectors have been
studied in chapter 4. When compared with the single barrier sample that has
nominally the same parameters, it has been shown that the double barrier sample
acts as a temperature tunable infrared photodetector. From the Fowler analysis we
obtained 22.5 pm and 12.6 pum cut-off wavelength values for 10 K and 50 K,
respectively. Even though the model described in chapter 2 might have not been
applicable to analyze this double-barrier sample, the cut-off values were extracted
by using this model on the basis of the expectation that it must be more reliable than

the other models.

In chapter 5, an example for metal(silicide)/semiconductor systems has been
investigated. We have shown that a theoretical model that includes the effects of
scattering in the PtSi film can consistently describe the internal photoemission
spectrum of a PtSi-Si diode. It has been also shown that the unexpected dip in the
spectrum around 0.4 eV is due to the absorption of light by the ice layer formed on
the sample’s surface during cooling. The formation of ice layer can be reduced by
using more effective pumping systems. The effect of the ice formation on the
detector should be taken into account when designing a detector operating in the

mid-infrared region.
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The dual-band detection with the intersubband part having both bound-to-bound
and bound-to-continuum transitions for InGaAs/InP quantum wells which are 2-
dimensional systems have been demonstrated in chapter 6. These devices have
shown high responsivity, gain and avalanche multiplication at high bias. The high
responsivity demonstrated in QWIPs with InGaAs/InP materials may be useful for

imaging applications where a short integration time is required.

Finally in chapter 7, an example of 0-dimensional systems has been studied. The
detailed optical characterizations on InAs/GaAs self-assembled quantum dot
infrared photodetectors with various doping levels have been made. The spectral
photoresponse curves in a wide spectral region from the mid- to far-infrared have
been reported. Polarization behaviors of transitions and effects of the number of
electrons on the photoresponse spectra have been demonstrated. A strong in-plane
polarized bound-to-bound transition feature has been observed. A simple picture

has been presented to account for the observed features.
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