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Abstract 
 
The optoelectronics industry continues to demand improved materials, devices and 
systems for the generation, transmission, detection, amplification and processing of 
optical signals. Heterojunction phototransistors (HPTs), in recent years, have 
attracted considerable interest for optical detection due to their intrinsic gain, low 
noise performance, high-frequency operation and process and the device layer 
compatibility with heterojunction bipolar transistors for high-speed optoelectronic 
monolithic microwave/millimetre-wave integrated circuit (OEMMIC) 
photoreceivers.  
 
A key performance parameter of HPTs is their spectral response (SR) which is 
critical in their usage in optical applications. The SR depends on several inherent 
factors including material absorption coefficient, refractive index, device structure, 
doping and temperature of operation along with the external factors such as bias 
voltage and the energy of incident radiation. The spectral response and optical 
characteristics of GaAs-based and InP-based sHPTs have been successfully predicted 
for the first time through an advanced absorption theoretical model. The model is 
based on the accurate prediction of photocarriers in the active layers of the 
phototransistor which, when related to the base current of the transistor in forward 
active mode, enables the prediction of optical characteristics. The importance of 
collection efficiency in accurate SR modelling is highlighted and the layer 
dependence of the optical flux absorption profile at near-band gap wavelengths is 
also investigated and its generalisation as a single-exponential has been refuted for 
GaAs-based HPTs.  
 
Analytical modelling of the spectral response has also been developed from the 
resolution of continuity equations that govern the excess optically generated minority 
carrier variation in the active layers of the HPT, taking into account the related 
physical parameters. Realistic boundary conditions have been considered for 
efficient device operation and a detailed optical flux absorption profile is constructed 
for accurate device modelling. This analytical model provides insight into the direct 
influence of various parameters (such as base width and carrier concentration) on the 
device performance, thus, providing a valuable optimization tool for the future 
design of HPTs in optical receivers.  
 
The measured results at 635 nm, 780 nm 808 nm and 850 nm for Al0.3Ga0.7As/GaAs 
HPTs and 980 nm, 1310 nm and 1550 nm for InP/In0.47Ga0.53As HPTs show good 
agreement with the predicted data, validating the proposed theoretical model.   
 
Finally, a detailed absorption model and photoresponse of double heterojunction 
phototransistors in a top/surface-illuminated orientation has been analyzed with a 
modified small-signal model. The effect of incident optical illumination on intrinsic 
small-signal parameters such as resistances and capacitances has been discussed and 
analyzed for photoresponse modelling. 
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Chapter 1 

Introduction  
 

 

Optoelectronic systems are becoming increasingly more capable due to advances in 

both optics and electronics. Miniaturization of hardware and an exponential increase 

in computer processing capacity and speed has enabled the creation of advanced 

optoelectronic systems that has resulted in smart weapons and modern industrial and 

medical equipment. Optical telecommunication networks or photonic networks have 

gained increasing popularity over their conventional copper cable and microwave 

counterparts due to advantages  such as  higher capacity, high security, 

electromagnetic interference immunity, and flexibility of bandwidth [1-3]. The 

superiority of optical fibre communication systems over cabled or microwave 

systems demands an efficient conversion of optical signals to electrical signals and 

vice versa. Thus, an efficient interface between optical and microwave components is 

required for achieving higher performance and improved integration in 

optoelectronic systems. Understandably, the study of the detection of optical signals 

and their subsequent amplification has gained impetus in recent years [4-6]. 

 

Currently, an exploding growth of mobile internet subscribers has ignited a major 

interest in broadband wireless services such as high-speed wireless local-area 

networks (WLAN), broadband wireless access (BWA) and intelligent traffic systems 

(ITS) [7]. In spite of the large interest, millimetre-wave wireless communication 

systems are not yet widespread due to the difficulties in millimetre-wave generation, 

processing and transmission [8]. Fibre-optic technologies have been introduced as 

solutions to the associated problems, resulting in fibre-optic/millimetre-wave data 

transmission systems [9]. The merging of fibre-optic wireline and micro/millimetre-

wave wireless links is referred to as radio over fibre. Such systems transmit RF 

signals and data to antenna base stations through optical fibre [10, 11]. This results in 

a  low loss, huge bandwidth transmission medium and its incorporation with 

previously deployed fibre-optic networks, which makes it an ideal candidate for 

realizing micro-cellular networks in millimetre-wave wireless communication 
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systems such as high-speed wireless LANs, wireless personal networks (WPN) and 

road-to-vehicle communications in ITS [12]. Recently, mobile service providers have 

begun to utilize these fibre-optic technologies for wireless services in closed areas 

where subscribers cannot access antenna base stations, for example, in the shadow of 

a building, for in-building applications and underground areas.  

 

Encouraged by the increasing demand for improved optoelectronic components, a 

large number of devices (emitters, detectors and modulators) has been developed and 

introduced in the past decade, most of them based on III–V semiconductors. Si-based 

optoelectronic detectors have also been investigated as Si electronics is a well-

developed and widespread technology, in which monolithic integration with 

control/driving electronics is possible, with the ensuing potential for low cost. 

Despite high optical responsivity, speed limitations make Si unsuitable material for 

high-speed optical communication. 

 

For the purpose of optical detection, photodiodes are most commonly used. The 

optical signal to be detected is generally weak and requires amplification. Avalanche 

photodiodes (APDs) have been widely employed as optical detectors for their optical 

gain. However, their use is limited as they add noise to the signal and increase the 

noise-equivalent power accordingly. Most receiver-designs employ p-i-n 

photodiodes due to their simple biasing and operation. However, there is always a 

trade-off between the width of the intrinsic layer and the transit times which limits 

the frequency performance of the device [13, 14]. Schottky photodetectors show a 

good frequency response but provide no internal amplification for the signal. 

 

Phototransistors based on metal–semiconductor field-effect transistors (MESFETs), 

high electron mobility transistors (HEMTs), and heterojunction bipolar transistors 

(HBTs) are useful devices because they provide high internal gain without the 

avalanche noise [15-17]. Phototransistors can also be used as optoelectronic mixers, 

which simultaneously perform photodetection and frequency up-conversion in a 

single device [18]. In addition, these phototransistors are fully compatible with 

monolithic-microwave integrated-circuit (MMIC) processes [19, 20]. 
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Compared with field-effect devices, bipolar transistors employ vertical current 

transport, which offers better utilization of wafer area and thus leads to higher power 

density. The bipolar approach also offers higher linearity at higher power levels, 

superior power-added-efficiency, and smaller frequency noise as necessary for RF 

circuits and systems [21]. In addition, HBTs have a simple fabrication process for 

monolithically integrated photoreceivers, when HBTs are used as heterojunction 

phototransistors or the base-to-collector region of the HBT is used as a p-i-n 

photodiode [22]. 

 

Choosing a device technology depends on several factors including system 

specification, application and cost. A comparison of the relative merits of each 

microwave device is described in Table 1-1 [10, 12, 22]. The progress of gallium 

arsenide (GaAs) MMIC technologies has resulted in the development of GaAs-based 

phototransistors which can be integrated with high-speed microwave transistors on a 

single GaAs substrate [23, 24]. The realization of AlGaAs/GaAs heterojunctions has 

accelerated the development of phototransistors both HEMT- and HBT-based 

phototransistors. However, the band gap limitation prevents GaAs- and Si- based 

transistors from detecting optical signals in the long wavelength regions, thus 

limiting their operating range to short wavelength detection only.  

Figures of 
Merit 

Si 
CMOS 

Si 
BJT 

SiGe 
HBT 

GaAs 
MESFET 

GaAs 
HEMT  

GaAs 
HBT 

InP 
HEMT  

InP 
HBT 

Operating 
Frequency 

1 1 2 2 3 2 4 4 

Breakdown 
Voltage 

1 1 2 2 2 3 1 2 

Threshold 
Uniformity  

2 3 3 2 1 3 1 3 

O/p Power 
Density 

1 3 2 2 2 3 2 3 

Low Freq. 
Noise 

2 3 3 1 1 3 1 3 

High Freq. 
Noise 

1 1 2 2 3 1 4 1 

Maturity 
 

3 3 2 3 3 3 1 1 

Cost 
 

3 3 3 2 2 2 1 1 

Table 1.1: Comparison between various techniques and devices in the viewpoint of 
microwave signal processing applications (1-poor, 2-average, 3-good and 4-very good). 



 20 

 

InP-based devices are better suited to high-speed communication when compared to 

GaAs counterparts and material compatibility with long wavelengths (1.3-1.55 µm) 

makes them suitable front-end detectors for long-haul optical applications. Other 

inherent advantages of InP-based HBTs are their lower turn-on voltages, higher 

transconductance, good output current drive and, as mentioned previously, higher 

frequency performance [25].  

 

 Motivated by the inherent advantages of HPTs in general, this project was aimed at 

providing further understanding of the theoretical modelling of the SR of HPTs and 

an investigation into the various material systems used for phototransistors. Ideally, 

these models should be semi-physical, i.e. they should clearly show the relationship 

between the modelled parameters on one side and the dimensions as well as the 

doping concentrations of HPTs on the other side. Only such models allow the 

optimisation of devices, and with the possibility of modelling various physical 

processes inside a device, can lead to intuitive understanding of device function.   

  

Al0.3Ga0.7As/GaAs and lattice matched InP/In0.53Ga0.47As sHPTs have been the focus 

of attention in this project and the spectral response modelling of these devices has 

been successfully achieved through detailed analytical modelling. A comprehensive 

absorption model of double heterojunction phototransistors has also been developed 

and photoresponse modelling has been studied through a modified small-signal 

model. New results obtained with respect to the modelling of such devices are 

reported in this thesis. 

 

A general discussion of the main motivation for this work has been presented in 

chapter 1. The key objectives and various devices examined for this project have 

been outlined. Chapter 2 describes the background theory of heterojunction 

transistors and their uses as photodetectors. Various aspects of semiconductors such 

as band theory, doping, carrier transport, generation/recombination of carriers and pn 

junction theory are discussed. A detailed comparison between photodiodes and 

phototransistors is given which is followed by a spectral response model to predict 

the absorption behaviour of mono-layer detectors. A brief discussion regarding the 

various HBT material systems and their properties es also given. 
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Chapter 3 focuses on the devices used in experiments followed by the experimental 

setup. The doping profiles and micrographs for large geometry Al0.3Ga0.7As/GaAs 

sHPT, InP/In0.47Ga0.53As sHPT and microwave In0.49Ga0.51P/GaAs DHBT are given 

in this chapter, followed by the block diagram of the experimental setup used to 

obtain the electrical characteristics and the SR of HPTs. In chapter 4, an advanced 

optical absorption model for single-HPTs (sHPTs) is proposed, which is then used to 

predict the SR and optical characteristics of an N-p-n Al0.3Ga0.7As/GaAs and an 

InP/In0.53Ga0.47As HPT in two-terminal (floating base) mode. A detailed absorption 

model and optical flux absorption profile is constructed for accurate device 

modelling and the significance of collection efficiency in accurate responsivity 

modelling is highlighted and it is not considered unity (as with the previous state of 

the art). The simulated results are compared to measured data at 635 nm, 780 nm, 

808 nm and 850 nm for a GaAs-based HPT for short wavelength detection. The 

measured results for 980 nm, 1310 nm and 1550 nm using InP-based HPTs for long 

wavelength detecton have also been provided along with the theoretical SR. 

 

In chapter 5, the basic semiconductor equations and transport model, based on the 

current balancing concept for electron and hole injection currents, are reviewed for 

HPT modelling. The SR, based on the formulation of semiconductor continuity 

equations, has been accurately modelled for Al0.3Ga0.7As/GaAs and 

InP/In0.53Ga0.47As HPTs. The effect of doping on the absorption coefficient at near 

band gap wavelengths has been taken into account along with the subtle variation of 

refractive index caused by the changes in incident photon energies. Realistic 

boundary conditions have been considered for efficient HPT operation. A detailed 

analysis of physical and material parameters, inherently associated with analytical 

expressions, has also been provided.  

 

A novel formulation for optical flux absorption in surface illuminated Double-HPTs 

(DHPTs) along with its comparison with single-HPTs (sHPTs) is presented in 

chapter 6. The photoresponse of an In0.49Ga0.51P/GaAs NpN DHBT using a modified 

small signal model has been modelled and compared with the measured results. The 

variation of various intrinsic elements of the device with the optical signal has also 
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been analysed and discussed in this chapter. In the concluding chapter of this thesis, 

various findings from the research study are summarised. This chapter also includes 

proposals for further investigative work based on the research work presented in the 

thesis. 
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Chapter 2 

Heterojunction Bipolar Transistors as 
Photodetectors – An Overview 
 

2.1 Semiconductor Concepts 

A semiconductor is a solid whose electrical conductivity is between that of a 

conductor and that of an insulator, and can be controlled over a wide range, either 

permanently or dynamically. In the formation of a semiconductor crystal, isolated 

atoms are brought close together and they interact with neighbouring atoms. The 

forces of attraction and repulsion between the atoms find equilibrium at the proper 

inter atomic spacing in the crystal. The reduction in inter-atomic spacing causes the 

electron wavefunctions to overlap. To avoid violating the Pauli Exclusion Principle, 

which states that no two electrons can have the same set of quantum numbers, there 

is a splitting of the discrete energy levels of the isolated atoms into new levels [1, 2]. 

 

2.1.1 Band Theory 

The splitting of the energy levels forms a set of bands of very closely spaced levels, 

with ‘forbidden’ energy gaps between them as shown in Figure 2-1. Electrons 

occupy the lowest possible energy bands. However, as these levels become full, they 

do not play a role in determining the electrical properties of the crystal. The two 

highest bands (the valence and conduction bands) are of crucial importance as they 

are separated by the forbidden energy gap (Eg) between them [3]. 
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Figure 2-1. Energy arrangement of (a) an isolated atom, (b) atoms in a solid. 
 

The lowermost unoccupied band is called the conduction band and when electrons 

are excited to the conduction band, the current flows in the semiconductor. The 

difference between insulators and semiconductors is only that the forbidden band gap 

between the valence band and conduction band is much larger in an insulator. This 

forbids the electrons going to the conduction band and the electrical conductivity for 

an insulator is minimal. On the other hand, the metals have high electrical 

conductivity because bands either overlap or are only partially filled. This is 

summarized in Figure 2-2. 

 

  

Figure 2-2. Energy band arrangement in various materials. 
 

On the basis of the energy-momentum (E - k) curves, the semiconductors can be 

classified into two types; direct and indirect semiconductors [4]. 
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2.1.1.1 Direct Semiconductors 

Those semiconductors in which the minimum of the conduction band and maximum 

of the valence band occur at the same value of momentum, k (at k = 0) are referred to 

as direct band gap semiconductors as seen in Figure 2-3(a). Common examples of 

such materials include Gallium Arsenide (GaAs) and Indium Phosphide (InP). Direct 

band gap materials are suitable light emitters such as lasers or light emitter diodes 

(LEDs). 

2.1.1.2 Indirect Semiconductors 

Materials such as silicon and germanium are classed as indirect band gap 

semiconductors as the carriers experience a momentum change in order for the 

generation or recombination process to take place. In these semiconductors the 

minimum of the conduction band and maximum of the valence band do not occur at 

the same value of k. If such semiconductors are considered for optical detection, they 

are usually poor detectors as some part of energy is released in the form of heat.  

 

 

 

 

 

 

 

 

 

 

Figure 2-3. Energy-momentum curves for (a) a direct band-gap semiconductor 
(e.g. GaAs), and (b) an indirect band-gapsemiconductor (e.g. Si). 

 

Valence band

Conduction band

E

K

Eg

Valence band

Conduction band

E

K

Eg

(a) (b)

Valence band

Conduction band

E

K

Eg

Valence band

Conduction band

E

K

Eg

Valence band

Conduction band

E

K

Eg

Valence band

Conduction band

E

K

Eg

(a) (b)



 29 

 

2.1.2 Semiconductor Doping 

Semiconductor characteristics can be altered by doping, in other words, by adding 

impurity atoms to a relatively pure semiconductor material. This results in the change 

in intrinsic characteristics by the addition of induced impurity energy levels. Lightly 

and moderately doped semiconductors are referred to as extrinsic. A semiconductor 

which is doped to such high levels that it acts more like a conductor than a 

semiconductor is called a degenerated semiconductor [5].  

 

The doping process leads to two different types of extrinsic semiconductors 

depending on the number of valence electrons the doping atoms have. These are p-

type and n-type extrinsic semiconductors. The n-type semiconductor will be formed 

when the doping atoms have more valence electrons than those of the doped 

semiconductor, e.g. a silicon crystal may be transformed into n-type material by 

doping it with a five valence electron material such as arsenic. The arsenic atom will 

form covalent bonds with its four neighboring silicon atoms, and the fifth electron 

will be free to act as a negative charge carrier making the material n-type. In this 

case, the arsenic acts as a donor. On the other hand, the p-type material may be 

formed by doping a silicon atom with a three valence electron atom, such as boron. 

The boron atom will form three covalent bonds with three neighboring silicon atoms 

and an electron-deficiency (a hole) is created and therefore boron acts as an acceptor. 

This can be summarized by Figure 2-4. 
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        (a)            (b)  

Figure 2-4. Schematic energy band representation of extrinsic semiconductors 
with (a) donor ions and (b) acceptor ions (adapted from Figure 19 in [6]). 

 

2.1.3 Carrier Transport 

Due to the motion of carriers in a crystal structure, there are bound to be collisions 

between carriers and the atoms which could be lattice atoms or the impurity atoms. 

However, under the influence of an electric field the motion of the carrier changes. 

For instance, an electric field (E) applied to a semiconductor will exert a force of 

magnitude -qE (where q is the charge on electrons) on the electrons. These electrons 

will accelerate in the opposite direction to the field, colliding with the atoms, and an 

additional component of velocity will be superimposed upon its thermal motion. This 

new velocity component is called drift velocity (vd) [6]. vd  is proportional to the 

applied electric field at low values of E, and the proportionality factor is the electron 

mobility (µ) which depends on the mean time between the collisions (τc) and the 

effective mass (m*).  The drift velocity and the mobility can therefore be related by 

(2.1). 
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The negative sign denotes the fact that the drift velocity is in the opposite direction to 

the applied electric field. The electron mobility describes how strong the motion of 

an electron is in the presence of an applied electric field and is given by (2.2). 

*
cq

m

τµ =              (2.2)  

 

When the electric field is sufficiently high, (2.1) no longer remains valid. The 

carriers will collide at a high constant rate no matter how intense the electric field is, 

and the total velocity of the carriers will be equal to the ‘saturation velocity’. The 

associated resistance to the motion of the carriers can be linked to resistivity (ρ) of 

the semiconductor which can be given as [5]: 

    
1

( )n pq n p
ρ

µ µ
=

+
             (2.3) 

 

where n (µn) and p (µp) are the electron and hole density (mobility) respectively. 

Generally, in extrinsic semiconductors, only one of the components in (2.3) is 

significant. Therefore (2.3) reduces to, 

1

nqn
ρ

µ
=  for n-type semiconductor           (2.4) 

1

pqp
ρ

µ
=  for p-type semiconductor           (2.5) 

 

The resistance of a semiconductor material can then be calculated from (2.6): 

   
l

R
A

ρ=                (2.6) 

 

where A is the cross-section area normal to the current direction and l is the length of 

the semiconductor. The motion of carriers generated by the applied electric field 

represents drift current (J), and is written as [5]: 

1
J σ

ρ
= Ε = Ε              (2.7) 

where σ is the conductivity of the semiconductor which is the inverse of resistivity. 
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Another important current component can also exist if the doping concentration is 

not homogeneous throughout the structure, as the carriers move from a region of 

higher concentration to a region of low concentration, resulting in another form of 

current component called ‘diffusion current’. 

 

2.1.4 Carrier Generation/Recombination 

Whenever the thermal condition is disturbed in a semiconductor, some mechanism 

has to take place to restore the equilibrium. If the carriers are injected using optical 

excitation, an electron-hole pair will be generated as an electron makes an upward 

transition from the valence to the conduction band. However, the energy of the 

incident photons should be larger than the band gap of the material (this will be 

discussed further in Section 4.1). This process is called ‘carrier generation’. The 

process that attempts to restore the thermal equilibrium condition is the 

‘recombination’ in the structure. Recombination of electron-hole pairs releases 

energy in the form of photons or heat to the lattice depending upon the type of 

process. When a photon is emitted the process is called radiative recombination; 

otherwise, it is called nonradiative recombination [4, 6]. 

 

2.1.5 p-n Junction 

A p-n junction is formed when n-type and p-type semiconductors make physical 

contact. The difference in the concentration at the interface will produce diffusion of 

carriers from one material to the other. The diffused minority carriers will recombine 

with the majority carriers of the other material. Electrons near the p-n interface tend 

to diffuse into the p region and vice versa. As electrons diffuse, they leave positively 

charged ions (donors) on the n-side. Similarly, the movement of holes into the n-type 

region will leave fixed ions (acceptors) with negative charge. Doping atoms are fixed 

to the lattice and will produce negative and positive space charge regions, which 

together are known as a ‘depletion region’. The neutral side of the p-type material 

along with the neutral side of the n-type material present an electrostatic potential 

difference, this potential difference at thermal equilibrium being known as the built-

in potential (Vbi). This is summarized in Figure 2-5.  



 33 

 

Figure 2-5. Various distributions for a typical uniformly-doped abrupt p n+ −  
junction.  

 

2.1.5.1 Reverse Biased Junction 

When a p-n junction is reversed biased, the free carriers (electrons in n-type and 

holes in p-type) will be attracted to the appropriate bias terminals. This 

rearrangement of carriers will increase the width of the depletion region resulting in 

an increase of the associated electric field. The current at the junction will therefore 

be largely reduced. If the reverse voltage is increased the current will decrease to a 

certain saturation level. This will happen until the junction reaches its dielectric 

break-down point [7].  
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2.1.5.2 Forward Biased Junction 

On the other hand, if a p-n junction is forward biased, the potential barrier in the 

depletion region is largely reduced resulting in majority carrier flow across the 

junction which produces an electrical current that is exponentionally proportional to 

the applied forward voltage. However, the junction terminal has an intrinsic series 

resistance (Rs) which will cause the current to slow down its exponential behaviour 

and eventually behave linearly with the applied voltage. The overall series resistance 

will be the result of the n-type and p-type materials series resistance. This resistance 

is directly proportional to the resistivity and inversely proportional to the terminal 

doping of the semiconductors. The diode equation can then be described as [6]: 

 

   
( )

exp( 1)app S
O

q V IR
I I

nkT

−
= −           (2.8) 

 

where Vapp is the applied voltage, k is Boltzmann’s constant, Io is the saturation 

current and n is the diode ideality factor. n = 1 if the ideal diffusion current 

dominates, however, depending on the number of carriers injected the recombination 

current may become dominant. In this case, the ideality factor decreases. The ideality 

factor may also increase if the materials are not of a good quality. Imperfections due 

to the manufacturing process add to the recombination current and this in turn lowers 

the ideality factor [8, 9]. 

 

2.1.5.3 Intrinsic Capacitances 

Under the influence of forward bias, an excess of carriers is injected from one 

semiconductor to the other. These minority carriers recombine with the existing 

majority carriers and decay exponentially with distance. However, the carriers within 

the diffusion length represent stored charge. This charge gives rise to the ‘diffusion 

capacitance’. On the other hand, the capacitance due to the stored charges in the 

positive and the negative charge regions is called ‘depletion capacitance’. Depletion 

capacitance changes with the applied voltage as the width of the depletion region 

changes. The smaller the depletion region, the larger the depletion capacitance and 

vice versa. In the reverse bias condition, negligible charge carriers can be injected 
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from one material to the other, the diffusion capacitance is negligible and the 

depletion capacitance dominates [10]. However, under the influence of forward bias, 

the charge stored within the diffusion lengths increases and so does the diffusion 

capacitance; therefore, the diffusion capacitance is dominant in forward bias.  

 

2.1.6 Heterojunction Concepts 

A heterojunction is defined as a junction formed between two dissimilar 

semiconductors, such as n-type InP on p-type In0.53Ga0.47As or n-type Al0.3Ga0.7As on 

p-type GaAs. HBTs are in many ways similar to conventional homojunction bipolar 

transistors (BJTs) but have unique features compared to BJTs [11]. With the use of 

heterostructures and by carefully selecting the appropriate band gap and the electric 

fields, it becomes possible (within limits) to control the forces acting on electrons 

and holes, separately and independently of each other - a design freedom not 

rendered by homostructures [12]. 

 

In a practical HBT, a wide band gap emitter (e.g. Al0.3Ga0.7As, In0.5Ga0.5P or InP) 

comes in contact with the narrow band gap base (e.g. GaAs or In0.53Ga0.47As). The 

band energy diagram for such an emitter-base (E-B) heterojunction, before and after 

the two materials are brought into contact, is depicted in Figure 2-6 (a) and (b) 

respectively. 

 

The energy band gaps of the emitter and the base materials are denoted as EgE and 

EgB, while EC and EV are the energy levels at the conduction and valence bands, 

respectively. The subscript ‘E’ and ‘B’ represent the emitter and base regions 

respectively. The electron affinity (qχ) is the energy required to remove an electron 

from the bottom of the conduction band to the vacuum level. Once the junction is 

formed, thermodynamic equilibrium is attained and the alignment of the fermi level 

(Ef) occurs for both materials. The difference in the electron affinities of the two 

materials give rise to a conduction band discontinuity, ∆EC. Similarly, the difference 

in the band gap energies of the two semiconductors gives rise to a discontinuity in 

the valence band, ∆EV. The difference in the band gap, ∆Eg can be related to the two 

discontinuites in the conduction and valence band by the following expression [12], 



 36 

                     g C VE E E∆ = ∆ + ∆                                                                            (2.9) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 2-6. Energy band diagram of a wide band gap N-emitter and narrow band 
gap p-base abrupt heterojunction at thermal equilibrium (a) before and (b) after 

formation. 
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2.1.7 Bipolar Junction Transistors 

In brief, a BJT is a three layer semiconductor device in which a different doped 

semiconductor layer is sandwiched between two layers of semiconductor type 

resulting in an npn or pnp configuration. In practice, for high frequency applications, 

the npn configuration is preferred to the pnp because electrons are the principal 

carriers in the npn configuration and the drift velocity of electrons is higher than that 

of holes [13], yielding better high frequency operation and therefore higher bit rates. 

For amplification purposes, the transistor has to operate in forward active mode. In 

this mode, the B-E junction is forward biased and the B-C junction is reversed 

biased. A detailed mechanism is explained with the help of Figure 2-7. 
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Figure 2-7. Schematic diagram of an npn BJT showinginternal current 
components for emitter ground configuration (adapted from Figure 7-3 in [16]). 

 

The forward biased B-E junction produces an electron current Ien, from the emitter to 

the base, and a hole current (called ‘emitter defect current’ [13]) Iep, into the emitter 

from the base. Ien , then diffuses from the base to collector region through the base 

collector (B-C) junction. Some of the holes injected into the base region recombine 

with some of the electrons in the B-E depletion region giving rise to Iscr. Some of the 

electrons from Ien will recombine with further holes in the base region generating 

Ibulk. The base width must therefore be designed to be much smaller than the 

diffusion length of the minority carriers in order for a large proportion of Ien to reach 
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the collector. Finally, some thermally generated hole leakage current (ICBo) flows into 

the base from reverse B-C junction.  

From Figure 2-7, the emitter, base and collector current components can be 

summarised as follows [14]: 

Emitter current, e b cI I I= +               (from Kirchhoff’s current law)       (2.10) 

Base Current,        b ep bulk scr CBoI I I I I= + + −                  (2.11) 

Collector Current,       c en bulk CBoI I I I= − +                          (2.12) 

 

The common emitter current gain (β ) of the transistor is defined as the ratio of 

collector current to the base current and is written as: 

   c en bulk CBo

b ep bulk scr CBo

I I I I

I I I I I
β − +

= =
+ + −

                                (2.13) 

 

From (2.13), it is noticeable that the device operation mainly depends on the 

contribution of Ien while other currents are strictly nuisance [15]. If the base thickness 

is much smaller than the electron diffusion length in the base, then Ibulk is very small. 

The thermal regeneration current contribution ICBo, and space-region recombination 

current Iscr, are small in comparison with Ien and Iep respectively, hence they can be 

ignored in the calculation of the maximum current gain for homojunction transistors. 

The maximum value of gain is then given as: 

en

ep

I

I
β =                         (2.14) 

In terms of current densities, (2.14) is written as: 

en

ep

J

J
β =             (2.15) 

 

2.1.7.1 Energy Band Diagram 

The energy band diagram of an npn transistor working in forward active mode is 

given in Figure 2-8.  
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Figure 2-8. Energy band diagram of npn BJT under bias in forward active mode. 
 

where Vn and Vp are the valence and conduction band potential barriers for holes and 

electrons respectively.  Using Boltzmann statistics and Fick’s law, the electron 

current density in the emitter-base ideal junction (JEN) and the hole current density in 

the base-emitter ideal junction (JEP) are given by (2.16) and (2.17) respectively [5, 7]: 

expD nb n
EN

B

N qD qV
J

W kT

− =  
 

  p bie beV V V= −         (2.16) 

expA pe p
EP

pe

N qD qV
J

L kT

− 
=  

 
  n bib beV V V= −         (2.17) 

where, 

bieV = built in potential barrier to electrons in the emitter 

bibV = built in potential barrier to holes in the base 

nbD = diffusion constant of electrons in the base 

peD = diffusion constant of holes in the emitter 

DN = donor concentration in emitter 

AN = acceptor concentration in base, and 

peL = diffusion length of holes in emitter. 
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Consequently, the current gain can be obtained from (2.16) and (2.17) as: 

exp ( )D nb peEN EN
p n

EP EP A pe B

N D LI J q
V V

I J N D W kT
β  = = = − 

 
    (2.18) 

 

In homojunctions, Vn = Vp as the semiconductor for the base, collector and sub-

collector layers is the same in BJT’s. Therefore: 

D nb pe
Homo

A pe B

N D L

N D W
β =         (2.19) 

 

In order to maximize the current gain, the emitter has to be highly doped and the base 

doping should be low. The physical width of the base should also be kept low to 

minimize the recombination in the base region. In the forward active mode, the B-C 

junction is reversed biased and if the base region is lowly doped, the base space 

charge region increases excessively, and the electrons reach the base faster, avoiding 

bulk recombination. This phenomenon is referred to as base width modulation and is 

undesirable as it causes a slight increase in the collector current with increasing C-E 

voltage, resulting in nonlinear amplification in transistors [9]. 

 

2.1.7.2 Small Signal Equivalent Model 

In order to obtain the frequency response in BJTs, a small-signal equivalent circuit is 

studied. The structure of the BJT presents depletion and diffusion capacitances in the 

BE and BC junctions. In addition to these capacitances, each layer has its own series 

resistance. When an ideal transistor is biased in active mode, the collector current (ic) 

is related to Vbe by (2.20) [6]: 

   exp( )be
c co

c

qV
i i

n kT
=       (2.20) 

where nc is the collector ideality factor. We can use this to calculate the 

transconductance (gmo) of the transistor, which is defined as [6]: 

   .ce

c
mo V const c

be

i q
g i

V kT=
∂= =

∂
    (2.21) 
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Similarly, the input conductance (gbe) can be calculated by differentiating the base 

current (ib) with respect to teh base-emitter voltage (Vbe) and then substituting the 

base current. The input conductance is given by (2.22): 

.

1
ce

b
be V const b

be be

i q
g i

V kT r=
∂= = =

∂
   (2.22) 

Finally, the high frequency equivalent circuit incorporating all the above elements is 

given by Figure 2-9. 

 

 

 

 

 

 

 

Figure 2-9. Small-signal π - equivalent circuit for BJT at high frequency in 
common emitter configuration.  

 

where, Cπ = Cdep + Cdiff and Cdiff = gm.τf, τf being the forward transit time. RBB’, RCC’ 

and REE’ are the associated series resistances for base, collector and emitter 

respectively. Using the small signal parameters, the cut-off frequency (ft) of a device 

can be found. ft is the frequency at which the short circuit current gain, h21 drops to 

unity which is given by (2.23) [6]: 

2 ( )
m

t
bc

g
f

C Cππ
=

+
                               (2.23)  

While the unity gain frequency, ft, is an important Figure of merit of a bipolar 

transistor, another important Figure of merit is the maximum oscillation frequency 

(fmax). This Figure of merit predicts the unity power gain frequency and indicates the 
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maximum frequency at which useful power gain can be expected from a device. The 

maximum oscillation frequency is linked to ft and is obtained from (2.24) [7]. 

1

2

max
'8

t

BB bc

f
f

R Cπ
 

=  
 

     (2.24) 

From (2.24), it can be seen that fmax depends heavily on the intrinsic base resistance; 

therefore, the doping in the base should be high. However, high base doping 

decreases the current gain as shown in (2.19). Similarly, in order to obtain high gain, 

an increase in the emitter’s doping will cause a high emitter-base capacitance, again 

limiting the high frequency of the device. 

The solution to these BJT doping concentration problems is a BE heterojunction. 

This allows an increase in the base doping and reduction in the emitter doping 

without affecting the frequency response of the device.  

 

2.1.8 Heterojunction Bipolar Transistors 

It is evident from (2.13) that Iep is undesirable and a mechanism must be developed 

to reduce this unwanted motion of holes from the base to the emitter. This can be 

achieved through heterostructures. HBTs are bipolar junction transistors which are 

composed of at least two different semiconductors. As a result, the energy band gap 

and other material properties can be different in the emitter, base and collector. The 

single-HBT (sHBT) consists of a wide band gap emitter and a narrow band gap base 

and collector. The current transport mechanism in the sHBT is the same as in the 

BJT, however, the energy gap variations act on electrons and holes to control their 

distribution and flow, resulting in higher speed and higher frequency capability. 

Moreover, a gradual change or ‘grading’ of the material is possible within each 

region which removes the conduction band spike and yields smooth monotonically 

varying band edges [16]. The energy band diagram of a compositionally graded HBT 

with a discontinuity in the valence band is shown in Figure 2-10. 



 43 

 

Figure 2-10. Energy band diagram of a graded  Npn HBT in forward active mode. 
 

Here, qVn and qVp  are the potential energy barriers heights for electrons and holes 

respectively in B-E junction. In this case (2.18) can be rewritten as [16]:  

 

expD nb pe g

A pe B

N D L E

N D W kT
β

∆ 
=  

 
          (2.26) 

 

∆Eg is in the exponential and controls the value for the current gain. A heterojunction 

can therefore provide us with the freedom to adjust the doping levels in the base and 

emitter without compromising the injection efficiency and still provide adequate gain 

[3]. The base doping can now be significantly larger than for BJTs and thus 

performance is enhanced for both the high frequency and DC aspects. However, the 

large injection efficiency does not necessarily imply that the large value of current 

gain is attainable. It simply implies that the backward hole injection becomes a 

negligible part of the base current compared to the other two recombination currents. 

Therefore, (2.10) can be modified as: 

b bulk scrI I I≅ +           (2.27) 
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The gain will also change as a result of the change in base current. Since Ien >> Ibulk, 

and Ic can be approximated as Ien, (2.13) can be written as: 

en

bulk scr

I

I I
β =

+
         (2.28) 

 

Thus, by comparing (2.13) and (2.28), it can be seen that heterojunction transistors 

can provide better current gain in contrast to homojunction phototransistors. 

 

 In abrupt heterojunction transistors, a discontinuity is present at the emitter-base 

interface. One major disadvantage in this type of structure is the presence of ∆Ec in 

the base conduction band. This discontinuity will tend to collect the injected 

electrons, enhancing the recombination losses at the junction and reducing the gain 

[15]. This also adds to a potential barrier for the electrons from emitter to base and 

thus reduces the Ien / Iep ratio, which is detrimental to the gain. 

  

 

Figure 2-11. Energy band diagram of an abrupt-junction Npn HBT in forward 
active mode. 

 

Figure 2-11 shows the energy band diagram of an abrupt Npn HBT with a notch in 

the conduction band due to ∆Ec. This is undesirable and can be removed by grading 
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the junction properly or by proper choice of materials as well. If materials are chosen 

properly (lattice matched), grading might not even be required.  

 

2.1.9 HBT Material Systems 

 

In HBTs, a large ∆Ec is undesirable since it provides an extra barrier to electron 

injection from the emitter to the base thereby requiring a larger emitter-base forward 

bias voltage. This ultimately lowers the emitter injection efficiency, limiting the 

device current gain for a HBT. By the same analogy, a large ∆Ev
 
is advantageous as 

it limits the reverse injection of holes from the base into the emitter. Table 2.1 lists 

some of the band discontinuities of various HBT material systems [11, 12, 17]. 

 

Material structure 
1gE (eV) 2gE (eV) cE∆ (eV) vE∆ (eV) gE∆ (eV) 

0.3 0.7 /Al Ga As GaAs 1.86  1.42 0.28 0.15 0.43 

0.5 0.5 /In Ga P GaAs 1.92 1.42 0.12 0.38 0.5 

0.53 0.47/InP In Ga As 1.35 0.76 0.25 0.34 0.59 

0.52 0.48 0.53 0.47/In Al As In Ga As 1.20 0.76 0.32 0.12 0.44 

0.5 0.5 /In Al P GaAs 2.35 1.42 0.31 0.62 0.93 

0.75 0.25/Si Si Ge  1.12 0.97 0.02 0.13 0.15 

Table 2.1: Band discontinuities for various HBT material heterostructures. 

 

2.1.9.1 Al0.3Ga0.7As /GaAs HBTs 

Among all the HBT material systems, Al0.3Ga0.7As/GaAs  HBTs have been widely 

studied and have also demonstrated good high frequency performance [18-20]. 

However, Table 2.1 shows that most of the band gap discontinuity is due to the 

conduction band offset which reduces the emitter injection efficiency. Although, this 

problem can be solved by grading the emitter-base junction, this has some drawbacks 

in the form of scattering centres resulting in larger recombination current [21]. In 
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addition, Al in  Al0.3Ga0.7As/GaAs  HBTs generates DX centres, increasing the 

recombination currents further and therefore reducing  the current gain [22]. 

 

2.1.9.2 In0.5Ga0.5P/GaAs HBTs 

In0.5Ga0.5P/GaAs material system has the most desirable band alignment out of the 

III-V compounds shown in Table 2.1 because most of the discontinuity in the band 

structure is in the valence band which limits back injection of holes into the emitter. 

At the same time, the conduction band discontinuity is relatively small which 

increases the emitter injection efficiency without the need for grading. This improves 

the current gain of the device. The problems related to DX centres in Al0.3Ga0.7As are 

not present in In0.5Ga0.5P making it more useful as an emitter. Furthermore, a lower 

surface recombination velocity and the existence of highly selective wet and dry etch 

chemistries for the In0.5Ga0.5P/GaAs material system are among the other advantages 

of In0.5Ga0.5P over Al0.3Ga0.7As [22]. 

 

2.1.9.3 InP/In0.53Ga0.47As HBTs 

InP based HBTs are attractive due to their compatibility with optical sources and 

detectors in optoelectronic integrated circuit applications. The smaller band gap of 

In0.53Ga0.47As (0.75 eV), compared to that of GaAs (1.42 eV) means that a lower base 

emitter voltage is required for operation resulting in a low power consumption for 

these devices, which is advantageous for low power applications [23, 24]. 

Furthermore, HPTs with an In0.53Ga0.47As base have higher peak electron velocity 

and lower surface recombination velocity compared to GaAs-based HBTs [25]. 

These devices have a larger valence band offset when compared to the conduction 

band which allows high injection efficiency with high base doping. In0.53Ga0.47As is 

also lattice matched to InP and therefore no grading of the B-E junction is required to 

remove the potential spike to improve the emitter injection efficiency. 

 

One major problem associated with InP/In0.53Ga0.47As HBTs is very low C-E 

breakdown voltage, typically about 2.5 V. This problem is less severe in DHBTs 

where a wide band gap collector is used [26, 27]. 
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2.1.9.4 In0.52Al0.48As/In0.53Ga0.47As HBTs 

HBTs composed of In0.52Al0.48As/In0.53Ga0.47As have demonstrated excellent 

potential for high speed operation in digital and analog applications [28, 29]. A 

higher value of conduction band offset, compared to valence band offset, implies that 

this material system will have low emitter injection efficiency. On the other hand, a 

large ∆EC enables high energy electron injection into the base, decreasing the base 

transit time [17] and resulting in high frequency operation and high bit rates. In order 

to reduce ∆EC, grading can be used to provide better emitter injection efficiency [30]. 

Another technique to overcome this problem is the introduction of an In0.53Ga0.47As 

spacer layer between the emitter and base [28]. 

 

2.1.9.5 In0.5Al0.5P/GaAs HBTs 

The In0.5Al0.5P /GaAs material system is suitable for HBTs due to one of the largest 

values of ∆EV, seen in any material, namely 0.62 eV. This provides excellent 

reduction of back injection of holes from the base to the emitter. A ∆EC of 0.31 eV 

ensures good emitter injection efficiency and produces high current gains. High 

etching selectivity to GaAs, during the fabrication process, is another important 

advantage of In0.5Al0.5P. Both sHBT and DHBT configurations have been reported 

[17] for this material system.    

 

2.1.9.6 Si/SiGe HBTs 

The Si/SiGe structure looks the most interesting since it has near ideal band 

discontinuities for a HBT. A high current gain can therefore be achieved from these 

devices. Since Si has been firmly established and its material properties have been 

well understood, this technology has been converted to use for Si/SiGe HBTs. 

However, it is important to mention that the mobility of Si (µn = 1400 cm2 / Vs) and 

silicon based devices is lower than other materials like InP (µn = 5400 cm2 / Vs), 

making it less suitable for high frequency devices. Due to the narrow band gaps of 

both Si and Ge, they are not very suitable for high temperature and high power 

applications [17]. Nevertheless, a very high gain can be expected from Si/SiGe-based 

HBTs [31, 32]. 
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2.1.10 Wavelength Sensitivity of Various Material 

Systems 

Regarding wavelength sensitivity of these materials, In0.5Ga0.5P and AlGaAs have 

band gap of 1.92 eV and 1.86 eV respectively. They are transparent to optical 

communication wavelengths of 850 nm (1.38 eV), 1300 nm (0.95 eV), and 1550 nm 

(0.8 eV). If the emitter is made of one of these materials then it will be transparent to 

the optical signal and most of the optical energy will go through the emitter towards 

the base without being absorbed. GaAs has a band gap of 1.42 eV, making it 

sensitive to incident electromagnetic radiation of 800 nm. Therefore, GaAs-based 

devices are suitable for short-wavelength optical detection. Early optical detectors 

were based on Si which is also sensitive to wavelengths from 800 nm to 900 nm and 

is compatible with AlGaAs/GaAs lasers and LEDs. However, Si is an indirect band 

gap material resulting in low conversion efficiency as some of the optical energy is 

converted and dissipated as heat to the lattice structure. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-12. Loss Characteristics of a Silica Optical Fiber showing the three 
wavelengths of interest. After [23]. 

 

From the point of view of telecommunication applications, the wavelength window 

that provide lowest attenuation is 1550 nm and is used in long haul optical links [33]. 

Therefore HPTs that detect long wavelengths are desirable; these must have a base-
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collector band gap of 0.8 eV. InP/ In0.53Ga0.47As lattice matched HPT systems come 

into contention because of the collector band gap of 0.75 eV which is sensitive to 

both the 1300 nm and 1550 nm wavelengths. These wavelengths correspond to the 

low loss windows of optical fibres and have been used for long haul optical fibre 

telecommunications. Apart from the high current driving capacity of 

InP/In0.53Ga0.47As HBTs, the material compatibility allows monolithic integration 

with other optoelectronic devices [34]. 

 

2.2 Photodetection 

Optical detection is the conversion of optical (light) energy to electrical energy 

(current).  Photodetectors in optical communication systems sense the incident 

optical power and convert the variation in the optical power into a corresponding 

varying electric current. In order for a semiconductor device to be useful as a 

photodetector, some property of the device should be affected by optical radiation. 

The most commonly used property is the conversion of light into electron-hole pairs 

that can be detected in a properly chosen circuit.  

 

Photodetection involves electron excitation from the valence band to the conduction 

band and is referred to as intrinsic absorption, while those excitations involving 

impurity centres within the material are known as extrinsic absorption. However, due 

to its associated efficiency and fast response it is the former process which is of 

general interest. For intrinsic transitions possible near the band edge for direct band 

gap semiconductors such as GaAs and In0.53Ga0.47As, the absorption coefficient is 

given by (2.29) [2, 6]. 

( ) ( )(1/2)(3/2)*
g6 1n

o

ν Em
α ν 3 10 (cm )

m ω

h
h

h
−

 −   ≅ ×  
    

                                               (2.29) 

 

The absorption coefficient is zero above a cut-off wavelength given by λc. λc is 

shown in (2.30).  

1.24
(µm)

(eV)c
g g

hc

E E
λ = =                                                                                       (2.30) 
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The absorption coefficients for the two materials are shown as a function of 

wavelength in Figure 2-13. The detailed absorption aspects and their variation with 

carrier concentration is described in section 4.1. However, it is useful to establish 

that the absorption is wavelength dependent and beyond the cut-off wavelength the 

absorption is negligible. The cut-off wavelength of GaAs is about 870 nm and for 

In0.53Ga0.47As it is 1550 nm as seen from Figure 2-13. 
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Figure 2-13. Absorption coefficient for In0.57Ga0.43As and GaAs as a function of 
incident wavelength. 

 

2.2.1 Photodiodes 

Photodiodes are frequently used in a variety of applications, including optical 

communications, isolation, and motion detection and control. A photodiode is 

constructed by doping a semiconductor material to form a p-n junction. When a 

photon of sufficient photon energy strikes the diode, it may excite an electron 

thereby creating a mobile electron and a positively charged hole. If the 

photoabsorption occurs in the junction's depletion region, or one diffusion length 

away from it, these carriers are swept from the junction by the built-in field of the 
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depletion region, producing a photocurrent [2]. The semiconductor materials 

commonly used are silicon, indium, aluminium, gallium, and arsenic. Depending 

upon the process and materials used, photodetectors can be optimized for any part of 

the spectrum from ultraviolet to infrared. Photodiodes are packaged in such a way as 

to focus the incoming light through a lens, and occasionally through an optical filter, 

directly onto the diode junction. The photons in the incident light break covalent 

bonds in the depletion region, producing electron-hole pairs that are swept across the 

junction by the electric field imposed by the external bias circuit. The resulting 

current is proportional to the intensity of the incoming light [35]. Modelling the 

photodiode as an RC circuit is common practice, as is shown in Figure 2-14. 

 

Figure 2-14. Equivalent circuit of a photodiode 
 

Here Cj is the junction capacitance, Rj is the junction resistance, Rs is the series 

resistance and RL is the external load resistor. Ip is the photogenerated current which 

is given by [35]:   

opt
p

q P
I

h

η
ν

=
                (2.31) 

 

where Popt is the average optical power and η is the quantum efficiency. h, υ and q 

have their usual meanings of Planck’s constant, frequency and electron charge 

respectively. is is the shot or white noise which is frequency independent, has a 

Gaussian distribution and is given as a mean value in the circuit which is given as 

[35]: 

    
2 2 ( )s p b di q I I I B〈 〉 = + +

   (2.32) 
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where B is the bandwidth of the measurement. Shot noise is caused by background 

radiation (Ib), the dark current (Id), and noise from photocurrent itself. The thermal 

Johnson noise it due to the random movement of the carriers in the resistive elements 

is given by (2.33) [35]:  

2 4 (1 )t Li KT R B〈 〉 =     (2.33) 

 

2.2.1.1 Factors limiting the Speed of Photodiodes 

The speed of a photodetector depends on the following factors: 

• Diffusion of carriers 

• Drift transit time in the depletion region  

• Capacitance of the depletion region.  

  

The slowest or the bottleneck of the three processes is the diffusion of carriers to the 

high electric field depletion region from outside that region. To minimize this slow 

effect, carriers should be generated near or in the depletion region. The second 

process, transit time, is the time required for the carriers to drift across the depletion 

region and get swept out of the device. With sufficient reverse bias, these carriers 

will drift at their saturation velocities, on the order of 3 x 106 cm/s for GaAs. Lastly, 

the capacitance of the device will determine its RC time constant, where R is the load 

resistance (usually 50 Ω). To maximize photodiode response, the transit time is 

typically designed to be comparable to the RC time constant [35]. 

 

If the depletion region is thick, a high number of photocarriers will be generated; 

however, the transit time will limit the frequency response of the photodetector. On 

the other hand, if the depletion region is kept thin, the capacitance of the junction 

will increase resulting in the reduction of ft. Similarly, if the carriers are generated 

away from the high electric field (depletion) region, there will be an additional time 

delay experienced by the carriers that diffuse in the depletion region. Thus materials, 

dimensions and the mode of operation play a very important role in modelling the 

responsivity and the frequency response of photodetectors. 
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2.2.1.2 Common Types of Photodiodes 

The most common type of photodiodes are p-i-n, avalanche photodiodes (APD) and 

Schottky photodiodes. 

2.2.1.2.1 p-i-n Photodiodes 

p-i-n photodiodes are diodes with a wide, undoped or a slightly-doped intrinsic 

semiconductor region between p-type and n-type semiconductor regions. The 

electrical conductivity of the photodiode is a function of the signal intensity, 

wavelength, and the modulation rate of the incident radiation [6]. The depletion 

region of a p-i-n photodiode exists almost completely within the intrinsic region, 

which is a constant width (or almost constant) regardless of the reverse bias applied 

to the diode. This intrinsic region can be made large, increasing the area where 

electron-hole pairs can be generated. Figure 2-15 shows the cross-section and 

operation of a p-i-n photodiode [5]. The photogeneration occurs in the depletion 

region if the energy of the incoming signal is greater than the band gap of the 

material. The resulting photogenerated electron-hole pair is separated by the 

depletion layer. However, if this does not occur fast enough, electron-hole pair 

recombines. For the forward bias circuit, the electrons are swept into the p-type and 

holes into the n-type and in order to maintain the charge neutrality carriers are 

injected through the bias circuit. One extra electron flows in the bias circuit for every 

photon absorbed in the depletion region or within a diffusion length [10].  

 

 

 

 

 

 

 

 

 

 



 54 

 

 

 

 

 

 

 

 

 

   

 

 

 

 
 
 
 

Figure 2-15. Cross-sectional view of a p-i-n photodiode. 
 

 2.2.1.2.2 Schottky Photodiodes 

A Schottky diode uses a metal-semiconductor junction as a Schottky barrier instead 

of a semiconductor-semiconductor junction as in conventional photodiodes. This 

Schottky barrier results in both very fast switching times and low forward voltage 

drop. The Schottky diode is a ‘majority carrier’ semiconductor device. This means 

that if the semiconductor body is doped n-type, only the n-type carriers (mobile 

electrons) play a significant role in the operation of the device. Hence there is no 

slow component associated with minority carrier effects in the p+ region of a p-i-n 

photodiode [36]. The majority carriers are quickly injected into the conduction band 

of the metal contact on the other side of the diode to become free moving electrons. 

The most evident limitations of Schottky diodes are the relatively low reverse 

voltage ratings and relatively high reverse leakage current resulting in a thermal 

stability issue. 

 2.2.1.2.3 Avalanche Photodiodes 
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In the avalanche photodiodes the free electrons and holes created by absorbed 

photons accelerate, gaining several electron volts of kinetic energy. Collisions of 

these fast carriers with neutral atoms cause the other electrons to break out of the 

valence shell. The electron-hole pairs generated as a result of collision ionization are 

called secondary carriers. As the primary carriers create secondary carriers, the 

secondary carriers themselves accelerate and create new carriers resulting in a chain 

reaction referred to as avalanche-multiplication. APDs require high-voltage power 

supplies for their operation [37] and add to circuit complexity. APDs are very 

temperature sensitive, further complicating circuit requirements, and are always less 

reliable than p-i-n photodetectors. 

 

2.2.2 Heterojunction Phototransistors 

In phototransistors, most of the radiation falls upon the emitter and the base. In order 

to generate photocurrent, the radiation has to reach the base-collector depletion 

region. If the emitter is wide-band gap compared with the radiation wavelength, 

radiation goes unattenuated through the emitter towards the base. This incident 

radiation gets absorbed in the base and base-collector region resulting in photo-

generated electron-hole pairs. The depletion-layer serves to separate the photo-

generated electron-hole pairs. However, if this does not occur fast enough (generally 

for the carriers generated outside the diffusion lengths), the carriers recombine which 

in turn destroys electron-hole pairs. This energy is released in the form of heat (for 

direct band gap) or heat/light (for indirect band gap) materials. HPTs work in a 

forward active mode in which B-C junction is reverse biased and the B-E junction is 

forward biased. The electron-hole pair generated, for photons absorbed in the B-C 

depletion region or within the diffusion length, will effectively add to the ICBo 

component of the base current (Figure 2-7). The ratio of photogenerated current (Iph) 

to incident optical power (Popt) is the responsivity (R) of the detector. It indicates 

how well the optical signal is converted into an electrical signal which can be given 

as: 

       p

opt

I
R

P
=             (2.34) 



 56 

Quantum efficiency (ηq) is the ratio of number of electrons generated per second to 

the number of incident photons per second and it is given by (2.35). 

   
/

/
p

q
opt ph

I q

P E
η =                        (2.35) 

where Eph is the energy of a photon, given as: 

   ph

hc
E

λ
=                          (2.36) 

 

Substituting (2.34) and (2.36) into (2.35) gives (2.37). 

    q

hc
R

q
η

λ
=                   (2.37) 

This shows that the quantum efficiency is directly proportional to the responsivity of 

the detector for a given wavelength. The internal gain is achieved through the normal 

transistor action whereby the optical signal absorbed affects the base current (in three 

terminal orientation) or generates a virtual base current (two-terminal devices). 

Figure 2-16 shows the flow of photo-generated electrons and holes in the depletion 

region for a AlGaAs/GaAs HPT. It also shows the experimental setup of HBTs under 

illumination when input base current is added. 
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Figure 2-16. Cross-sectional view of the HPT in forward active mode under 
illumination. 

 

From Figure 2-16, it is clear that absorption occurs in the base, base collector and 

collector region. The absorbed optical signal gives rise to an optical current (Ip). 

Under the active common-emitter operation, B-C is reversed biased and the 

photocurrent adds to the reverse leakage current to the base. So, the production of 

photocurrent in the base is amplified by internal transistor gain. It can be seen that 

the absorption process is similar to p-i-n detection but the phototransistor has an 

inherent current gain which gives rise to the amplification of photocurrent unlike 

ordinary p-i-n diodes. 

 

 2.2.2.1 Two-Terminal HPT 

In the absence of any electrical contact at the base, the arrangement is referred to as 

2T-HPT. Incident light at the base terminal provides a steady bias current for the 

transistor. The frequency operation of 2T- HPT is degraded as compared to 

corresponding 3T-HBT operation. At low incident power, the optical gain of the 
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HPT is generally small due to recombination at the base-emitter heterojunction, 

resulting in a small collector current, which in turn results in a longer charging time 

for the junction capacitance. Consequently, the gain-bandwidth product tf  is small 

[38].  The 2T arrangement is shown in Figure 2-17. 

 

 

Figure 2-17.    2T HPT Configuration  
 

In Figure 2-17(a), the transistor is working in the forward active mode with base 

current provided by the incident photonic radiation. Figure 2-17(b) is the equivalent 

electrical model for Figure 2-17(a) with Ip as the photo-generated base current. The 

current flow in the 2T-HPT can be discussed with the help of Figure 2-18.  

 

 

Figure 2-18. Current flowing in a 2T-HPT under illumination. 
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Recalling (2.10) and making reference to Figure 2-18, it can be seen that some of the 

original Ien is lost due to recombination in the depletion region and in the base bulk. 

The fraction of this current that reaches the collector (frc) can be written as: 

   '
c enfr Iα γ=          (2.38) 

where, γ is the emitter injection efficiency and α
’ is the base transport factor. The 

fraction of this current that gets absorbed in the base (frc) can be expressed as: 

   '(1 )b en c enfr I fr Iα γ= − = −               (2.39) 

 

The hole current entering the base is a combination of ICBo and Iph. In order to 

maintain charge neutrality, this hole current should be equal to the fraction of emitter 

current absorbed in the base. This gives: 

   '(1 )CBo ph eI I Iα γ+ = −                                        (2.40) 

 

Since the transistor is working in the two-terminal configuration, the measured 

current in the emitter will be equal to the magnitude of the electron flow injected 

from the emitter into the base. Thus, we can replace Ie for Ien in (2.40). From Figure 

2-18, the collector current Ic can be expressed as: 

   '
c CBo ph eI I I Iα γ= + +                      (2.41) 

 

Substituting (2.40) into (2.41), the collector current can be written as: 

   
'

'
( )

1c CBo ph CBo phI I I I I
α γ

α γ
= + + +

−
       (2.42) 

where 
'

'1

α γ
α γ−

 is the current gain of the transistor [15], so (2.42) becomes: 

   ( )c CBo ph CBo phI I I I Iβ= + + +         (2.43) 

 

Note that when no incident radiation is present, the dark current will also be 

amplified by the gain of the transistor. This shows that phototransistors are inherently 

noisy. The optical gain, G2T-HPT is given by [39]: 

   2T HPT BCG βη− =           (2.44) 

where ηBC is quantum efficiency of the base-collector gathering layer.  
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The responsivity can then be given as [6, 39]: 

    2T HPT BCR Rβ− =           (2.45) 

where BCR  is the responsivity of the base-collector junction.  

 

2.2.2.2 Three-Terminal HPT 

If an input base current is added to the incident optical energy, the arrangement is 

known as 3T-HPT. This arrangement improves the optical gain and the frequency 

response of the HPT’s when used as photodetectors [38, 40]. However, it increases 

the shot noise which degrades the signal-to-noise ratio [41]. The arrangement is 

shown in Figure 2-19.  

 

 

Figure 2-19. 3T HPT Configuration 
 

The additional hole current (Ib,ext) in 3T-HPT configuration is obtained from the 

external bias (Vbe). The collector current of a HBT under dark conditions can be 

given as: 

    ,c b extI Iβ=             (2.46) 

 

However, when the HPT is illuminated the photo-generated current contributes 

directly to the gain and the collector current under illumination (Ic,ill) is given as: 
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    , ,( )c ill ill b ext ph phI I I Iβ= + +           (2.47) 

  

where βill  is the current gain under illumination. The photoresponse (∆Ic) of the 3T-

HPT may be expressed as the difference of the collector current under-illumination 

and under dark conditions [40] and can be written as: 

    ,c c ill cI I I∆ = −            (2.48) 

 

Substituting (2.46) and (2.47) in (2.48) gives (2.49): 

    ,( 1) ( )c ph ill b extI I Iβ β∆ = + + ∆
                               (2.49) 

where ∆β = βill  - β. Thus the optical gain is the ratio of photoresponse to the primary 

photocurrent in the base. The final expression for the optical gain can be given as 

[40]: 

     ,
3 ( 1) b ext
T HPT ill

ph

I
G

I
β β−

 
= + + ∆   

 
                                (2.50) 

 

2.3 Spectral Response Model for Detection 
 

2.3.1 Basic Absorption Mechanism 

This section explains the process of optical detection in a semiconductor and the 

different parameters affecting it. The first consideration is to determine the optical 

power absorbed at any point in a semiconductor layer when incident radiation falls 

on it. On reaching the surface of the semiconductor, light of incident power (Po) will 

be reduced to Po(1 - Rf), where Rf is the Fresnel reflection coefficient. On passing 

through the semiconductor, the light will be absorbed and the attenuation will lead to 

an exponential decay of the propagating radiation power density with distance. This 

is shown in Figure 2-20. 
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Figure 2-20. Schematic Illustration of the attenuation of the optical power density 
with the depth below the incident surface. 

 

Here, α is the attenuation coefficient and is dependent on the characteristics of the 

material. This is a strong function of threshold wavelength of the material. The 

intensity of the power at different locations in the material can also be ascertained 

from Figure 2-20. If the power absorbed between two points is to be calculated, say 

xa and xb, the difference of power between the two points is the power absorbed 

within that region, i.e. P(xa) – P(xb). The principle explained above can be used for 

semiconductor photodetectors. 

  

A photodetector is capable of detecting only radiation with photon energy hυ greater 

than the band gap, Eg of the device material. However, if hυ is much greater than Eg, 

then the absorption will take place entirely near the surface and as the photon energy 

increases, the penetration depth decreases. The electron-hole pairs created by 

absorption of the high energy photons near the surface of the detecting device (i.e., 

away from the junction or the adjacent diffusion fields) is not useful. A large 

proportion of these photogenerated carriers will recombine with majority carriers 

before diffusing into the depletion layer. This event does not contribute to the current 

flow and is undetectable [42]. Figure 2-21 shows a layer of semiconductor, layer 2, 

bounded at 'A' by layer 1 and at 'B' by layer 3. 
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Figure 2-21. Schematic of optical flux propagation, absorption and reflection for a 
multilayered semiconductor device. 

 

It is assumed that layer 1 is completely transparent to the incoming flux and each of 

these layers is assumed to have homogenous material properties and constant doping 

concentration. Thus the flux absorbed as a function of the wavelength for layer 2 

(фabs2(λ)) can be expressed as [43], 

( ) ( ){ }2 2[ ] [ ]
2 1 1( ) [ ( ) ( )]. exp expa b

abc ref
α λ α λλ λ λ − −Φ = Φ − Φ −

       (2.51) 

 

The parameters involved are; 

ф1= The incident flux from layer 1 at the layer1/layer 2 interface 

ф2=The absorption coefficient of layer 2 

a = The distance of the first boundary of layer 2 from the air 

b = The distance of the second boundary of layer 2 from the air 

фref1 = the reflected flux from layer 1 at the layer1/layer 2 interface given as, 

 

2

2 1
1

2 1

( ) ( )
( )

( ) ( )ref

n n

n n

λ λλ
λ λ

 −Φ =  +     (2.52) 

 

where, 

1n  = refractive index of layer 1 at a given λ. 

2n =  refractive index of layer 2 at a given λ. 
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2.3.2 Monolayer Detection for InP and GaAs 

The simulation results from the detection model for InP and GaAs are given and 

discussed in this section. However, only the monolayers are considered for simplicity 

at this point and multilayer absorption using HPTs is discussed in section 4.1.  The 

optical data used for GaAs and InP layers is obtained from the literature [44, 45]. 

Referring to (2.51), the fraction of flux absorbed versus wavelength for InP and 

GaAs is given in Figure 2-22. It is clear that the maximum absorption occurs at a 

wavelength close to the corresponding band gap of the materials. 
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Figure 2-22. Simulated results (MATLAB) for the fraction of flux absorbed as a 
function of wavelength for 10 µm mono-layers of InP and GaAs. 

 

Absorption for InP is maximum in the wavelength of region 920-950 nm. The 

absorption at any other wavelength is relatively minimal. This is due to the reason 

that the wavelength corresponding to the band-gap of InP is 925 nm (Eg = 1.34 eV). 

Thus, the maximum absorption should take place close to this critical wavelength. 

Associated parameters such as refractive index and the absorption coefficient are 

strongly dependent on the band gap of the material. InP will be transparent for 

wavelengths beyond 950 nm and therefore devices with InP-emitters (e.g InP/ 

In0.53Ga0.47As HPTs) are suitable for long wavelength detection.  
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Similarly, most of the absorption for GaAs occurs close to the 873 nm wavelength 

which corresponds to the band gap of GaAs. Thus GaAs devices cannot be used for 

detecting wavelengths beyond 870 nm and are therefore restricted to short 

wavelength detection at 850 nm.  
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Chapter 3  
 

Device Structures and Experimental Setup 
 
 

3.1 Device Structures 
The device layer structures and the micrographs for the Al0.3Ga0.7As/GaAs sHPT, 

InP/In0.47Ga0.53As sHPT and In0.49Ga0.51P/GaAs DHBT are presented in this chapter. 

 

3.1.1 AlGaAs/GaAs sHPT 

The Al0.3Ga0.7As/GaAs HBT on K15 is an Npn transistor with a graded B-E junction. 

The layer structure is shown in Table 3.1 followed by the schematic device structure 

in Figure 3-1. Layer 1 of the structure is a thick (roughly 400µm) GaAs substrate 

which is undoped to keep it semi-insulting. Alternatively, this could also be doped 

with Cr to settle any free carriers in it [1]. The sub-collector is highly doped to make 

low resistance n-type ohmic contacts. The collector is lightly doped to keep the 

breakdown voltage as low as possible during reverse-bias condition. This is followed 

by a heavily doped GaAs base to provide low base resistance and efficient p-type 

ohmic contacts [2]. The B-E junction is graded, hence a couple of thin AlGaAs 

layers on either side of the emitter are present for gradual grading of the junction and 

to minimize the conduction band discontinuity. The emitter itself is a wide-band gap 

Al0.3Ga0.7As which is followed by GaAs on the top to facilitate the n-type ohmic 

contact.  

 

Good ohmic contacts are required for good device performance. In theory, ‘ohmic’ 

refers to a linear I-V characteristic in both directions. However, in practice, the 

contact is usually acceptable if it can supply the required current density with a 

voltage drop that is very small compared to the drop across the active region of the 

device even though its behaviour may not be strictly linear. Other desirable 

properties of ohmic contacts include good adhesion to the semiconductor, smooth 

surface morphology, ability to bond gold wires to connect the device to external 
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circuitry and contact reliability. Therefore, a practical ohmic contact system often 

consists of a ‘wetting agent’ to promote adhesion, followed by the dopant species 

and finally a thick layer of Au for bonding purposes [3]. The ohmic contacts for 

AlGaAs/GaAs sHBT are shown in Figure 3-2. 

Table 3.1: Layer structure for graded emitter/base junction AlGaAs/GaAs sHBT.  

Layer Material Mole 
fraction 
(%) 

Thickness 
(µm) 

Doping 

(cm-3) 

Type Dop-
ant 

Comments 

8 GaAs - 0.19 5x1018 n Si Cap layer 

7 AlxGa1-xAs 30 - 0 0.02 5x1017 n Si Grading layer 

6 AlxGa1-xAs 30 0.15 5x1017 n Si Emitter 

5 AlxGa1-xAs 0 - 30 0.02 5x1017 n Si Grading layer 

4 GaAs - 0.09 2x1019 p C Base 

3 GaAs - 0.5 2x1016 n Si Collector 

2 GaAs - 1.0 5x1018 n Si Sub-collector 

1 GaAs - 400 U/D S-I  Substrate 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-1. Schematic device structure of AlGaAs/GaAs sHBT with numbers (1-8) 
being referred to Table 3.1. 

 
 
   

1

2

3

4

8
6 7

5

≈ ≈

n-type ohmic contact: 
Ni/AuGe/Ni/Au

p-type ohmic contact:
Au/Zn/Au

1

2

3

4

8
6 7

5

≈ ≈

n-type ohmic contact: 
Ni/AuGe/Ni/Au

p-type ohmic contact:
Au/Zn/Au



 73 

 

 

 

 

 

 

 

 

Figure 3-2. Typical metallization structure for (a) Ni/AuGe/Ni/Au on n-type GaAs, 
(b) Au/Zn/Au on p-type GaAs with a SI GaAs substrate 

 

Ni/AuGe/Ni/Au is the most commonly used n-type contact to the GaAs system. 

However, this system has several frailties such as balling up during annealing as a 

result of liquid phase reactions, non-uniform contact resistivity and spiking [3]. An 

alternative which addresses many of these issues is the Pd/Ge/Au system [4, 5].  

 

The usual p-type contact for GaAs is the Au/Zn/Au system where Zn atoms act as 

acceptors. In devices such as HBTs the base is very thin and junction shorting due to 

Au spiking is often more of a concern than the resistivity, especially for high 

temperature or high current applications. In this case, Pt/Ti/Au can also be used as an 

alternative [6]. The micrograph of the fabricated Al0.3Ga0.7As/GaAs HPT is shown in 

Figure 3-3. The base-emitter and the base- collector junction areas are calculated to 

be 2.3 x 104 µm2 and 1.4 x 105 µm2 respectively. 
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Figure 3-3. Micrograph of a fabricated Npn Al0.3Ga0.7As/GaAs HPT on K15 
(emitter contact diameter = 135 µm). 

 

3.1.2 InP/InGaAs sHPT 

The InP-based structure was grown by the MOCVD technique on a Fe-doped SI 

substrate. The base was Zn-doped and the detailed layer structure is given in Table 3-

2. The B-E and B-C junction areas are 2.3 x 104 µm2 and 1.4 x 105 µm2 respectively. 

Table 3.2: Layer structure for lattice-matched InP/In0.47Ga0.53As HPT.  

Layer Material Dopant Thickness(µm) Doping (cm-3) 
Cap n+- InGaAs Si 0.1 2 x 1019 

Emitter Cap n+-InP Si 0.05 2 x 1019 
Emitter n- InP Si 0.1 3 x 1017 
Spacer Ud-InGaAs ud 0.01 ud 
Base p+-InGaAs Zn 0.1 2 x 1019 
Collector n-InGaAs Si 0.4 5 x 1016 
Sub-Collector n+-InGaAs Si 0.4 2 x 1019 
Buffer ud-InP Ud 0.5 ud 
Substrate SI-InP Fe   
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The metal system for ohmic contacts for the n+- InGaAs layer is based on Ti/Au 

composite. A thickness of 500 Å and 1000 Å was used for Ti and Au metals, 

respectively. The advantage of using Ti/Au is that no alloying is required and they 

can be used to contact both highly doped n- and p- type InGaAs structures, reducing 

the number of processing steps required [7]. Ti/Au has also been applied to the n-

type InP layer. It has been shown through bias stress measurements, that Ti/Au 

contacts are more reliable and do not degrade with time at elevated temperatures 

when compared with conventional Au/Zn/Au contacts for p-type metal contacts in 

HPT devices [8]. The micrograph of the fabricated device is shown in Figure 3-4. 

 

 

Figure 3-4. Micrograph of a fabricated Npn InP/In0.47Ga0.53As HPT on MR2021 
(emtter contact diameter = 130 µm). 

 

3.1.2 InGaP/GaAs DHBT 

The microwave device under review is a double InGaP/GaAs HBT with an E-B area 

16 x 20 µm2  and B-C area of 16 x 26 µm2 . The design provides high breakdown 
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and low turn-on voltage. The epitaxial layer structure and the detailed doping profile 

of the device is shown in Figure 3-4 and Table 3.2 respectively [9]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5. Epitaxial structure of the InGaP/GaAs DHBT.   
 

Material Thickness (Å) Doping (cm-3) Dopant Comments 

n+-InGaAs 300 1x1018 Si 

n+-GaAs-InGaAs 300 1x1018 Si 

n+-GaAs 1000 8x1018 Si 

N+-In0.49Ga0.51P 300 6x1018 Si 

Cap layer 

n-In0.49Ga0.51P 1000 5x1017 Si Emitter 

p+-GaAs 800 2x1019 C Base 

n--GaAs 300 1x1016 Si Spacer 

n+-InGaP 50 2x1018 Si Doping spike 

n--In0.49Ga0.51P 4650 3x1016 Si Collector 

n+-GaAs 7000 5x1018 Si Sub-Collector 

S.I. GaAs 635µm u/d - Substrate 

Table 3.2:  Doping profile of the InGaP/GaAs DHBT. 

 

In the doping profile, the substrate is semi-insulating GaAs. This acts as a dielectric 

and stops carriers from going down and being confined to the collector. In addition to 

base, emitter and collector layers, highly doped layers are deposited either side of the 
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collector and emitter to facilitate an ohmic contact, these being placed on the contact 

layers after exposure by photolithography. The collector is lightly doped to reduce B-

C capacitance and increase the cut-off frequency of the device. The spacer layer 

helps to lower the conduction band spike and lower the width of this barrier, thus 

improving the tunnelling transmission across it [10]. The micrograph of the device is 

shown in Figure 3-6 and the detailed view of the active region of the device is given 

in Figure 3-7. 

 

     Figure 3-6. Micrograph of the InGaP/GaAs DHBT under review. 
 

 

Figure 3-7. Active region of the device with marked lengths, Emitter width = 20 
µm, Emitter/base length = 16 µm and Base width = 26 µm. 
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3.2 Laser Operation and Characterisation 
 

LASER is the acronym for ‘light amplification by stimulated emission of radiation’. 

Semiconductor lasers are devices of great importance to optical communication 

systems due to their small size, high efficiency and high speed of direct modulation. 

The operating principle for laser is not very different from that for a light emitting 

diode (LED). For the laser to work, in addition to the injection provided by the 

forward biased p-n junction, there are requirements of stimulated emission and 

optical feedback [11]. A necessary condition for lasing is the separation of quasi- 

Fermi levels (corresponding to the non-equilibrium concentrations of electrons and 

holes) must exceed the energy of the emitted radiation, i.e. stimulated emission in 

excess of absorption occurs when a photon is likely to cause a downward transition 

of an electron from the conduction band with the emission of a photon of the same 

energy and phase, than the upward transition from the valence to conduction band 

with the absorption of a photon [12]. This downward transition from the conduction 

to valence band with absorption of the photon is known as negative absorption. 

 

When forward bias is applied to the p-n junction, a current will flow through it and 

non-radiative and radiative recombination processes take place according to the 

energy-band structure of the semiconductors. If the forward bias is high enough such 

that the injected carrier density creates a population inversion over a diffusion length, 

then over this region, the carriers will recombine radiatively producing spontaneous 

emitted photons. In addition, the cleaved walls at the two ends of the semiconductor 

structure act as a mirror, resulting in optical feedback. The spontaneous emitted 

photons can stimulate upward and downward transitions resulting in new stimulated 

emitted photons. Solid-state lasers are made of materials of which the stimulated 

emission is possible; furthermore, if the rate of such stimulated emission is 

sufficiently high, the medium exhibits gain and at that point lasing starts. The current 

at which the gain exceeds losses within the active region, or spontaneous incoherent 

emission is replaced by stimulated emission of radiation, is known as the threshold 

current [13, 14] . 
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3.3 Experimental Setup 

Laser diodes were inserted into a case with proper BNC electrical contacts for the 

input electrical signal. The temperature of the laser diodes was kept constant at room 

temperature by not using it for extended periods of time. This was done for the 

reason that the semiconductor band gap varies with the change in temperature. This 

can affect the conducting wavelength of a laser, which will result in variation of 

absorption within the semiconductor. The input pulse signal is driven from a HP 

8082A pulse generator. The amount of input current to drive the laser diode is varied 

by changing the DC offset voltage taken from pulse generator and accurately 

monitored by using an oscilloscope.  

 

Figure 3-8. Block diagram of the setup to characterise laser diodes. 
 

 

In order to monitor the amount of current (through) and voltage (across) the laser 

diode (LD), two digital millimetres were used as depicted in Figure 3-8. The amount 

of power emitted by the LD (at the end of the optical fibre) is recorded for a specific 

voltage drop across the LD, which was then referred to carefully estimate the power 

falling on the base region of the phototransistor. For instance, a 635 nm Sanyo DL-

3148-033 AlGaAs/GaAs laser diode with maximum power output of 5 mW is used to 
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characterise the phototransistors for 635 nm. Due to the orientation of the experiment 

set-up, the power falling on HBT cannot be measured for every single different 

value. In order to measure how much power is expected for laser emission, an output 

chart was maintained which is shown in Figure 3-9. It can be observed that the laser 

diode starts lasing approximately at 1.5V and the threshold current is 25.6 mA. 

 

 

Figure 3-9. Measured output characteristics for Sanyo DL-3148-033 laser diode. 

 

The HPT wafers under investigation were set on a four DC-probe station. Three 

probes were specifically connected to the HPT terminal points and the fourth one 

was connected to optical fibre to illuminate the device base terminal with incident 

optical radiation. The LD is aligned to a multimode optical fibre (50µm core 

diameter) using collimating and focusing lenses. The optical radiation at the end of 

optical fibre is measured with an Anritsu optical power sensor MA 9802A, which is 

connected to an Anritsu optical power meter ML 092A.  
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The input signal to the laser is driven by a HP 8082A pulse generator and the input 

current is modified by changing the DC offset voltage of the signal from the pulse 

generator. The block diagram of the experimental set up is shown in Figure 3-9. L1 is 

a collimating lens and is used to obtain a parallel beam which is focused on the 

optical fibre through focusing lens L2.  The end of the optical fibre is placed at the 

focal length of L2 (fo, L2) for optimal alignment.  

 

The semiconductor parameter analyzer (SPA) is capable of accurately measuring and 

graphically displaying DC characteristics of semiconductor devices. By appropriate 

programming of the SPA, the measured data are recorded in spreadsheet format and 

a network connection in the SPA allows the saving of data in any network location. 

For instance, voltage sweeping in the collector probe at fixed steps of current in the 

base probe with the emitter probe grounded, gives the current-voltage (I-V) 

characteristics of a transistor under investigation.  

 

 

Figure 3-10. Block diagram of experimental setup to obtain the DC electrical 
characteristics and the SR of HPTs. 
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Chapter 4 

Spectral Response Modelling of HPTs  
 

 

A key performance parameter of HPTs is their spectral response (SR) which is 

critical to their usage in optical applications. The modelling of SR for photodiodes 

has been extensively reported [1-5], however modelling of absolute spectral response 

of HPTs has been limited to relative or normalised cases [6-8]. This deficiency in the 

modelling of absolute SR is related to some simplistic assumptions taken from 

photodiodes and then applying these to HPTs modelling. For example, collection 

efficiency (ηc), which determines the amount of photons absorbed within the active 

structure of a phototransistor, has been considered to be unity in all previous studies 

[6, 8, 9] which is, largely, not the case. In p-i-n photodiodes, ηc can be taken as unity 

due to a large intrinsic absorption layer between p and n semicondunctors. However, 

in surface-illuminated HPTs, ηc may not be unity due to the limitations in the vertical 

depth of the absorbing (base-collector depletion) region for efficient transistor action. 

Material properties, carrier concentrations, temperature of operation and incident 

photon energy may also affect ηc, thus affecting the prediction of the spectral 

response. Hence, a careful analysis of ηc is imperative in order to accurately model 

the spectral response of HPT devices. 

 

Another parameter which affects the optical absorption significantly is the variations 

of absorption coefficient (α) with doping level in the device but this effect is usually 

not taken into account in the published literature [9, 10]. These variations, in 

conjunction with different rates of recombination in various layers of the transistor 

can make the theoretical results deviate considerably from the experimental data. 

Therefore, it is imperative that these aspects should be taken into account during the 

construction of the optical flux absorption profile (PAP) of detectors. Furthermore, 

subtle variations in refractive index caused by changes in the incident energy should 

also be incorporated. Other important parameters in the characterisation of HPTs are 

optical gain and noise-equivalent power (NEP). Optical gain incorporates internal 
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gain and the coupling efficiency of the transistor for SR modelling. NEP, along with 

responsivity, takes into account the leakage currents in phototransistors [11]. A 

thorough understanding of these parameters is paramount to the correct prediction of 

optical characteristics of HPTs and it is highly beneficial in the design optimisation 

of future phototransistors.  

 

In this chapter, an advanced optical absorption model for single-HPTs (sHPTs) is 

proposed. This is then used to predict the SR and optical characteristics of an N-p-n 

Al0.3Ga0.7As/GaAs HPT in two-terminal (floating base) mode. The simulated results 

are compared to measured data at 635 nm, 780 nm, 808 nm and 850 nm wavelengths. 

The generic absorption model considered should be valid for all material systems 

(e.g. InP/In0.53Ga0.47As) involving HPTs with minor modifications according to the 

material system. All these considerations have been taken into account to model the 

SR for InP/In0.53Ga0.47As devices and this is compared with the measured data at 980 

nm, 1310 nm and 1550 nm wavelengths. 

 

4.1 Methodology 

The spectral response and optical characteristics of N-p-n Al0.3Ga0.7As/GaAs and 

InP/In0.53Ga0.47As HPTs have been modelled by accurately predicting the proportion 

of photogenerated carriers produced by the incident optical signal in the base, 

collector and sub-collector regions of the device layer (Figure 4-1). The photocarriers 

lost due to recombination have been taken into account [12] and the net 

photogenerated carriers have then been linked to the input base current for operation 

of the transistor in forward-active mode. This allows the prediction of optical 

characteristics and SR of phototransistors. Optical flux absorption and propagation 

through the device layers have been analysed in detail, such that ηc and the effect of 

doping on absorption characteristics in various layers are incorporated for modelling.  

A numerial computing language (MATLAB) was used to carry out the simulations.  
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Figure 4-1. Schematic of optical flux absorption and propagation in various layers 
of an N-p-n HPT along with the schematic energy band diagram. 

 

4.2 Optical Flux Absorption 

Optical flux absorption is a material and wavelength-dependent phenomenon. The 

absorption process in various layers of an HPT depends on both the band gap of the 

material and the wavelength of the incident radiation. The devices under review in 

this section contain a single heterostructure between the base and the emitter layers. 

The wide band gap emitter is considered transparent, for the wavelength of interest, 

and the incident signal passes through the emitter and the absorption of optical power 

is initiated from the base layer as shown in Figure 4-1. Fresnel reflection at the air-

emitter interface is thus irrelevant here as the base of the HPT is illuminated directly. 

The bulk collector is depleted due to a large built-in potential between the highly 

doped p-type base layer and a low doped n-type collector layer. From Figure 4-1, the 

optical absorption in the active layers of transistor has been modelled by (4.1) to 

(4.4). 
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where φabs1, φabs2, φabs3 and φabs4 are the flux (photons/sec) absorbed in the emitter, 

base, collector and sub-collector of the transistor respectively. αb, αc and αsc are the 

absorption coefficients (cm-1) for the base, collector and sub-collector layers 

respectively. xb, xc and xsc are the widths of the base, collector and sub-collector 

layers respectively. φ(a) = φinc(λ) - φref(λ,nb) is the value of flux at x = a, φinc(λ) = 

Pin / Eph is the incident flux radiation and φref(λ,nb) = φinc(λ)[1-Rf(nb)] is the reflected 

flux radiation from the base surface. Eph = hc/λ is the incident photon energy, and Rf 

is the Fresnel reflection coefficient [15]: 
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where, nb and n0 are the refractive indexes of the base layer and free space 

respectively, c is the velocity of light, h is Planck’s constant and λ is the wavelength 

of the incident photons. 

 

The reflected flux from the surface of the semiconductor layer can be minimized by 

using an antireflective coating. However, the devices under investigation did not 

have the coating so the effect of this has been incorporated into the analysis. 



 88 

Experimentally measured data, from the literature [13-17], of optical properties for 

InP, InGaAs, AlGaAs and GaAs are shown in Figure 4-2.  

 

Figure 4-2. Measured refractive indices of various semiconductors as a function of 
incident wavelength. After [18].  

 

From Figure 4-2 it is observed that for both the InP/InGaAs and  AlGaAs/GaAs 

system, the refractive index for the narrower band gap material is greater than that of 

the large band gap counterpart for wavelengths beyond 400nm. This property is often 

used to design semiconductor optical waveguides, rather like optical fibers, to 

confine light inside a narrow band gap material which is inserted between two layers 

of large band gap material. Indeed, this property is often a prime advantage for edge 

coupled optical detectors such as double heterojunction phototransistors made from 

the InP/InGaAs system [18]. 

 

4.3 Absorption Coefficient 

The absorption coefficient for various undoped material systems have been shown in 

Figure 4-3. It is useful to note that band gap variations occur with changes in the 
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doping concentration. At high doping concentrations, majority and minority band 

edges tend to undergo a noticeable shift,  

 

Figure 4-3. Measured absorption coefficients of various undoped semiconductor 
materials as function of incident wavelengths. After [18]. 

 

resulting in the reduction in the band gap of material. This is usually associated with 

band gap narrowing (BGN) and can have sizable impact on device characteristics. 

BGN affects the HPT’s intrinsic characteristics as well as the absorption pattern for 

its various layers.  

 

The absorption constant varies for various doping concentrations and should be 

accounted for in the development of the flux absorption profile. This effect is more 

obvious for the incident wavelengths closer to the band gap of the material. At 

smaller wavelengths, the effect is minimal due to the higher energy of incident 

photons resulting in an absorption coefficient less receptive to the incident 

wavelength. A detailed analysis for GaAs-based  HPTs shows a considerable shift in 

α with different carrier concentrations and the relevant data is shown in Figure 4-4. 

This is a plot of absorption coefficients (for all three layers) from 800-885nm which 
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has been extracted from the published data [19] . From Figure 4-3 it can be seen 

clearly that the absorption coefficient varies for different doping levels at 

wavelengths closer to the band gap of GaAs (870nm). However, for wavelengths 

lower than 800nm the effect of doping on absorption coefficient is minimal which 

results in a constant value of absorption coefficient (α = 3.42 x 104 cm-1) for base, 

collector and sub-collector [13]. The doping dependence of absorption coefficient for 

the InP/InGaAs system is rather minute. A slight variation in the absorption 

coefficient with different carrier concentration has been seen and taken into account 

for the device modelling. The values are given in Table 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-4. Variation of absorption coefficient, α, with doping concentrations for 
both (a) n- and (b) p-GaAs layers. 

 

1E16 1E17 1E18 1E19

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

N
D
 (cm-3)

(a)

A
bs

or
pt

io
n 

co
ef

fic
ie

nt
, α

  (
x 

10
4  c

m
-1
)

1.55eV, 800nm

1.5eV, 826nm1.45eV, 855nm

1.4eV, 885nm

1E16 1E17 1E18 1E19

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.4eV, 885nm

1.5eV, 826nm

1.55eV, 800nm

A
bs

or
pt

io
n 

co
ns

ta
nt

 α
 x

 1
04  , 

(c
m

-1
)

N
A
 (cm -3)

(b)

1.45eV, 855nm



 91 

4.4 Collection Efficiency, ηc 

ηc relates the amount of optical flux entering the base layer to the actual amount of 

useful flux absorbed by the device and this has been modelled by (4.6) [20]: 

  
( )

1
( )C

d

a

φη
φ

= −                                       (4.6) 

 

where φ(a) is the flux at the surface of the base layer and φ(d) is the value of flux at 

the end of the highly doped sub-collector layer (Figure 4-1).  The collection 

efficiency, also referred to as conversion efficiency, depends on various factors such 

as incident signal wavelength, semiconductor doping, device material and layer 

widths. Maximum ηc can be achieved if all the flux is absorbed in the base, collector 

and the sub-collector of HPT layers and no photons propagate through to the 

substrate. However, due to the thickness limitation of the device layers, some flux 

may propagate through to the highly resistive substrate. As mentioned before, the 

flux absorbed in the substrate will not contribute towards the photoresponse and this 

will lower the responsivity, thus making ηc a vital parameter in accurate SR 

prediction. 

 

4.5 Spectral Response, SR 

SR specifies the responsivity of a photodetector at every incident wavelength. The 

responsivity, by definition, is the ratio of photogenerated current (Iph) to the incident 

optical power (Pin). The first step in the modelling of SR involves the estimation of 

total photogenerated current (Iph) resulting from optical absorption,  and can be 

represented as [20]: 

   
0

(1 ) eph f

d
x

oI q R d xαβ φ α −= −∫           (4.7) 

 

where β is the internal current gain of the transistor, q is the charge of electron and 

(1-Rf)Φo α exp(-αx) is the optical generation rate [3, 4] in the active layers of the 

device. By definition, the SR can be written as: 
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where (1-Rf)Φo is the value of input flux at x = a (Figure 4-1) so it can be represented 

by Φ(a) and Φ(a)Eph is the input power (Pin) at the surface base layer. No input flux 

will be absorbed in the wide band gap emitter (due to the incident illumination 

arrangement of the set-up) and the flux absorbed in the semi-insulating substrate 

does not contribute towards the photoresponse and can be ignored in SR prediction. 

Now (4.9) can be expanded to: 
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where φ(b) and φ(c) are the values of input flux at x = b and x = c respectvely (Figure 

4-1). 

 

Optical absorption is a distance-dependent phenomenon and hence a change in the 

origin (in the lower-limit of integral) is necessary for accurate prediction of SR. This 

modification has been proposed to the absorption model presented in the earlier work 

[7, 8], which was only valid for relative spectral response estimation. The electron-

hole pairs generated from photon absorption in the fully-depleted collector layer will 

be swept across by a strong electric field towards the sub-collector and base regions 

respectively. Therefore, it is assumed that no recombination will occur in the 

depleted collector. The generation-recombination in the active regions, surface 
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recombination and the leakage currents are considered to be the same as in the 

forward-active mode of transistor operation. These effects in the neutral emitter 

region can also be ignored because hole injection is efficiently suppressed by the use 

of a wide-band gap/small-band gap (AlGaAs/GaAs or InGaAs/InP) heterostructure 

[21].  

 

The slow moving photocarriers generated in the sub-collector, however, go through 

the process of recombination in this region. The recombination model [12] employed 

for this region takes into account both Auger and non-radiative (trap-assisted) 

recombination under the low minority carrier injection approximation (which is 

applicable for the HPTs in two-terminal configuration). Under these conditions Rspec 

can be written as: 
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1 e 1 e 1
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+
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 (4.11) 

 

where Lp is the hole minority carrier diffusion length in the sub-collector.  The 

photogenerated holes in the base region modify the emitter-base junction for the 

current to flow similar to the holes injected from the electrical terminal in forward 

active mode of operation. Therefore, the recombination in the base layer has been 

ignored. The predicted spectral response using (4.11) is given in Figure 4-5 along 

with the measured results. 

 

4.2 Modelled and Measured Results 

In this section the modelling results for the SR including collection and quantum 

efficiency for both material systems (GaAs and InP) are given and discussed. 

 

4.2.1 Short Wavelength Detection 

This section will include SR modelling results and analysis for the 

Al0.3Ga0.7As/GaAs HPT as used for short wavelength detection. Figure 4-5 shows the 

predicted SR for the Al0.3Ga0.7As/GaAs HPT along with the modelled collection and 
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quantum efficiencies for the entire short-wavelength spectrum. Wavelengths 

increment of 50 nm are used for high granularity and accurate prediction. The 

measured values of  
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Figure 4-5. Simulated and measured (at 635 nm, 780 nm, 808 nm and 850 nm) 
spectral response for the Al0.3Ga0.7As/GaAs HPT along with its collection 

efficiency, ηc and quantum efficiency, ηq (VCE = 2.5V). 
 

responsivity at 635 nm, 790 nm, 808 nm and 850 nm show  very good agreement to 

the predicted data. The base region of the phototransistor under investigation has 

been illuminated directly and so it is assumed that no input flux gets absorbed in the 

emitter region. However, if modelling is performed for absorption through 

transparent contacts and a wide band gap emitter then the responsivity will be lower 

below 680 nm which corresponds to the band gap of the Al0.3Ga0.7As emitter layer 

(1.8 eV). This will occur as most of the incident signal below 680 nm will be 

absorbed in the wide band gap emitter and does not go through amplification under 

the transistor action. Material properties such as absorption coefficient and refractive 

index used for simulation are taken from  [13, 19]. In order to analyse the spectral 

response data in Figure 4-5, it has been divided into three wavelength regions: 
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• The first region (0-350 nm) shows increasing responsivity, R, and decreasing 

ηq. R rises with incident flux rate (photons/sec) which increases with 

wavelength for constant optical power. At the same time ηc tends to unity 

with photon absorption taking place in the base and collector layers. ηq 

decreases due to the increase in the refractive index of GaAs with increasing 

wavelengths [13].   

 

• The second region (350-700 nm) shows rising R and nearly constant ηq. R 

rises as incident flux rate increases and ηc tends to unity. ηq remains fairly 

constant due to minimal variation of refractive index in this wavelength 

region for the GaAs base layer. 

 

• The third region (700-1000 nm) is most significant since it contains the short 

wavelength of transmission (850 nm). Theoretically, the threshold 

wavelength for GaAs photodetectors should be around 870 nm. However, it 

can be seen in Figure 4-5 that R and ηq start decreasing well before 870 nm 

for two reasons. Firstly, band gap variation occurs with doping which lowers 

the threshold wavelength. This is incorporated by adding the effect of doping 

on the absorption coefficient for GaAs [19]. Secondly and more importantly, 

ηc falls significantly at around 775 nm which causes R and ηq to drop.  

 



 96 

40 60 80 100 120 140 160 180 200
-0.5

0.0

0.5

1.0

1.5

2.0

simulated - Iph,sub

simulated - Iph,sc

simulated - Iph,b

simulated - Iph,c

measured - Iph,total

simulated - Iph,total

Input power, P in (µµµµW)

(a)

P
ho

to
ge

ne
ra

te
d 

cu
rr

en
t, 

I
ph

,x
  (

m
A

)

λ = 635 nm

40 60 80 100 120 140 160 180 200

0.0

0.5

1.0 λ = 850 nm

simulated - Iph,sub

Input power, P in (µµµµW)

(b)

P
ho

to
ge

ne
ra

te
d 

cu
rr

en
t, 

I
ph

,x
  (

m
A

)

simulated - Iph,sc
simulated - Iph,b

simulated - Iph,c

measured - Iph,total

simulated - Iph,total

 

Figure 4-6. Measured and simulated photogenerated currents with input optical 
power for various Al0.3Ga0.7As/GaAs HPT layers at (a) 635nm and (b) 850nm (VCE 

= 2.5 V).  
 

In order to analyse ηc, the responsivity of every absorbing layer should be taken into 

account. ηc is strictly wavelength and device vertical width dependent parameter. For 

the device under consideration, the vertical depth is constant so the effect of incident 

wavelength is studied for investigation of ηc. Two wavelengths, 635nm and 850 nm, 

are used for the analysis of collection efficiency. Figure 4-6 shows the current-power 
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relationship of each layer at various incident powers. The total photogenerated 

current (Iph,total) at 635nm is higher than that at 850 nm for the same input power. 

This is due to the increased photo-absorption in the substrate at 850 nm which does 

not contribute towards the photoresponse. In other words, ηc at 635 nm is very close 

to unity since a very small amount of flux propagates through to the substrate, 

resulting in a high responsivity. However at 850 nm, ηc slumps to less than 50% as 

flux absorption in the substrate dominates. Thus, both responsivity and quantum 

efficiency suffer as a consequence and this is clearly illustrated through Figures 4-5 

and 4-6. Collection efficiency has been modelled, in terms of flux propagation 

through the device, by (4.6). However, it can also be written in terms of 

responsivities of each absorbing layer and is modelled as: 

 

. .

. .

( ) ( ) ( )
( )

( ) ( ) ( ) ( )
b cl scl

c
b cl scl sub

R R R

R R R R

λ λ λη λ
λ λ λ λ

+ +=
+ + +

                                (4.12) 

 

where Rb, Rcl., Rscl and Rsub are the responsivity contribution of base, collector, sub-

collector and substrate respectively (Rsub not contributing towards the 

photoresponse). In order to achieve higher collection efficiency and in turn higher 

responsivity at 850 nm, the device layers should be re-designed. However, this 

directly affects the performance of the phototransistor and therefore careful 

optimization is necessary to design an optimal phototransistor.  
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Figure 4-7. Optical flux absorption profile for the Al0.3Ga0.7As/GaAs HPT at 
various incident wavelengths for incident power of 100 µW. 

 

The optical flux absorption profile for the Al0.3Ga0.7As/GaAs sHPT at 500 nm, 635 

nm, 780 nm and 850 nm has been constructed in Figure 4-7. The photo-absorption in 

each layer at 850 nm varies due to different absorption coefficients and absorption 

widths of the device layers. The rapid absorption in the collector layer results from a 

larger absorption coefficient (αc = 8.5 x 103 cm-1) than that of the base (αb = 5 x 103 

cm-1) and the sub-collector (αsc = 0.2 x 103 cm-1). However, at 635 nm and 500 nm 

the absorption coefficient is independent of doping and thus can be modelled as a 

single-exponential [19]. At 780 nm, the response tends to shift from single-

exponential to layer dependent absorption and the variation in α is minute.  

 



 99 

0.0 0.5 1.0 1.5 2.0 2.5

0.0

0.5

1.0

1.5

10

50 

150 

I p
h

 (
m

A
)

Vce(V)

(a)

predicted

measured
λ = 635nm

100

Pin(µW)

 

0.0 0.5 1.0 1.5 2.0 2.5

0.00

0.25

0.50

0.75
predicted

10 

50 

150

I p
h

 (
m

A
)

Vce(V)

(b)

measured

λ = 850nm
100

Pin(µW)

 

Figure 4-8. Measured and modelled output characteristics of the 
Al0.3Ga0.7As/GaAs HPT at various input optical power for (a) 635nm and (b) 

850nm. 
 

Finally, the optical characteristics for the Al0.3Ga0.7As/GaAs HPT at 635 nm and 850 

nm are shown in Figure 4-8. The detailed absorption model, presented in this work, 

allows the accurate prediction of photocarriers in the active layers of the 

phototransistor which, when related to the base current of transistor in the forward 

active mode, enables the prediction of optical characteristics. A detailed MATLAB 
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program used to predict optical characteristics is presented in Appendix D of the 

thesis. Close agreement between the measured and predicted photocurrents is 

observed as the effect of doping and change in the collection efficiency are 

incorporated for the absorption model. Some discrepancy between the measured and 

predicted optical characteristics may be due to slight doubt in the coupling of optical 

fibre to the device.  

  

4.2.2 Long Wavelength Detection 

GaAs-based material systems can only detect signals for wavelengths shorter than 

about 870 nm. Therefore, for Long and medium wavelength detection InGaAs based 

device are usually used. The device under investigation is a lattice matched 

InP/In0.47Ga0.53As system and the SR model has been used to calculate the 

responsivity of these devices.  
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Figure 4-9. Simulated and measured (at 980 nm, 1310 nm and 1550 nm) spectral 
response for the InP/In0.47Ga0.53As HPT along with its collection efficiency, ηc and 

quantum efficiency, ηq (VCE = 2 V). 
 

Figure 4-9 shows the predicted SR for the InP/In0.47Ga0.53As HPT along with the 

modelled collection and quantum efficiencies for the long wavelength spectra. The 
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measured values of responsivity at 980 nm, 1310 nm and 1550 nm have also been 

shown on the plot and show good agreement with the theoretical data. The InP 

emitter is considered transparent and the absorption starts from the base region. In 

principle, two terminologies can be used to state this claim. First, if the emitter 

contact is made transparent (window effect) then there is selective absorption 

depending on the wavelength of the incident radiation [11, 18]. This implies that if 

the energy of the incident photon is smaller than the energy-gap of emitter, then the 

radiation will reach the base unattanuated (no photo-absorption occurs in the wide 

band gap emitter). A second possible alternative is to illuminate the base layer 

directly with external radiation to excite the carriers. As per the design of HPTs and 

experimental orientation, the second scheme is employed in this work. From Figure 

4-9, it can be inferred that the responsivity is higher in the 980-1300 nm wavelength 

region as the absorption coefficient is higher and the photon influx is constantly 

increasing. Responsivity gradually lowers with increasing wavelengths and the cut-

off wavelength of detection for the device under investigation is around 1700 nm.  

 

Collection efficiency on the other hand falls sharply as the wavelength increases, 

unlike the GaAs-based devices discussed in section 4.2.2. This is mainly due to the 

fact that the layer structure is different for both devices and therefore a direct 

comparison is not appropriate. However, it gives a good reference for the devices 

having a smaller absorption layer width resulting in lower collection efficiency.  The 

quantum efficiency is also been shown in Figure 4-9 and it decreases gradually with 

wavelength due to the decrease in both photo-generated current and with increasing 

wavelengths and the collection efficiency. 

 

The optical flux absorption profile of the InP/In0.47Ga0.53As HPT is shown in Figure 

4-10. The absorption at 800nm and 980nm is same for the three absorbing layers as 

the absorption coefficient for the layers is constant (α(800nm) = 6µm-1 and α(980nm) 

= 4 µm-1) [18]. However, the effect of change in absorption coefficient at 1310nm 

and 1550nm is obvious from Figure 4-10. In this case, the absorption is layer 

dependent and the absorption coefficients for base, collector and sub-collector at 

1300 (1550) nm are 1.55 (0.85)µm-1, 1.16 (0.68)µm-1 and 1.16 (0.68)µm-1 

respectively [16]. With reference to Figure 4-1, the flux propagation, Φ(x) in 
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different layers of the device can be written as (4.13) and has been used to model the 

optical PAP in Figure 4-10. 
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Figure 4-10. Optical flux absorption profile for the InP/In0.47Ga0.53As HPT at 
various incident wavelengths for incident power of 100 µW. 

 

Figure 4-11 shows the photogenerated current at different input optical powers. 

Close agreement between the measured and predicted photocurrents is observed due 

to the detailed absorption analysis performed for these devices. It can be seen that the 

turn-on voltage for these devices is significantly lower than those of GaAs-based 

devices seen in Section 4.2.1. This mainly occurs due to the inherent advantage of 

the InP/InGaAs material system with a smaller base region band gap resulting in 

lower turn-on voltage and offset voltage and in turn lower power dissipation in 

MMIC circuits [22].   
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Figure 4-11. Measured and modelled output characteristics of the 
InP/In 0.47Ga0.53As HPT at various input optical power for (a) 980nm and (b) 

1550nm. 
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Chapter 5 

Analytical Modelling of the Spectral 
Response 

 
A renewed interest in HPTs has been seen in the past decade for their use in the 

front-end of optoelectronic monolithic microwave/millimetre-wave integrated circuit 

(OEMMIC) optical receivers based on HBTs [1-5]. Monolithic integration implies 

that the detectors (HPTs/photodiodes) and amplifiers (HBTs) share common 

epitaxial layers or device layers are grown on top of each other [6]. The latter process 

is cost ineffective which makes it unattractive for industrial manufactures of 

photoreceivers. On the other hand, in the shared epitaxial structures, the 

compatibility of HPTs with HBTs in fabrication methods makes them highly 

attractive in the manufacturing of high-speed photoreceivers. However, the inevitable 

design tradeoffs degrade the receiver performance[7, 8]. Hence, there is a need to 

critically analyse several important parameters of these devices which can further 

revolutionise their use and extend their range of functionality from ordinary sensors 

to high speed optical networks.  

 

To date, most receiver designs have employed p-i-n photodiodes as photodetectors. 

However, theses devices exhibit no internal (intrinsic) gain and the increased 

capacitance due to large intrinsic absorption layer is known to be the limiting factor 

for high frequency operation of the photoreceivers. Metal-semiconductor-metal 

(MSM) photodiodes, on the other hand, have low capacitance per unit area relative to 

p-i-n photodiodes (due to a Schottky-like contact) which make them suitable for high 

frequency operation [10]. However, their temperature instability, lack of internal gain 

and complicated epitaxial growth and fabrication process make their use limited [11, 

12]. The advantage of HPTs over avalanche photodiodes (APDs) is evident from 

their low noise operation along with their relatively simple biasing conditions as 

compared to APDs. Other devices such as MESFETs and HEMTs have also been 

considered for photoreceivers but their high frequency operation (millimetre-wave 
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and beyond) still remains an issue [13]. In summary, HPTs provide an exciting 

alternative to the above mentioned devices for the manufacture of high speed optical 

receivers based on HBTs [14, 15]. 

 

Spectral responsivity modelling for photodiodes has been extensively investigated 

and reported [16-19]. Bouhdada et al. [16] have modelled the responsivity of p-i-n 

photodiodes with the impact of surface recombination velocity. Hanzaz et al. [17]  

have performed the same task for AlxGa1-xN p-n junction photodiodes and have also 

discussed the influence of doping on the exposed zone thickness. A spectral response 

model for Schottky photodiodes has been reported by Zheng et al. [18]  and the 

temperature dependent model for infrared photodiodes has been analysed by 

Gonzales-Cuevas et al.[19] . In contrast, analytical modelling of the spectral 

response for HPTs is rather limited. Chand et al. [20] have formulated analytical 

expressions for responsivity, however the boundary conditions in their investigation 

are highly implausible for efficient HPT operation and no experimental comparison 

has been provided. Several other attempts at predicting SR have been either limited 

to the relative or normalized response [21, 22] or they require prior knowledge of 

device electrical characteristics [23, 24] .  

 

In this chapter, we formulate expressions for flux dependent collector current, and in 

turn responsivity for HPTs along with a detailed analysis on Al0.3Ga0.7As/GaAs and 

InP/In0.47Ga0.53As HPTs. This analysis gives insight into the direct influence of 

different parameters (base width, carrier concentration etc.) on the device 

performance, thus, providing a valuable optimization tool for the future design of 

HPTs in optical receivers.  

 

5.1 Device Modelling 

The SR model is based on a formulation of the semiconductor continuity equations 

with suitable boundary conditions at the junctions of the active device layers. The SR 

modelling must take into account all of the related physical parameters. The effect of 

doping on the absorption coefficient at near band gap wavelengths has been taken 

into account along with the subtle variation of refractive index caused by the changes 
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in incident photon energies. The schematic for a phototransistor (Al0.3Ga0.7As/GaAs 

HPT) structure is shown in Figure 5-1. 

 

 

Figure 5-1. Schematic device structure of the Al0.3Ga0.7As/GaAs HPT showing the 
incident radiation on the base region. 

 

The base surface of the device has been illuminated using an optical fibre and the 

incident flux is absorbed through the optical window between emitter and collector 

contacts. The photo-absorption occurring in the base-collector depletion region and 

within the diffusion lengths of minority carriers will contribute towards the 

photoresponse. The steady state continuity equations governing the distribution of 

minority carriers for low-injection state will be discussed in the next section. These 

incorporate drift and diffusion mechanism of excess minority carriers along with the 

photo-generation and recombination effects. 

 

5.1.1 Semiconductor Continuity Equation 

The basic continuity equation for semiconductor device operation describes the 

behaviour of carriers in the semiconductor under the influence of an external electric 

field that cause the deviation from thermal-equilibrium conditions [25]. When excess 
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carriers are introduced in a region of a semiconductor, their concentration will be 

affected by recombination and by flowing out of the volume, if an electrical contact 

is provided. Similarly, the numbers of carriers inside the volume can be increased by 

photogeneration as well as by flux of carriers into the volume [26]. The rate at which 

the electron (hole) concentration changes in the p (or n) type semiconductor is given 

by (5.1) and (5.2) [27]: 

         . n
n n

Jn
G R

t q

δ
δ

= − + ∇                                                            (5.1) 

                                  . p
p p

Jp
G R

t q

δ
δ

= − − ∇                                                           (5.2) 

 

where, Gn and Gp are the electron and hole generation rate, respectively, caused by 

external influence such as the optical excitation or impact ionization under large 

electric fields. The electron (or hole) recombination rate in a p (or n) type 

semiconductor is Rn (Rp). The electron (hole) concentration, n (or p) increases with 

time, t if more electron (holes) are generated than destroyed. Jn and Jp are the 

electron and hole current densities respectively consisting of a diffusion current due 

to a gradient in the density (from higher to lower concentrations due to Fick’s Law) 

and a drift current due to the applied electric field, E [28]: 

    n n n

dn
J q nE qD

dx
µ= +                                                      (5.3) 

p p p

dp
J q pE qD

dx
µ= −                                                     (5.4) 

 

The diffusion coefficient (D) and the mobility (µ) for both electrons and holes are 

related by the Einstein relationship [29]: 

n n

kT
D

q
µ=                                                                      (5.5) 

p p

kT
D

q
µ=                                                                      (5.6) 

 

where q is unit charge, k is Boltzmann constant and T is the absolute temperature. 

The continuity equations in (5.1) and (5.2)  become, 
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2

2n n n n n

n E n n
G R n E D

t x x x

δ µ µ
δ

∂ ∂ ∂= − + + +
∂ ∂ ∂

                                 (5.7) 

2

2p p p p p

p E p p
G R p E D

t x x x

δ µ µ
δ

∂ ∂ ∂= − − − +
∂ ∂ ∂

                               (5.8) 

 

5.1.2 Basic Assumptions 

 Equations (5.7) and (5.8) are applicable for a three-dimensional analysis of transistor 

operation. To describe the electrical characteristics of practical transistors reasonably 

accurately, a one-dimensional approach is sufficient, although even this is 

complicated [28]. Consequently, for compact device modelling, certain assumptions 

can be made to simplify the mathematics considerably, for instance in (5.7) and (5.8) 

steady state conditions can be applied which imply:  

    0
n

t

δ
δ

=  

and  

0
p

t

δ
δ

=  

 

The HPTs under consideration are uniformly doped and therefore it can be assumed 

that there are no built-in electric fields outside the depletion regions. In addition, the 

doping in the bulk semiconductor regions is high enough to ensure high conductivity 

so that the voltages only drop across the depletion zones. This ensures that carriers 

move under the influence of diffusion only and the electric field can be set to zero.   

 

5.1.3 Photogeneration 

Photogeneration occurs in the semiconductor device due to incident optical 

illumination if the energy of the incident photons is larger than the band gap of the 

semiconductor material. It has been assumed that there is no (or very little compared 

to optical generation) thermal generation of carriers other than that due to optical 

absorption in the device active layers. The optical generation rate can be modelled by 

(5.9) [27]: 
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( ) e x
oG x αφ α −=                                                        (5.9) 

 

where, Φo is the incident flux density and α is the absorption coefficient of the 

semiconductor material. 

 

5.1.4 Carrier Recombination 

The recombination in a semiconductor material, on the other hand, is due to three 

processes. Taking the base region of an Npn HPT as an example, the three types of 

recombination can be written as [25]: 

 

• Radiative Recombination :  2( )Rad iR B np n= −                       (5.10) 

• SRH Recombination :  
2

( 2 )
i

SRH
SRH i

pn n
R

n p nτ
−

=
+ +            (5.11)

 

• Auger Recombination :  2( )( )A iR C n p np n= + −             (5.12) 

where B, SRHτ  and C are the recombination coefficients.  

 

5.1.4.1 Radiative Recombination 

 Rrad, also known as band-to-band recombination, occurs when an electron drops 

directly from the conduction into an unoccupied state in the valence band. This 

mostly occurs in direct band gap semiconductors. The emission occurs as a photon 

which has energy equivalent to the band gap of the semiconductor material. In an 

indirect band gap semiconductor, band-to-band transitions involve a large change in 

electron momentum, and the momentum conservation condition requires either 

emission or absorption of a phonon. Consequently, direct band to band 

recombination has a very low probability in indirect semiconductors [26] .  

5.1.4.2 SHR Recombination 

Impurity atoms (other than donors and acceptors) and some types of crystal defects 

in a semiconductor introduce localized energy levels deep in the band gap away from 
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the edges [26]. Indirect recombination takes place when an electron makes a 

transition to such an energy level, lying deep in the band gap, and it subsequently 

captures a hole from the valence band. In the process of electron-hole pair 

recombination, the energy equal to the difference between the electron and hole is 

released. This energy can be emitted as a photon (radiative recombination) or as 

dissipated energy to the lattice in the form of phonons. This mechanism of 

recombination through deep level centres has been investigated by Shockley, Reed 

and Hall [30, 31] and is also referred to as Shockley-Reed-Hall recombination 

(RSRH).  

 

5.1.4.3 Auger Recombination 

Auger recombination is a three-particle process involving two electrons and a hole or 

two holes and an electron. The energy released by electron-hole pair recombination 

is imparted as kinetic energy to another free electron or hole. Auger process is non-

radiative and this type of recombination is possible for both direct band to band and 

indirect recombination process involving traps [25]. 

 

During device operation, the minority electron concentration in the heavily doped p-

type base layer is significantly larger than its thermal equilibrium value, i.e. ni
2/NA, 

where NA is the base doping. Therefore n can be approximately equal to n∆ , which 

denotes the excess electron concentration compared to its thermal equilibrium 

concentration. The majority carrier concentration, in contrast, does not significantly 

change from the thermal value. Therefore, the two approximations An n N≈ ∆ <<  

and Ap N≈  when substituted in (5.10), (5.11) and (5.12) give: 

•    Radiative Recombination : ( . )Rad A
Rad

n
R n B N

τ
∆= ∆ =                             (5.13) 

• SRH Recombination : 
( ) ( )SRH

SRH SRH SRH

pn p n n
R

n p n pτ τ τ
∆ ∆= = =

+ ∆ +      (5.14)
 

• Auger Recombination : 2 2( )( ) ( . )A i A
A

n
R C n p np n n C N

τ
∆= + − = ∆ =

       (5.15)
 

Thus the total recombination effect can be summarized as; 
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n Rad SRH A
n

n
R R R R

τ
∆= + + =                                                         (5.16)

 

1 1 1 1

n Rad SRH Aτ τ τ τ
= + +  (5.17) 

 

where τRad, τSRH, τA and τn are radiative recombination lifetime, Auger lifetime, SRH 

lifetime and the total effective minority electron recombination lifetime 

resepectively. 

 

5.1.5 Steady State Continuity Equations 

After incorporating the effect of photogeneration, recombination and taking into 

account the basic assumptions described earlier the continuity equation under optical 

absorption can then be written as: 

For base region: 

2

2
exp( ) 0p

n b b b
n

d n n
D x

dx
φ α α

τ
∆− + − =                          (5.18) 

For sub-collector region: 
2

2
exp( ) 0n

p c c c
p

d p p
D x

dx
φ α α

τ
∆− + − =                            (5.19) 

 

where Dn (or Dp) and τn (or τp) are the diffusion coefficient and lifetime for minority 

carrier electrons (or holes), respectively, in the p+-GaAs base ( or n-GaAs sub-

collector). np (or pn) and npo (or pno) are the total and equilibrium electron (or hole) 

density  contributions, respectively, in the base (or sub-collector) region. αb and αc 

are the optical absorption coefficients for the base and sub-collector layers 

respectively. φb and φc are the values of incident flux density at the emitter-base (x = 

0) and collector-subcollector (x = wb + wdep) junctions respectively. 

 

The steady state continuity equation governing the distribution of minority carrier 

electrons (low-injection state) in the base region is considered here for further 

analysis. The solution for the sub-collector region will follow a similar pattern and 

can be derived accordingly. Now, (5.18) can be written as: 
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( )2

2 2

exp( )
0

p pop b b b

n n

n nd n x

dx L D

φ α α− −− + =                                     (5.20) 

where n n nL D τ= . Rearranging (5.20) gives, 

 

2

2 2 2

exp( )p p pob b b

n n n

d n n nx

dx L D L

φ α α−− = − −                                            (5.21) 

 

The general solution of this equation will be a combination of the complementary 

function and the particular integral format [32]. 

 

5.1.5.1 Complementary Function 

In order to ascertain the complementary function of (5.21), the RHS is taken as zero 

[32]: 

2

2 2
0p p

n

d n n

dx L
− =                                                                (5.22) 

This gives, 

[ ] exp( ) exp( )p
n n

x x
n cf A B

L L
= − +                                   (5.23) 

 

5.1.5.2 Particular Integral  

The RHS of (5.21) has a form of Cexp(-αx)+D . This gives 

[ ] exp( )pn pi C x Dα= − +                                                             (5.24) 

exp( )pdn
C x

dx
α α= − −                                                                   (5.25) 

2
2

2
exp( )pd n

C x
dx

α α= −                                                                  (5.26) 

 

Inserting (5.24)-(5.26) in (5.21), 

2
2 2

exp( )exp( )
exp( ) pob b b

n n n

nxC x D
C x

L D L

φ α ααα α −− +− − = − −                    (5.27) 
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By comparing similar terms,  

2
2

exp( )[ ] exp( )b b
b

n n

C
x C x

L D

φ αα α α− − = − −  and 
2 2

po

n n

nD

L L
− = −                            (5.28) 

�   poD n=                                                                            (5.29a) 

�   
2

2 2 2 2( 1) 1
b b n b b n

n b n n b

L
C

L D L

φ α φ α τ
α α

= − = −
− −

                                          (5.29b) 

 

Hence the general solution of minority electrons in the base region is the sum of the 

complementary function and the particular integral which is given as: 

[ ] exp( ) exp( )

( )

[ ] exp( )

p
n n

p

p

x x
n cf A B

L L

n x

n pi C x Dα

 = − + 
 

= + 
 = − + 
  

                             (5.30) 

 

By incorporating the values of C and D from (5.29) into (5.30), the general solution 

can be written as: 

2

2 2
( ) exp( ) exp( ) exp( )

( 1)
b b n

p b po
n n n b n

Lx x
n x A B x n

L L L D

φ α α
α

= − + − − +
−

        (5.31)    

 

5.1.5.3 Accurate Boundary Conditions 

In (5.31) there are still two unknowns, A and B and therefore further investigation is 

required to ascertain their values. In order to achieve this, the boundary conditions 

for the base layer will be used which are: 

( )0
(1 )

(0)
( ) ( )

O f b
p p

n n

x
R

n n
z s z s

φ φ
α α

=
−

= = =                                    (5.32a) 

( ) ( ) exp( )
( )

(0)exp( )

b
p p b b b po

n

p b b po

x wbn n w x n
z s

n x n

φ α
α

α

= = = − +

= − +
                                   (5.32b) 

 

where Rf is the Fresnel reflection coefficient and sn is the surface recombination 

velocity of electrons in p+-GaAs base. The surface recombination will be higher at 
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lower wavelengths as more carriers are generated near the surface. This phenomenon 

is modelled by a wavelength dependent surface recombination parameter z(α). The 

excess minority carriers at the E-B junction is dependent on the input flux as no 

electrical contact is provided at the base terminal. Unity generation is assumed for 

input flux which is limited by surface recombination of the photocarriers. Optical 

flux is exponentially absorbed in the base region and the excess minority electron 

contribution at x = wb can be modelled by (5.32b) which also involves the 

equilibrium electron contribution. From (5.31),and  (5.32a), 

(0)p pon A B C n= + − +  

�    (0)p poA B n C n+ = + −                                             (5.33) 

 

From (5.31) and (5.32b): 

( ) exp( ) exp( ) exp( )b b
p b b po

n n

w w
n w A B C w n

L L
α= − + − − +  

(0)exp( ) exp( ) exp( ) exp( )b b
p b b po b b po

n n

w w
n x n A B C w n

L L
α α− + = − + − − +  

 

� exp( ) exp( ) exp( ) (0)exp( )b b
b b p b b

n n

w w
A B C w n x

L L
α α− + = − + −               (5.34) 

 

In order to find the values for A and B, (5.33) and (5.34) can be solved using 

matrices. Now (5.33) and (5.34) can be written in terms of matrices as: 

exp( ) (0)exp( )exp( ) exp( )

(0)
1 1

b b
b b p b b

n n
p po

w w
C w n wA

L L
B C n n

α α  − + −−     =     + −     
 

                  (5.35) 

1

exp( ) (0)exp( )exp( ) exp( )

(0)
1 1

b b
b b p b b

n n
p po

w w
C w n wA

L L
B C n n

α α
−

  − + −−     =      + −      
 

              (5.36) 

1 exp( )
exp( ) (0)exp( )1

(0)
2sinh 1 exp( )

b

b b p b bn

b b p po

n n

w
C w n wLA

wB w C n n
L L

α α
 −  − + −    =      + −    − − − 
 

        (5.37) 
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where,  

1 1 exp( )
exp( ) exp( ) 1

2sinh 1 exp( )1 1

b
b b

n
n n

b b

n n

w
w w

L
L L

w w
L L

−  −   −   =     − − −  
 

  

Identities,exp( ) cosh sinhnx nx nx= + and exp( ) cosh sinhnx nx nx− = −  have been 

used to simply the matrices. Now multiplying the matrices in (5.37) gives (5.38): 

exp( ) (0)exp( ) exp( )...

(0)exp( ) exp( )
1

2sinh exp( ) (0)exp( ) exp( )...

(0)exp( ) exp( )

b
b b p b b

n

b b
p po

n n

b b
b b p b b

n n

b b
p po

n n

w
C w n w C

L

w w
n n

L LA

wB w
C w n w C

L L

w w
n n

L L

α α

α α

 − + − − 
 
 
− + 

   =     − − − − − + − 
 
 
+ − − − 
  

(5.38) 

 

After multiplying A with exp(-x/Ln) and B with exp(x/Ln) and adding them together so 

that the sum takes form of (5.31), one can obtain: 

 

exp( ) exp( ) ...

(0) exp( ) exp( ) exp( )exp( )
1

2sinhexp( ) exp( ) exp( ) ...

(0) exp( ) exp( )

b
b b

n n
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wx x w xB C wLL L L
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α
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α
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− − − + 

 

 − −  − − − +−   
   =
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 −
− − + exp( )b

po
n
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n

L
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−  
   

(5.39) 

 

[exp( ) exp( )] ...

exp( )[exp( ) exp( )] ...
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  (5.40) 

 



 119 

sinh( ) sinh( )exp( ) (0)sinh( )
1

exp( ) exp( )
sinh (0)sinh( )exp( ) sinh( )

b b
b b p
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b bn n
p b b po
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sinh( )exp( )[ (0)]
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sinh
sinh( )[ (0)]
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b

n po p
n

x
w C n

L
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A B
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                     (5.41) 

Now (5.31) can be written in the form: 

exp( ) exp( ) exp( )p b po
n n

x x
n A B C x n

L L
α= − + − − +                                               (5.42) 

and differentiating np w.r.t x gives, 

 

1
cosh( )exp( )[ (0)]

1
exp( )

sinh 1
cosh( )[ (0)]

b b p
n n

p
b b

b

b
n po p

n n

x
w C n

L L
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C x
wdx

x w
L n C n

L L

α

α α

 − + 
  = + + − 
 −
 − −
  

            (5.43) 

 

1
cosh( )exp( )[ (0)]

1
exp( )

sinh 1
[ (0)]

b

b
b b p

n n
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b b b
bx w

n po p
n

w
w C n

L L
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C w
wdx
L n C n

L

α

α α
=

 − + 
  = + + − 
 
 − −
  

   (5.44) 

                   

5.1.5.4 Fick’s Law 

For a given wavelength radiation the total electron current at the base-collector 

junction, In(λ), can be evaluated using Fick’s law [27]: 

( )
b

p
n n EB

x w

dn
I qD A

dx
λ

=

= −                                              (5.45) 
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Where AEB is the E-B junction area. The current due to excess minority electrons in 

the base region has been formulated from (5.44) and (5.55), providing the following: 

( )

[ sinh( ) exp( ) cosh( )exp( ) 1]

sinh ( 0)[cosh( )exp( ) 1]

b b
b n b b b b

n nn EB
n

b b
n p b b po

n n

w w
C L w w

L LqD A
I

w w
L n x w n

L L

λ

α α α

α

 − + − − + 
 = −  
 = − − +
  

 (5.46) 

 

The collector current due to excess minority holes in the sub-collector can similarly 

be modelled by following the procedure explained above and is written as: 

'

( )

[1 cosh( )exp( ) sinh( ) exp( ) ]

sinh( ) ( )[1 cosh( )exp( )]

c c
c c c p c c c p

p pp C
p

c c
p n b dep c c no

p p

w w
C w L w L

L LqD A
I

w w
L p x w w w p

L L

λ

α α α α

α

 − + − + − + 
 =  
 = + − − −
 
 

(5.47) 

where                                   2 2
'

1
c c p

c p

C
L

φ α τ
α

=
−

 

 

5.1.6 Depleted Collector Absorption 

The optical flux absorption in the B-C depletion region would gives rise to a 

photogenerated current (Iph) which can be modelled by (5.48). It is assumed that no 

generation, other than photo-generation through input flux, occurs in the depleted 

collector. The recombination is considered negligible due to a strong electric field 

created by the depleted ions in this space charge region: 

                
0

( ) exp( )
dep

ph C dep dep dep

w

I qA x dxλ α α= − Φ −∫                             (5.48) 

                            ( ) [1 exp( )]ph C dep dep depI qA wλ α= − Φ − −                                  (5.49) 

 

where Φdep is the input flux density at the edge of B-C depletion region, αdep is the 

absorption coefficient in the depletion region and AC is the area of the depleted 

collector.  
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5.1.7 Responsivity 

The flux-dependent collector current (Ic) is the sum of individual current 

contributions in the base (In), depleted collector (Iph) and sub-collector (Ip) regions. 

The responsivity (ratio of photogenerated current to the input optical power) is given 

by (5.51) [5]. This is a general expression for responsivity and can be used for any 

device materials provided one knows the details of device parameters.   

 

                                      ( ) ( ) ( ) ( )C n p phI I I Iλ λ λ λ= + +                                    (5.50) 

                                          
( )

( )
(1 )
C

O f

I
R

hc R

λλλ =
Φ −

                                             (5.51) 

 

5.2 Modelled and Measured Results 

5.2.1 AlGaAs/GaAs HPTs 

The theoretical responsivity for HPTs can be calculated by using (5.51) and inserting 

the necessary device and material parameters. A summary of the parameters used is 

given in Table 5-1. 

Table 5-1: Material parameters used for AlGaAs/GaAs HPT simulation. 

Parameter 
 

Value (respectively) Reference 

Dn , Dp 50 ,  4                     [cm2s-1] [33] 

τn , τp 1x10-9  , 1.2x10-9        [s] [27, 34] 

Ln= (τnDn)
1/2, Lp= (τpDp)

1/2 2.2x10-4 , 0.7x10-4    [cm] [25] 

sn , sp 3 x 104 , ~106         [cm s-1] [35, 36] 

npo= ni
2/NA, npo= ni

2/ND 2.2x10-7 , 8.8x10-7   [cm-3] [36] 

αb(635nm), αb(850nm) 3.4x104  ,0.6x104     [cm-1] [33, 37] 

αdep(635nm), αdep(850nm) 3.4x104,0.9x104       [cm-1] [33, 37]  

αc(635nm), αc(850nm) 3.4x104,0.1x104          [cm-1] [33, 37]  
Φ(b) at 635nm, Φ(b) at 850nm 2.2x1014, 2.9x1014   [s-1] Figure 4-7 
Φ(dep) 635nm,Φ(dep) at 850nm  1.6x1014, 2.8x1014    [s-1] Figure 4-7 
Φ(c) 635nm), Φ(c) at 850nm 0.3x1014,1.8x1014     [s-1] Figure 4-7 

  

It should be noted that the surface recombination reduces the responsivity and 

requires careful modelling. The recombination due to misfit dislocations at the 



 122 

emitter-base heterostructure interface can be minimized by grading the 

heterojunction interface as used in this work. Despite the widely different surface 

preparation and measurement techniques, the surface recombination data for GaAs 

follows the same general trend of proportionality to bulk doping [35]. However, as 

the depth of incident irradiation is inversely proportional to the absorption 

coefficient, all high energy photons are absorbed near the surface, causing many of 

the generated carriers to be lost due to surface recombination. These photocarriers, 

close to the surface, are lost due to the high recombination velocity. Therefore, an 

additional surface recombination parameter z(α) is required to model this effect. z(α) 

is a simulation parameter and the value of z(α) is higher for lower wavelengths as 

more photocarriers are generated near the surface. Remarkably, the variation of 

surface recombination parameter follows a near exponential decay with increasing 

wavelengths which is consistent with power absorption in semiconductors. The 

variation of z(α) with various incident wavelengths has been modelled in Figure 5-2. 

Higher values of z(α) at lower wavelengths imply that a considerable amount of 

photogenerated carriers in the surface vicinity will be lost by recombination. Thus, 

these recombined carriers do not contribute to the photocurrent. 
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Figure 5-2. Simulated variation of surface recombination parameter z(α) with 
incident wavelengths for the Al0.3Ga0.7As/GaAs HPT. 

 

The modelled spectral response, using (5.51), along with the measured results at 

635 nm, 780 nm, 808 nm, and 850 nm are shown in Figure 5-3. Matlab has been used 



 123 

to obtain the predicted response using (5.51). The responsivity maximises at around 

760 nm and tends to go down with increasing wavelengths due to a drop in the 

absorption coefficient.  
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Figure 5-3. Measured and calculated spectral response of the Al0.3Ga0.7As/GaAs 
HPT. 

 

5.2.2 InP/InGaAs HPTs 

The generic model using flux-dependent continuity equations has been described in 

section 5.1, therefore the SR modelling of any other material system required 

detailed device structure and material parameters. For the InP/In0.47Ga0.53As material 

system, the material parameters are given in Table 5-2. 

Table 5.2: Material parameters used for InP/InGaAs HPTs simulation. 

Parameter 
 

Value (respectively) Reference 

Dn , Dp 36.25, 2          [cm2s-1] [38] 

τn , τp 4x10-11  , 4x10-11        [s] [39] 

Ln= (τnDn)
1/2, Lp= (τpDp)

1/2 0.4x10-4 , 0.09x10-4    [cm] [25] 

sn , sp 3 x 104 , ~106         [cm s-1] [40] 

npo= ni
2/NA, npo= ni

2/ND 2x104 , 2x104   [cm-3] [26] 

αb(1310nm), αb(1550nm) 1.55x104  ,0.85x104  [cm-1] [41] 

αdep(1310nm), αdep(1550nm) 1.16x104,0.68x104    [cm-1] [41]  

αc(1310nm), αc(1550nm) 1.16x104,0.68x104     [cm-1] [41]  

Φ(b) at 1310nm, Φ(b) at 1550nm 4.5x1014, 5.3x1014     [s-1] Figure 4-10 
Φ(dep) 1310nm,Φ(dep) at 1550nm  3.9x1014, 4.95x1014   [s-1] Figure 4-10 
Φ(c) at 1310, Φ(c) at 1550nm 2.45x1014,3.75x1014  [s-1] Figure 4-10 
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 The surface recombination parameter shows a similar trend to that for the GaAs 

device, however the value is slightly low at lower wavelengths as shown in Figure 5-

4. This is attributed to the lack of intrinsic surface recombination in the lattice 

matched emitter and the base surface which in turn results in a lower recombination 

parameter. 
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Figure5-4. Simulated variation of surface recombination parameter z(α) with 
incident wavelengths for the InP/In0.47Ga0.53As HPT.  

 

The InP-devices under investigation are lattice matched and, therefore, the intrinsic 

surface recombination will be lower compared to GaAs-based devices resulting in a 

slightly lower value of z(α). Noticeably, the variation of surface recombination 

parameter follows an exponential decay with higher wavelengths which is consistent 

with power absorption in semiconductors. This implies that the photocarrier 

generation mostly occurs at the surface for high energy photons and as the photon 

energy reduces with increasing wavelength, lower numbers of carriers are generated 

at the surface, resulting in lower values of surface recombination. The spectral 

response for the InP/In0.47Ga0.53As devices for long wavelength detection is given in 

Figure 5-5. 
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Figure 5-5. Measured and calculated spectral response of the InP/In0.47Ga0.53As 
HPT. 

 

5.2.3 Base Width Variation Consideration 

The analytical model described here highlights directly the critical device and 

material properties affecting the spectral response of heterojunction phototransistors 

and can be utilised to assess the performance of the device with variation of physical 

features such as base width. Base width variation can have a contradictory effect on 

the figures of merit for HPTs. Improved cut-off frequency due to reduced absorbing 

layer width in HPTs can be accompanied with lower collection efficiency which 

results in lower responsivity, particularly for surface-illuminated DHPTs. This issue 

will be discussed in detail in chapter 6. However, it is important to highlight the 

variation of responsivity with different base widths at various incident wavelengths.  
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Figure 5-6. Simulated variation of Responsivity with base width for the 

Al0.3Ga0.7As/GaAs HPT at various incident wavelengths. 

 

It can be observed from Figure 5-6 that the responsivity shows a decreasing trend 

with the increase of base width. This data has been obtained by varying the base 

width in equations (5.46), (5.47) and (5.49) and updating the values of the 

corresponding currents in (5.51) for three different wavelengths. It is well known that 

the intrinsic gain of a transistor decreases with the increase in the base width due to 

increased recombination in the bulk region. However, different rates of decrease in 

the responsivity have been observed for three wavelengths in question, as seen in 

Figure 5-6. An increase in the base width is associated with an increase in bulk 

recombination as well as surface recombination because more carriers are being 

generated near the surface for high energy photons having smaller wavelengths. For 

the two wavelengths 635 nm and 500 nm, relatively more photocarriers are generated 

near the surface for 500 nm as compared to 635 nm and as the surface recombination 

parameter is larger for 500 nm, this results in a sharp drop in the responsivity at this 

wavelength. This trend should also be seen at 850 nm, however the increase in 

recombination is compensated, largely, by the increased number of photocarriers in 

the base region. Referring to the optical flux absorption profile (Figure 4-5), the 

collection efficiency will increase largely with increased base width and the 

magnitude of decrease in responsivity is low. The collection efficiency at 635 nm 
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and 500 nm is unity (as photo-absorption occurs in the active region only) and thus 

does not affect the responsivity with variation in the base layer width. 

 

The variation in the responsivity for InP/In0.47Ga0.53As HPTs is shown in Figure 5-7 

using the same mathematical analysis but with appropriate device physical 

parameters. The responsivity decreases with the increase in layer width, however, the 

rate of decrease varies for the three wavelengths under consideration. At 1550 nm, 

the rate of decrease is slightly higher which can be attributed to the low absorption 

coefficient in the base layer (0.85 x 104 /cm). The recombination increases with the 

increase in the base width but on the other hand the generation of photocarriers is 

limited by the low absorption coefficient resulting in a larger decrease in responsivity 

seen at this wavelength. Thus careful optimisation is required to design HPTs for 

wavelengths-specific applications.  
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Figure 5-7. Simulation variation of responsivity with base width for the 

InP/In 0.47Ga0.53As HPT at various incident wavelengths. 
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Chapter 6 

Photoresponse Modelling of DHPTs 
 

 

Huge interest in high speed HPTs has been seen in the past decade for their use in 

ultra-fast photoreceivers [1-4]. Single–HPTs (sHPTs) have most commonly been 

employed in the front end of optical receivers as an alternative to pin photodiodes 

(for intrinsic gain) and avalanche photodiodes (for superior noise performance)[5-7]. 

However, the thick absorbing collector layer deteriorates the frequency performance 

of these phototransistors due to the generation of slow moving holes in the collector 

region for Npn design. Moreover, the low breakdown voltage due to narrow band 

gap collector (InGaAs/GaAs) makes it difficult to apply higher bias to the sHPTs for 

high speed applications [8].  

 

Kamitsuana et al. [9] proposed a modified DHPT structure to mitigate these 

problems which was then used by Leven et al. [10] to develop DHPTs with cutoff a 

frequency in excess of 135 GHz for a surface-illuminated configuration. In such an 

orientation, HPTs have the same layer structure as HBTs which supports their 

monolithic integration in photoreceiver fabrication using the same epitaxial and 

processing steps, avoiding a regrowth process with its associated problems [11]. 

Edge-illuminated orientation, on the other hand, shows superior responsivity but the 

low coupling efficiency and relatively difficult fabrication process remains an issue 

for industrial manufacturing of photoreceivers.  

 

The parameter evolution in the design of optical receivers can have contradictory 

effects on the different figures of merit for HPTs. For example, improved cut-off 

frequency due to a reduced absorbing layer width in HPTs can be accompanied by 

lower conversion/collection efficiency which results in low responsivity. In order to 

achieve efficient photoresponse and high speed operation of these devices, a detailed 

analysis of the device layer structure along with its modelling parameters is of 

paramount importance. The photoresponse for sHPTs has been discussed in the 

literature [12-14], however research on DHPTs has rather been limited. In this 
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chapter, the photoresponse of an In0.49Ga0.51P/GaAs NpN DHBT is modelled and 

compared with the measured results. Good agreement has been seen for optical 

power at 10 µW, which is then followed by analysis of intrinsic parameters with 

varying optical input.  

 

6.1 Optical Absorption 

The optical absorption in DHPTs differs to the absorption in sHPTs as there is an 

additional heterojunction between the base and collector regions. The optical flux, 

absorbed in the base region only, contributes towards the photoresponse while the 

signal absorbed in the collector and sub-collector regions does not contribute towards 

transistor action (gain). The photogenerated holes in the collector and sub-collector 

will not drift towards the base region due to the additional heterostructure (base-

collector) in the DHBTs. The wide band gap emitter is considered transparent and 

the incident signal goes unattenuated through the emitter and the absorption starts 

from the base layer. A comparison between absorption in sHPTs and DHPTs is 

shown in Figure 6-1. The optical absorption in the base region requires investigation 

because the base width is relatively very small and subtle variations in the absorption 

phenomena can have a sizeable effect on the photoresponse. Unlike sHPTs, some 

flux is reflected in DHPTs from the interface of base and collector regions which 

adds to the useful flux absorbed in the base layer (Figure 6-1b).  

 

For sHPTs, the flux absorbed in the active layers has already been given in Section 

4-1. The flux absorbed in the base region of a DHPT after one reflection from x = b 

(base-collector heterojunction) can be written as: 

, /( ) (1 exp ) exp (1 exp )b b b b b bx x x
abs b o o f b cRα α αφ φ φ− − −= − + −                    (6.1) 

, /( ) (1 exp )(1 exp )b b b bx x
abs b o f b cRα αφ φ − −= − +                                (6.2) 

 

Another reflection from the emitter-base interface (x = a) will add to the flux 

absorbed which can be modeled by (6.3). 

  

 



 134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-1. Schematic of optical flux absorption and propagation in various layers 
of sHPT (A) along with the flux reflections in the base layer of a DHPT (B). 
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The second reflection from the base-collector junction (x = b) will result in an 

additional component which gives: 
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Hence the total absorption in base region can be written as: 
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2 2 2
, / , /

2

3 4

( ) (1 exp )(1 exp exp

exp exp )

abs b o f b c f f b c

f f b c f f b c

b b b b b b

b b b b

x x x

x x

R R R

R R R R

α α α

α α

φ φ − − −

− −

= − + + +

+ +⋯⋯

                 (6.6) 

In order to move towards a closed form solution of (6.6), the infinite term can be 

rearranged to form a geometric series. Therefore we proceed by arranging terms in 

(6.7): 
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The RHS of (6.8) is an infinite geometric series and it can be summed as shown in 

(6.9) [15]: 
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Assuming nuber of reflections is N, (6.9) can be simplified to (6.10).  
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(6.10) 

 

The first two terms largely characterize the optical absorption behaviour i.e. Rf,bc is 

considerably small and its product with Rf can be ignored for this analysis. However, 

if an additional layer is added between the base and collector regions to suppress the 

absorption in the collector and sub-collector, then this analysis will be required in 

order to model the absorption phenomenon. Now, (6.10) can be approximated as: 

, /( ) (1 exp )(1 exp )b b b bx x
abs b o f b cRα αφ φ − −≅ − +                                    (6.11) 
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Thus the total flux absorbed in the base region of a surface illuminated double 

heterojunction phototransistor is given by (6.11). 

  

6.2 Photocurrent Generation in a DHPT 

The time-(and frequency-) dependent photocurrent density generated in the base 

region can be calculated by first calculating the electron-hole generation rate which 

is conventionally given as [16]: 

( ) e x
oG x αφ α −=                                                                                           (6.12) 

 

However, if reflections from the base-collection interface are also taken into account 

then the generation rate can be modified to:  
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αα αφ α φ α −− −= +                                                (6.13) 

'( ) e (1 e )f
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o
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ααφ α −−= +                                                             (6.14) 

 

The second term in (6.14) adds to the original flux absorbed by taking into account 

the value of flux at x = b and the Fresnel reflection at base-collector junction. The 

photocurrent density generated in the base region can now be estimated from (6.15) 

[17]: 

0

( )
( ).e

bW

ph
s

xjw t
vI qA G x dx

−
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where A is the area of base-emitter junction, w is harmonic frequency and vs is the 

saturation velocity of electrons in the base region. Substituting (6.14) into (6.15) 

gives: 
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                                    (6.18) 

where τ is the transit time of electrons in the base. It can be seen that (6.18) is 

consistent with (6.11), as only one reflection from the base-collector surface is taken 

into consideration. This photocurrent will be represented by a current source in the 

In0.49Ga0.51P/GaAs  DHPT equivalent circuit given in Section 6-4. 

  

6.3 Small-Signal Model 

A small-signal model is useful in modelling device characteristics in terms of lumped 

components and is widely used in circuit simulations. The cross-sectional view 

(shown in Figure 6-2) of an NpN HBT along with its associated small-signal lumped-

elements is helpful in interpreting the small-signal parameters. It shows a T-shaped 

equivalent circuit with three added parallel capacitances due to the contact pads. The 

distributed nature of the base resistance and the base-collector capacitance is 

modeled by dividing them into only two sub-elements; namely intrinsic and extrinsic 

parts.  

 

Figure 6-2. Schematic cross-section of a small-geometry npn HBT together with its 

lumped element T-shape small-signal equivalent circuit. After [18] . 
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It should be noted that parameter extraction has not been performed in this work. 

However, the extracted modeled parameters have been used to investigate the effect 

of optical illumination. The lumped elements and the extracted values used in Figure 

6-2 are summarized in Table 6-1 [18, 19].  

Table 6.1: Extracted parameters for InGaP/GaAs DHBT (16x20 µm² BE area). 

3VceV = , 1.2VbeV = , 20mAcI =  

Component Description Value 

bL  Parasitic base Inductance 51.7 pH 

cL  Parasitic collector inductance 75.8 pH 

eL  Parasitic emitter inductance 55.7 pH 

 τb    Base transit time 4.63 psec 

 τc    Collector transit time 2.75 psec 

pbeC  Parasitic BE capacitance 24.4 fF 

pbcC  Parasitic BC capacitance 5.85 fF 

pceC  Parasitic CE capacitance 38.9 fF 

bcC  BC junction capacitance 189.5 fF 

bciC  Intrinsic BC junction capacitance r* bcC = 108.01 fF 

bcxC  Extrinsic BC junction capacitance (1-r)* bcC =81.49 fF 

beC  BE diffusion capacitance 3.39 pF 

jbeC  BE junction capacitance 0.563 pF 

eeR  Emitter resistance 8.56 Ω 

ccR  Collector resistance 17.02 Ω 

bbiR  Intrinsic series base resistance 31.02 Ω 

bbxR  Extrinsic series base resistance 1.19 Ω 

beR  BE junction resistance 1.36 Ω 

bcR  BC junction resistance 20.77 kΩ 

bciR  Intrinsic BC junction resistance 
bcR / r = 36.43 kΩ 

bcxR  Extrinsic BC junction resistance 
bcR /(1-r) =48.3 kΩ 
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r    Ratio of BE area to BC area 16/26=0.61 

 

6.4 Results and Discussion 

It has been established that the optical signal propagates through the base of the 

device towards the collector and sub-collector regions; however, it will not 

contribute towards the photoresponse due to the existing energy gap between the 

base and the collector heterostructure. The photoabsorption in the base region will, 

nevertheless, affect the associated intrinsic capacitance and resistances which will 

influnence the device characteristics. A careful analysis of this phenomenon along 

with detailed absorption analysis is important for accurate DHPT device modeling 

and this will be discussed in this section.  

 

The significant modification in the small-signal modeling for surface–illuminated 

DHPTs as compared to that of sHBTs is the introduction of an optically-controlled 

current source between the base and the emitter of a device as shown in Figure 6-3. 

The parameters terminating with the subscript ‘x’ are extrinsic parameters which are 

bias independent or have no effect to incident optical signal. However, the 

parameters ending with ‘i’ are intrinsic and change with optical input. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 140 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-3. Smal- signal equivalent of the In0.49Ga0.51P/GaAs  DHBT in common 

source mode indicating intrinsic and extrinsic parameters. 

 

The base-collector depletion and sub-collector region (In0.49Ga0.51P band gap of 1.90 

eV [20, 21]) is transparent to an incident wavelength of 850 nm.  The measured 

output characteristics of the In0.49Ga0.51P/GaAs DHBT at Ic = 20 mA and Vbe = 1.2 V 

along with the simulated photoresponse at Pinc = 10.4 µW is shown in Figure 6-4. 

The DC responsivity of the device has a maximum of 22 (A/W) and has been closely 

modelled through the small-signal elements shown in Figure 6-3. 
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Figure 6-4. Measured and simulated h21 of the In0.49Ga0.51P/GaAs DHBT, Vce= 

3 V. 

 

A variation in optical signal will modify the intrinsic elements of the device which in 

turn will affect the photoresponse. Since the collector of the device is In0.49Ga0.51P, 

which is largely transparent to incoming optical signal of 850 nm, the BC resistances 

and capacitances will remain unaffected. In the case of single-HPTs, these intrinsic 

parameters will also change, however this is out of the scope of this research. BE 

resistance and capacitance will nevertheless be affected with the change in the optical 

intensity which may affect the photoresponse and cut-off frequency variation of the 

device. The emitter base charging time (τEB) will also be directly be affected by Cbe 

and changing optical power as observed from (6.20) [22, 23]: 

2
( )EB be bc

inc FE

KThc
C C

q P h
τ

η
= +                                                                                   (6.20) 

where 1
2be

inc FE

KThc
R

q P h

γ
η

=                                                                                        (6.21) 

 

Cbc will remain independent of incident signal variation, however Cbe will be affected 

by the introduction of more carriers in the base region. This base-emitter capacitance, 

largely due to the diffusion of carriers, will increase if the incident signal intensity 
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increases. This increase in the capacitance should lower the h21/photoresponse and 

the diffusion capacitance can be written as [24], 

2
2n po ph

be
s

Aq L n I
C

KT I

γ
=                                                                                      (6.22) 

and n po
s

n

AqD n
I

L
=                                                                                            (6.23) 

 

where Is is the saturation current for the device and can be approximated by (6.23). 

Simulation parameters, γ1 and γ1, have been included in (6.21) and (6.22) in order to 

match the extracted ones in Table 4-1. 

 

The intrinsic base-emitter resistance, on the other hand, will be lowered by the 

increase in the photocarriers in the base region (Rbe inversely proportional to Pinc). 

Thus, the increase in the diffusion capacitance is accompanied by the reduction of 

intrinsic resistance. This variation along with the capacitance variation, with optical 

power is seen in Figure 6-5.  
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Figure 6-5. Variation of base emitter capacitance and resistance and base collector 

capacitance with input optical power, In0.49Ga0.51P/GaAs DHPT. 
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The variation of intrinsic base-collector resistance is negligible as photoabsorption in 

the collector is nominal. However, a sizeable variation in the intrinsic series base 

resistance Rbbi can be expected. Circuit simulation for small signal model of 

In0.49Ga0.51P/GaAs DHPT shows that the variation of h21 is minimal with variation of 

Rbbi and the result is summarised in Figure 6-6. The value of h21 ranges from 7.1 dB 

to 7.2 dB and therefore it can be inferred that any variation in Rbbi does not have any 

significant effect on the h21 variation with incident power variation.  
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Figure 6-6. Variation of the photoresponse with intrinsic base resistance at 4 GHz 

for the In0.49Ga0.51P/GaAs  DHPT. 

 

The photoresponse due to the variation of intrinsic capacitances and resistance is 

shown in Figure 6-7. The change in the photoresponse with Rbbi is rather minute 

suggesting that the two major parameters (Rbe and Cbe) balance each other out. 

Nevertheless, a small increase in the photoresponse has been observed with the 

increase in power suggesting that the lower resistance should be the focus for the 

design of HPTs. Lower base and BE resistance is achieved by using multifinger 

contacts (mostly for extrinsic BE resistance), high carrier concentration in the base 

and a relatively large base-emitter area [25-27].  
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Figure 6-7. Photoresponse variation with input optical power for the 

In0.49Ga0.51P/GaAs DHPT at 4 GHz. 

 

This analysis has been performed for DHPTs and it is worth mentioning that the 

analysis of sHPTs will differ as the intrinsic part of Cbc varies with the optical signal 

intensity, thus affecting the photoresponse. It should also be noted that the magnitude 

of photogenerated current will increase as absorbing layer includes base, collector 

and sub-collector regions. However, the carrier transit times will also increase 

resulting in the deterioration of the frequency response. All of these parameters 

should be carefully analysed for sHPT modeling. 
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Chapter 7 

Conclusions and Further Work 
 

7.1 Summary and Conclusions 
 

In order to model the spectral response of heterojunction phototransistors, various 

aspects of these devices from the material and structural point of view have been 

analysed and discussed in this work. The responsivity of a phototransistor depends 

on several inherent factors including the material absorption coefficient, refractive 

index, device structure, doping and temperature of operation along with external 

factors such as bias voltage and the energy of incident radiation. Optical gain 

depends on coupling efficiency, collection efficiency and the internal gain of the 

transistor. A thorough understanding of these parameters is vital in the design 

optimisation of future phototransistors. 

 

The absorption model presented in this thesis provides an insight into spectral 

response modelling of GaAs-based HPTs for short-wavelength detection. It was 

shown that the optical collection efficiency, being strictly geometry- and wavelength- 

dependent, should not be considered unity across short-wavelength spectra. A 

decrease in the collection efficiency for the Al0.3Ga0.7As/GaAs HPT was observed for 

wavelengths beyond 700 nm which resulted in smaller values of responsivity. This 

decrease in the collection efficiency has been attributed to an increased photo-

absorption in the substrate which does not contribute towards the photoresponse.  

 

For accurate spectral response modelling, it is shown that variations in the absorption 

coefficient with changes in the band gap (due to doping) should also be incorporated 

for the construction of the optical absorption profile. Optical absorption, at 

wavelengths close to the band gap of a semiconductor material, was shown to be a 

layer-dependent phenomena and the generalisation of optical flux absorption profile 

as a single exponential has been highly plausible for GaAs-based HPTs. This was 

evident from the absorption pattern in the Al0.3Ga0.7As/GaAs HPT at 850 nm and to 
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some extent at 780 nm. The detailed absorption model and the critical analysis of 

several important parameters for GaAs-HPTs thus become inevitable for efficient 

device modelling.  

 

InP-based devices have also been investigated for medium and long wavelength 

detection. The absorption model developed was also valid for the accurate modelling 

of the spectral response of lattice matched InP/In0.47Ga0.53As HPTs. The variation of 

collection efficiency at various incident wavelengths was also evident in this material 

system and should always be incorporated in the modelling. However, the variation 

of absorption coefficient with doping at 1310 nm and 1550 nm is rather minimal 

which makes absorption in the InGaAs collector and sub-collector largely 

exponential. 

 

 The absolute spectral response and optical characteristics of HPTs have been 

predicted with the aid of this modified model and prior knowledge of device 

electrical characteristics. Therefore the knowledge of the current gain of the device 

has been a prerequisite for this analysis. This limited the utility of this work and 

therefore further work on analytical modelling of the SR was carried out. The 

analytical model developed in this work directly highlights the critical device and 

material properties affecting the spectral response of heterojunction phototransistors. 

 

The analytical spectral response model in this work has been based on the analysis of 

excess minority photocarrier generation, diffusion and recombination by applying 

semiconductor continuity equations. Accurate boundary conditions, for active 

regions of a phototransistor, were described in the theoretical model for efficient 

device performance. These were modelled by incorporating a wavelength dependent 

surface recombination parameter z(α). z(α) modelled the surface recombination at 

lower wavelengths as more photocarriers were generated near the surface. The 

variation of z(α) for both Al0.3Ga0.7As/GaAs HPTs and InP/In0.47Ga0.53As HPTs 

followed a near exponential decay with increasing wavelengths which has been 

consistent with power absorption in semiconductors. Higher values of z(α) at lower 

wavelengths implied that a considerable amount of photogenerated carriers, in the 

surface vicinity, would be lost due to recombination. Thus, these recombined carriers 

would not participate in the photocurrent.  
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Furthermore the variation of the base width of the device affecting the responsivity 

for both material systems has been investigated. For Al0.3Ga0.7As/GaAs HPTs, an 

increase in the base width resulted in an increase in the bulk and surface 

recombination. A Larger amount of photocarriers was generated near the surface for 

a wavelength of 500 nm as compared to 635 nm and therefore the surface 

recombination parameter is larger for the 500 nm case, resulting in a sharp drop in 

the responsivity at this wavelength. At 850 nm, an increase in recombination has 

been compensated by the increased number of photocarriers in the base region. 

Considering the case for InP/In0.47Ga0.53As HPTs, the responsivity generally 

decreased with the increase in base layer width, but at 1550 nm the rate of decrease 

was slightly higher, which has been associated with the low absorption coefficient in 

the base layer (0.85 x 104 /cm).  

 

Photoabsorption in DHPTs has also been investigated in this work. It has been shown 

that the absorption in sHPTs differs to that in DHPTs and a modified model for 

absorption in DHPTs has therefore been presented. The optical flux absorbed in the 

base region only contributed towards the photoresponse. The optical power absorbed 

in the collector and sub-collector region did not contribute towards the photoresponse 

due to the existance of an additional heterostructure at the base-collector junction of 

DHPTs. 

 

 A detailed analysis performed on a modified small-signal model of DHPTs gave 

insightful information about the variation of various intrinsic parameters with the 

incident optical signal. It has been observed that the variation of intrinsic base-

collector resistance is negligible since photoabsorption in the collector region is 

nominal. The base-emitter capacitance, on the other hand, was largely due to the 

diffusion of carriers which increased with the increase in signal intensity. The 

intrinsic base-emitter resistance was lowered by the increase in the photocarriers in 

the base region as it is inversely proportional to the signal intensity. The variation in 

the photoresponse of DHPTs with variation in intrinsic series base resistance is 

minimal. Hence observations, in addition to the detailed photoabsorption model, can 

be used in optimizing the device frequency response for optimal performance.  
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In summary, a detailed analysis of heterojunction bipolar phototransistors has been 

presented in this thesis with the emphasis on InP- and GaAs-based devices. The 

analytical expressions for responsivity of these devices and the critical analysis of 

several important parameters for HPTs presented here can be utilised for 

performance enhancement through device optimisation for sensors, photoreceivers in 

optical networks and remote sensing applications employing integrated circuits. 

 

7.2 Further Work 

This thesis has provided a solid foundation for the modelling of heterojunction 

bipolar phototransistors, however, further investigation is required to attain a 

complete semi-physical compact model. This short section will introduce a number 

of new possible upgrades to the existing model presented in this thesis. 

• The experimental set-up may be modified to measure the responsivity of 

GaAs-based devices for wavelengths below 600 nm. 

• The InP- and GaAs-based material systems have been mainly discussed and 

investigated in this work and analysis on the optical absorption of other 

relevant materials such as Si and GaAsSb might also be performed. 

• The responsivity analysis for sHPTs should be compared with DHPTs with 

similar layer structures.  

• Further investigation of HPT responsivity with variation in doping, 

temperature and material should be carried out. 

• For completeness of the model, the impact of several physical effects such as 

base push-out and extreme forward biasing of the base-emitter junction may 

be investigated along with the sensitivity analysis and low bias operation of 

HPTs. 

• The analytical model should be incorporated with the high-speed response of 

the HPTs and the RF response of the devices could also be modelled. 

• The formulae developed in the analytical model should be incorporated into a 

graphical user interface to create a user friendly enviroment. 

• A study on transparent emitter contacts for microwave geometry devices 

could also be looked at for the purpose of high coupling efficiency. 
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• The development of the temperature-dependent empirical formulae for device 

parameters, such as lifetimes, is required for the quantitative study of 

temperature behaviour of various HPTs. 

• Edge-illuminated HPTs might be analysed for a comparison with the surface 

illuminated DHPTs described in this work.  
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Appendices 
 

Appendix A: Matlab code for generation of flux absorption 
profile for GaAs-based HPT. 
 
% wavelength = 635 nm (COMMENTS SHOWN IN GREEN COLO R)  
clc  
clear  
close all  
for  Po=100e-6:100e-6:100e-6;  
alphaB=3.46;  
alphaC=3.46;  
alphaSC=3.46;  
Lb=0:.03:.09  
Lc=0:.1:.5  
Lsc=0:.1:1  
Rf=(3.826-1)/(4.826);  
Rf=Rf^2;  
  
Pt=0.512*Po*(1-Rf)/1.6e-19;  
%pt is input flux and pt=po/E;  
Pb=Pt*exp(-alphaB*Lb)  
magPb=Pt*(1-exp(-alphaB*.09));  
Pc=(Pt-magPb)*exp(-alphaC*Lc)  
magPc=(Pt-magPb)*(1-exp(-alphaC*.5));  
Psc=Pc(length(Lc))*exp(-alphaSC*Lsc)  
magPsc=(Pt-magPb-magPc)*(1-exp(-alphaSC*1));  
Psub=Pt-(magPb+magPc+magPsc);  
Pabs=Pt-Psub;  
  
xxx(round(Po/100e-6)) = Pabs;  
bbb(round(Po/100e-6)) = magPb;  
ccc(round(Po/100e-6)) = magPc;  
sc(round(Po/100e-6))= magPsc;  
sub(round(Po/100e-6)) = Psub;  
%SUBPLOT(121) 
plot(100e-6:100e-6:1000e-6,Pabs)  
Lt=0:.1e-6:1e-6;  
asd=plot(Lc+.09,Pc, '-o' );  
hold on 
asdf=plot(Lb,Pb, '.-' );  
hold on 
asdfg=plot(Lsc+.59,Psc, '-*' );  
hold on 
end  
grid on 
legend([asdf,asd,asdfg], 'base' , 'collector' , 'sub-collector' )  
YLABEL('Flux absorption profile  (photons/second)' )  
XLABEL('Distance (um)' )  
%.................................................. ................. 

 
for  Po=100e-6:100e-6:100e-6;  
alphaB=0.65; %for 850nm  
alphaC=.86;  
alphaSC=.1;  
% alphaB=0.53; for 840nm  
% alphaC=1;  
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% alphaSC=.15;  
Lb=0:.03:.09;  
Lc=0:.1:.5;  
Lsc=0:.1:1;  
Rf=(3.63-1)/(4.63);  
Rf=Rf^2;  
Pt=0.685*Po*(1-Rf)/1.6e-19; %850nm and .675 for 840nm  
  
Pb=Pt*exp(-alphaB*Lb);  
magPb=Pt*(1-exp(-alphaB*.09))  
Pc=Pb(4)*exp(-alphaC*Lc)  
magPc=(Pt-magPb)*(1-exp(-alphaC*.5));  
Psc=Pc(length(Lc))*exp(-alphaSC*Lsc);  
magPsc=(Pt-magPb-magPc)*(1-exp(-alphaSC*1));  
Psub=Pt-(magPb+magPc+magPsc)  
Pabs=Pt-Psub  
%SUBPLOT(122) 
asd=plot(Lc+.09,Pc', '-o' )  
hold on 
asdf=plot(Lb,Pb', '.-' )  
hold on 
asdfg=plot(Lsc+.59,Psc', '-*' )  
hold on 
end  
legend([asdf,asd,asdfg], 'base' , 'collector' , 'sub-collector' )  
grid on 
YLABEL('Flux absorption profile (photons/second)' )  
XLABEL('Distance (um)' )  
hold on 
%.................................................. ................. 
 
for  Po=100e-6:100e-6:100e-6;  
alphaB=1; %for 800nm  
alphaC=1.49;  
alphaSC=.94  
Lb=0:.03:.09  
Lc=0:.1:.5  
Lsc=0:.1:1  
Rf=(3.67-1)/(4.67);  
Rf=Rf^2;  
  
Pt=0.629*Po*(1-Rf)/1.6e-19;  
Pb=Pt*exp(-alphaB*Lb)  
magPb=Pt*(1-exp(-alphaB*.09));  
Pc=(Pt-magPb)*exp(-alphaC*Lc)  
magPc=(Pt-magPb)*(1-exp(-alphaC*.5));  
Psc=Pc(length(Lc))*exp(-alphaSC*Lsc)  
magPsc=(Pt-magPb-magPc)*(1-exp(-alphaSC*1));  
Psub=Pt-(magPb+magPc+magPsc);  
Pabs=Pt-Psub;  
  
xxx(round(Po/100e-6)) = Pabs;  
bbb(round(Po/100e-6)) = magPb;  
ccc(round(Po/100e-6)) = magPc;  
sc(round(Po/100e-6))= magPsc;  
sub(round(Po/100e-6)) = Psub;  
%SUBPLOT(121) 
plot(100e-6:100e-6:1000e-6,Pabs)  
Lt=0:.1e-6:1e-6;  
asd=plot(Lc+.09,Pc, '-o' );  
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hold on 
asdf=plot(Lb,Pb, '.-' );  
hold on 
asdfg=plot(Lsc+.59,Psc, '-*' );  
hold on 
end  
grid on 
legend([asdf,asd,asdfg], 'base' , 'collector' , 'sub-collector' )  
YLABEL('Flux absorption profile  (photons/second)' )  
XLABEL('Distance (um)' )  
hold on 
%.................................................. ................. 

  
for  Po=100e-6:100e-6:100e-6;  
alphaB=2.74; %for 700nm  
alphaC=2.74;  
alphaSC=2.74;  
Lb=0:.03:.09  
Lc=0:.1:.5  
Lsc=0:.1:1  
Rf=(3.78-1)/(4.78);  
Rf=Rf^2;  
Pt=0.564*Po*(1-Rf)/1.6e-19;  
Pb=Pt*exp(-alphaB*Lb)  
magPb=Pt*(1-exp(-alphaB*.09));  
Pc=(Pt-magPb)*exp(-alphaC*Lc)  
magPc=(Pt-magPb)*(1-exp(-alphaC*.5));  
Psc=Pc(length(Lc))*exp(-alphaSC*Lsc)  
magPsc=(Pt-magPb-magPc)*(1-exp(-alphaSC*1));  
Psub=Pt-(magPb+magPc+magPsc);  
Pabs=Pt-Psub;  
  
xxx(round(Po/100e-6)) = Pabs;  
bbb(round(Po/100e-6)) = magPb;  
ccc(round(Po/100e-6)) = magPc;  
sc(round(Po/100e-6))= magPsc;  
sub(round(Po/100e-6)) = Psub;  
%SUBPLOT(121) 
plot(100e-6:100e-6:1000e-6,Pabs)  
Lt=0:.1e-6:1e-6;  
asd=plot(Lc+.09,Pc, '-o' );  
hold on 
asdf=plot(Lb,Pb, '.-' );  
hold on 
asdfg=plot(Lsc+.59,Psc, '-*' );  
hold on 
end  
grid on 
legend([asdf,asd,asdfg], 'base' , 'collector' , 'sub-collector' )  
YLABEL('Flux absorption profile  (photons/second)' )  
XLABEL('Distance (um)' )  
hold on 
%.................................................. ................. 
  
for  Po=100e-6:100e-6:100e-6;  
alphaB=11.7; %for 500nm  
alphaC=11.7;  
alphaSC=11.7;  
Lb=0:.03:.09  
Lc=0:.1:.5  
Lsc=0:.1:1  
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Rf=(4.333-1)/(5.333);  
Rf=Rf^2;  
Pt=0.403*Po*(1-Rf)/1.6e-19;  
Pb=Pt*exp(-alphaB*Lb)  
magPb=Pt*(1-exp(-alphaB*.09));  
Pc=(Pt-magPb)*exp(-alphaC*Lc)  
magPc=(Pt-magPb)*(1-exp(-alphaC*.5));  
Psc=Pc(length(Lc))*exp(-alphaSC*Lsc)  
magPsc=(Pt-magPb-magPc)*(1-exp(-alphaSC*1));  
Psub=Pt-(magPb+magPc+magPsc);  
Pabs=Pt-Psub;  
  
xxx(round(Po/100e-6)) = Pabs;  
bbb(round(Po/100e-6)) = magPb;  
ccc(round(Po/100e-6)) = magPc;  
sc(round(Po/100e-6))= magPsc;  
sub(round(Po/100e-6)) = Psub;  
%SUBPLOT(121) 
plot(100e-6:100e-6:1000e-6,Pabs)  
Lt=0:.1e-6:1e-6;  
asd=plot(Lc+.09,Pc, '-o' );  
hold on 
asdf=plot(Lb,Pb, '.-' );  
hold on 
asdfg=plot(Lsc+.59,Psc, '-*' );  
hold on 
end  
grid on 
legend([asdf,asd,asdfg], 'base' , 'collector' , 'sub-collector' )  
YLABEL('Flux absorption profile  (photons/second)' )  
XLABEL('Distance (um)' )  
hold on 
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Appendix B:  Photogenerated current in various layers of 
GaAs-based HPT 
 
% wavelength = 850 nm  
clc  
clear  
close all  
for  Po=100e-6:100e-6:400e-6;  
alphaB=0.50; %for 850nm  
alphaC=.86;  
alphaSC=.02  
Lb=0:.01:.09;  
Lc=.1:.01:.6;  
Lsc=0.61:.01:1.61;  
Rf=(3.64-1)/(4.64);  
Rf=Rf^2;  
 
Pt=0.685*Po*(1-Rf); %/1.6e-19;%850nm  
  
Pb=Pt*exp(-alphaB*Lb);  
magPb=Pt*(1-exp(-alphaB*.09))  
Pc=Pb(1)*exp(-alphaC*Lc);  
magPc=(Pt-magPb)*(1-exp(-alphaC*.5))  
Psc=Pc(length(Lc)-8)*exp(-alphaSC*Lsc);  
magPsc=(Pt-magPb-magPc)*.84*(1.18-exp(-alphaSC*1));  
Psub=Pt-(magPb+magPc+magPsc)  
Pabs=Pt-Psub  
  
xxx(round(Po/100e-6)) = Pabs  
bbb(round(Po/100e-6)) = magPb  
ccc(round(Po/100e-6)) = magPc  
sc(round(Po/100e-6))= magPsc  
sub(round(Po/100e-6)) = Psub  
plot(100e-6:100e-6:1000e-6,Pabs)  
Lt=0:.1e-6:1e-6;  
end  
Figure  
SUBPLOT(223)  
plot(1000*[100e-6:100e-6:400e-6],xxx./[100e-6:100e- 6:400e-6], '-*' );  
hold on 
plot(1000*[100e-6:100e-6:400e-6],bbb./[100e-6:100e- 6:400e-6], '-p' );  
hold on 
plot(1000*[100e-6:100e-6:400e-6],ccc./[100e-6:100e- 6:400e-6], '-' );  
hold on 
plot(1000*[100e-6:100e-6:400e-6],sc./[100e-6:100e-6 :400e-6], '-o' );  
hold on 
plot(1000*[100e-6:100e-6:400e-6],sub./[100e-6:100e- 6:400e-6], '-rs' )  
AXIS([0.05 .45 0 0.35])  
XLABEL('Input power(mW) [ λ=840nm]' )  
YLABEL('Responsivity (mA/mW) ' )  
hold on 
Figure  
SUBPLOT(224)  
plot(1000*[100e-6:100e-6:400e-6],1000000*xxx, '-*' )  
hold on 
plot(1000*[100e-6:100e-6:400e-6],1000000*bbb, '-p' )  
hold on 
plot(1000*[100e-6:100e-6:400e-6],1000000*ccc, '-' )  
hold on 
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plot(1000*[100e-6:100e-6:400e-6],1000000*sc, '-o' )  
hold on 
plot(1000*[100e-6:100e-6:400e-6],1000000*sub, '-rs' )  
AXIS([0.05 .45 0 100])  
XLABEL('Input power(mW) [ λ=840nm]' )  
YLABEL('Photogenerated current (µA) ' )  
hold on 
for  Po=100e-6:100e-6:400e-6;  
alphaB=3.46;  
alphaC=3.46;  
alphaSC=3.46;  
Lb=0:.01:.09;  
Lc=.1:.01:.6;  
Lsc=0.61:.01:1.61;  
Rf=(3.826-1)/(4.826);  
Rf=Rf^2;  
  
Pt=0.523*Po*(1-Rf);  
  
Pb=Pt*exp(-alphaB*Lb);  
magPb=Pt*(1-exp(-alphaB*.09))  
Pc=Pb(1)*exp(-alphaC*Lc);  
magPc=(Pt-magPb)*(1-exp(-alphaC*.5))  
Psc=Pc(length(Lc)-8)*exp(-alphaSC*Lsc);  
magPsc=(Pt-magPb-magPc)*(1-exp(-alphaSC*1));  
Psub=Pt-(magPb+magPc+magPsc)  
Pabs=Pt-Psub  
  
xxx(round(Po/100e-6)) = Pabs  
bbb(round(Po/100e-6)) = magPb  
ccc(round(Po/100e-6)) = magPc  
sc(round(Po/100e-6))= magPsc  
sub(round(Po/100e-6)) = Psub  
plot(100e-6:100e-6:1000e-6,Pabs)  
end  
%Figure  
SUBPLOT(221)  
plot(1000*[100e-6:100e-6:400e-6],xxx./[100e-6:100e- 6:400e-6], '-*' )  
hold on 
plot(1000*[100e-6:100e-6:400e-6],bbb./[100e-6:100e- 6:400e-6], '-p' )  
hold on 
plot(1000*[100e-6:100e-6:400e-6],ccc./[100e-6:100e- 6:400e-6], '-' )  
hold on 
plot(1000*[100e-6:100e-6:400e-6],sc./[100e-6:100e-6 :400e-6], '-o' )  
hold on 
plot(1000*[100e-6:100e-6:400e-6],sub./[100e-6:100e- 6:400e-6], '-rs' )  
AXIS([0.05 .45 0 0.4])  
XLABEL('Input power(mW) [ λ =635nm]' )  
YLABEL('Responsivity (mA/mW) ' )  
hold on 
%Figure  
SUBPLOT(222)  
asd=plot(1000*[100e-6:100e-6:400e-6],1000000*xxx, '-*' )  
hold on 
asdf=plot(1000*[100e-6:100e-6:400e-6],1000000*bbb, '-p' )  
hold on 
asdfg=plot(1000*[100e-6:100e-6:400e-6],1000000*ccc, '-' )  
hold on 
asdfgh=plot(1000*[100e-6:100e-6:400e-6],1000000*sc, '-o' )  
hold on 
asdfghj=plot(1000*[100e-6:100e-6:400e-6],1000000*su b, '-rs' )  
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AXIS([0.05 .45 0 150])  
XLABEL('Input power(mW) [ λ =635nm]' )  
YLABEL('Photogenerated current (µA) ' )  
hold on 
legend([asd,asdf,asdfg,asdfgh,asdfghj], 'R(total)' , 'R(base)' , 'R(colle
ctor)' , 'R(sub-collector)' , 'R(sub)' )  
grid on 
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Appendix C: Matlab code for Responsivity, Collection 
efficiency and Quantum efficiency of InP/InGaAs HPT 
 
 
%1550nm 
alphaB=.85e4;  
alphaC=.68e4;  
alphaSC=.68e4;  
clc  
Lp=30e-4;  
B=15;  
q=1.6e-19;  
lamda=1550e-9;  
Eph=6.63e-34*3e8/lamda;  
XX=5.3e14;  
YY=4.9e14;  
ZZ=3.6e14;  
magb=(1-exp(-alphaB*.1e-4));  
magc=YY/XX*(1-exp(-alphaC*.4e-4));  
magsc=ZZ/XX*(1-(exp(-alphaSC*.4e-4)));  
aa=1-(exp(-alphaSC*1e-4));  
aaa=B*q/Eph;  
Rspec1550=B*q/Eph*(magb+magc+magsc)  
QE1550=Rspec1550*Eph/q/B  
 
%1300nm 
 
alphaB=1.55e4;  
alphaC=1.16e4;  
alphaSC=1.16e4;  
Lp=30e-4;  
B=15;  
q=1.6e-19;  
lamda=1300e-9;  
Eph=6.63e-34*3e8/lamda;  
XX=4.5e14;  
YY=3.8e14;  
ZZ=2.4e14;  
magb=(1-exp(-alphaB*.1e-4));  
magc=YY/XX*(1-exp(-alphaC*.4e-4));  
magsc=ZZ/XX*(1-(exp(-alphaSC*.4e-4)));  
aa=1-(exp(-alphaSC*1e-4));  
aaa=B*q/Eph;  
Rspec1300=B*q/Eph*(magb+magc+magsc)  
QE1300=Rspec1300*Eph/q/B  
 
%980nm 
 
alphaB=3e4;  
alphaC=3e4;  
alphaSC=3e4;  
Lp=30e-4;  
B=15;  
q=1.6e-19;  
lamda=980e-9;  
Eph=6.63e-34*3e8/lamda;  
XX=3.2e14;  
YY=2.5e14;  
ZZ=.75e14;  
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magb=(1-exp(-alphaB*.1e-4));  
magc=YY/XX*(1-exp(-alphaC*.4e-4));  
magsc=ZZ/XX*(1-(exp(-alphaSC*.4e-4)));  
aa=1-(exp(-alphaSC*1e-4));  
aaa=B*q/Eph;  
Rspec980=B*q/Eph*(magb+magc+magsc)  
QE980=Rspec980*Eph/q/B  
 
%800nm 
 
alphaB=6e4;  
alphaC=6e4;  
alphaSC=6e4;  
Lp=30e-4;  
B=15;  
q=1.6e-19;  
lamda=800e-9;  
Eph=6.63e-34*3e8/lamda;  
XX=2.7e14;  
YY=1.5e14;  
ZZ=.14e14;  
magb=(1-exp(-alphaB*.1e-4));  
magc=YY/XX*(1-exp(-alphaC*.4e-4));  
magsc=ZZ/XX*(1-(exp(-alphaSC*.4e-4)));  
aa=1-(exp(-alphaSC*1e-4));  
aaa=B*q/Eph;  
Rspec800=B*q/Eph*(magb+magc+magsc)  
QE800=Rspec800*Eph/q/B  
 
%900nm 
 
alphaB=4e4;  
alphaC=4e4;  
alphaSC=4e4;  
Lp=30e-4;  
B=15;  
q=1.6e-19;  
lamda=900e-9;  
Eph=6.63e-34*3e8/lamda;  
XX=3.1e14;  
YY=2.1e14;  
ZZ=.42e14;  
magb=(1-exp(-alphaB*.1e-4));  
magc=YY/XX*(1-exp(-alphaC*.4e-4));  
magsc=ZZ/XX*(1-(exp(-alphaSC*.4e-4)));  
aa=1-(exp(-alphaSC*1e-4));  
aaa=B*q/Eph;  
Rspec900=B*q/Eph*(magb+magc+magsc)  
QE900=Rspec900*Eph/q/B  
 
%1000nm 
 
alphaB=3e4;  
alphaC=3e4;  
alphaSC=3e4;  
Lp=30e-4;  
B=15;  
q=1.6e-19;  
lamda=1000e-9;  
Eph=6.63e-34*3e8/lamda;  
XX=3.4e14;  
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YY=2.5e14;  
ZZ=.75e14;  
magb=(1-exp(-alphaB*.1e-4));  
magc=YY/XX*(1-exp(-alphaC*.4e-4));  
magsc=ZZ/XX*(1-(exp(-alphaSC*.4e-4)));  
aa=1-(exp(-alphaSC*1e-4));  
aaa=B*q/Eph;  
Rspec1000=B*q/Eph*(magb+magc+magsc)  
QE1000=Rspec1000*Eph/q/B  
 
%1100nm 
 
alphaB=2.3e4;  
alphaC=2.3e4;  
alphaSC=2.3e4;  
Lp=30e-4;  
B=15;  
q=1.6e-19;  
lamda=1100e-9;  
Eph=6.63e-34*3e8/lamda;  
XX=3.8e14;  
YY=3e14;  
ZZ=1.2e14;  
magb=(1-exp(-alphaB*.1e-4));  
magc=YY/XX*(1-exp(-alphaC*.4e-4));  
magsc=ZZ/XX*(1-(exp(-alphaSC*.4e-4)));  
aa=1-(exp(-alphaSC*1e-4));  
aaa=B*q/Eph;  
Rspec1100=B*q/Eph*(magb+magc+magsc)  
QE1100=Rspec1100*Eph/q/B  
 
%1200nm 
 
alphaB=2e4;  
alphaC=2e4;  
alphaSC=2e4;  
Lp=30e-4;  
B=15;  
q=1.6e-19;  
lamda=1200e-9;  
Eph=6.63e-34*3e8/lamda;  
XX=4.1e14;  
YY=3.4e14;  
ZZ=1.5e14;  
magb=(1-exp(-alphaB*.1e-4));  
magc=YY/XX*(1-exp(-alphaC*.4e-4));  
magsc=ZZ/XX*(1-(exp(-alphaSC*.4e-4)));  
aa=1-(exp(-alphaSC*1e-4));  
aaa=B*q/Eph;  
Rspec1200=B*q/Eph*(magb+magc+magsc)  
QE1200=Rspec1200*Eph/q/B  
 
%1400nm 
 
alphaB=1.1e4;  
alphaC=1.1e4;  
alphaSC=1.1e4;  
Lp=30e-4;  
B=15;  
q=1.6e-19;  
lamda=1400e-9;  
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Eph=6.63e-34*3e8/lamda;  
XX=4.8e14;  
YY=4.3e14;  
ZZ=2.8e14;  
magb=(1-exp(-alphaB*.1e-4));  
magc=YY/XX*(1-exp(-alphaC*.4e-4));  
magsc=ZZ/XX*(1-(exp(-alphaSC*.4e-4)));  
aa=1-(exp(-alphaSC*1e-4));  
aaa=B*q/Eph;  
Rspec1400=B*q/Eph*(magb+magc+magsc)  
QE1400=Rspec1400*Eph/q/B  
 
%1700nm 
 
alphaB=.06e4;  
alphaC=.06e4;  
alphaSC=.06e4;  
Lp=30e-4;  
B=15;  
q=1.6e-19;  
lamda=1700e-9;  
Eph=6.63e-34*3e8/lamda;  
XX=5.9e14;  
YY=5.8e14;  
ZZ=5.7e14;  
magb=(1-exp(-alphaB*.1e-4));  
magc=YY/XX*(1-exp(-alphaC*.4e-4));  
magsc=ZZ/XX*(1-(exp(-alphaSC*.4e-4)));  
aa=1-(exp(-alphaSC*1e-4));  
aaa=B*q/Eph;  
Rspec1700=B*q/Eph*(magb+magc+magsc)  
QE1700=Rspec1700*Eph/q/B  
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Appendix D: Matlab code for Optical characteristics of 
GaAs based HPT. 
 
 
file = load ( 'IVcharafor635nm.txt' )  
Ic1=file(:,2)';  
Ic1=Ic1(1:3:length(Ic1));  
Ic2=file(:,3)';  
Ic2=Ic2(1:3:length(Ic2));  
Ic3=file(:,4)';  
Ic3=Ic3(1:3:length(Ic3));  
Ic4=file(:,5)';  
Ic4=Ic4(1:3:length(Ic4));  
Ic5=file(:,6)';  
Ic5=Ic5(1:3:length(Ic5));  
Vc=file(:,1)';  
Vc=Vc(1:3:length(Vc));  
%......635nm.....  
%SUBPLOT(121) 
plot(Vc,1000*Ic1, '-.' ) %10uW 
hold on 
asdf=plot(Vc,1000*Ic2, '-.' ) %50uW 
plot(Vc,1000*Ic3, '-.' ) %100uW 
plot(Vc,1000*Ic4, '-.' ) %150uW 
%plot(Vc,1000*Ic5)%200uW  
YLABEL('Iphoto (mA) ' )  
XLABEL('Vce (V)' )  
%AXIS([0 3 -1 6])  
% %......840nm.....Ib=50uA  
file = load ( 'IVcharafor635nmelec.txt' )  
Ie1=file(:,2)';  
Ve1=file(:,1)';  
asd=plot(Ve1,1000*Ie1, '.-' ); %150uW; 
plot(Ve1,1000*Ie1, '.-' ); %100 
plot(Ve1,1000*Ie1, '.-' ); %50 
plot(Ve1,1000*Ie1, '.-' ); %10 
grid on 
AXIS([0 3 -.5 2.5])  
legend([asdf,asd], 'measured' , 'predicted' )  
%title('(b) λ=840nm')  
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Appendix E: Analytical Spectral response for GaAs-based 
HPT 
 
A            = 2.3e4;  
phi_b     =[2.51 2.76 3.02 3.27 3.52 3.7 4.024 4.48  4.5];  
n         =[4.333 4.06 3.89 3.82 3.77 3.72 3.68 3.6 34 3.6];  
Rf=(n()-1)./(n()+1);  
Rf=Rf.^2;  
  
  
phi_b     =phi_b*1e14.*(1-Rf());  
theeta_o     = phi_b./A;  
alpha        = 1e4.*[11.1 6.8 4.5 3.45 2.5 1.8 1.4 .56 .021];  
w            = .05e-4;  
D_p          = 45; %25 
Lp           = 2.2e-4;  
T_p          = Lp*Lp/D_p;  
 
S2=D_p/T_p;  
S1=S2^.5;  
S1=[6.3 5.2 4 3 2 1.5 1.3 1.3 1]*3.1e4;  
%T_p=2e-9;  
w_b          = w;  
Pn_o         = 2.2e-7 ;  
Pn_at_0      = theeta_o./S1;  
  
x = (theeta_o .*alpha  * T_p)./((alpha* Lp).^2 -1);  
  
res = x.*( sinh(w/Lp)*alpha.*exp(-alpha.*w_b) 
+(1/Lp).*cosh(w/Lp).*exp(-alpha.*w) - (1/Lp) )+ ...  
Pn_at_0 .* ( (1/Lp).*cosh(w/Lp)*exp(-alpha.*w) - (1 /Lp) )+ 
(1/Lp)*Pn_o;  
a = res*1/sinh(w/Lp);  
In=-1.6e-19*D_p*a*A;  
%    grid on  
% plot(450:50:850,x)  
% Figure  
% plot(450:50:850,res)  
% Figure  
% plot(450:50:850,a)  
% Figure  
% plot(450:50:850,In)  
% % plot (In, '-*')  
% % hold on  
% % grid on  
% Figure  
% %Iph  
Ac            = 2.3e-3;  
phi_cc        =[2.51 2.76 3.02 3.27 3.52 3.77 4.024  4.28 4.5];  
w_b            = .09e-4;  
alpha        = 1e4.*[8.1 6 4 3 2 1.6 1.2 1.1 .07];  
phi_c     =phi_cc.*.63e14.*exp(-w_b*alpha);  
theeta_o     = phi_c./Ac;  
wc            =.5e-4;  
Iph=1.6e-19*phi_c.*(1-exp(-alpha*wc));  
 
% Ip  
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A            =2.3e-3;  
theeta_o     = phi_c.*exp(-wc*alpha);  
alpha        = 0.02e4;  
w            = 1e-4;  
D_p          = 4;  
Lp           = 1.2e-4; %*3;  
T_p          = Lp*Lp/D_p;  
w_b          = w;  
Pn_o         = 8.82e-7 ;  
Pn_at_0      = theeta_o/S1;  
A            =2.3e-3;  
x = (theeta_o .* alpha  * T_p)./((alpha* Lp).^2 -1) ;  
  
res = x.*( sinh(w/Lp)*alpha.*exp(-alpha.*w_b) + 
(1/Lp).*cosh(w/Lp).*exp(-alpha.*w) - (1/Lp) )+ ...  
Pn_at_0 .* ( (1/Lp).*cosh(w/Lp)*exp(-alpha.*w) - (1 /Lp) )+ 
(1/Lp)*Pn_o;  
a = res*1/sinh(w/Lp);  
Ip=1.6e-19*D_p*a*A;  
It=Ip+In+Iph;  
R=It./((1-Rf()).*100e-6)  
 
%R 
 
xx=abs (R);  
plot(500:50:900,xx, '-*' )  
hold on 
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Appendix F: Analytical Spectral response for InP/InGaAs 
HPT 
 
A            = 1.5e-3;  
% starting with 800nm 900 980 1100 1200 1310 1400 1 550 1700  
phi_b     =1e14*[2.7 3.1 3.4 3.8 4.1 4.5 4.8 5.3 5. 9];  
n         =[3.7 3.7 3.65 3.65 3.6 3.6 3.6 3.6 3.5];  
Rf=(n()-1)./(n()+1);  
Rf=Rf.^2;  
theeta_o     = phi_b./A;  
alpha        = 1e4.*[6 4 3 2.3 2 1.5 1.2 .9 .051] %chck at 850  
w            = .1e-4;  
D_p          = 36.25; %for electron  
Lp           = .45e-4; % calculating from 4e-11s lifetime  
T_p          = Lp*Lp/D_p;  
%T_p=2e-9;  
S2=D_p/T_p  
S1=.5*S2^.5  
S1=[4 3 2 1.8 1.6 1.4 1.2 1.1 1]*3.2e4;  
w_b          = w;  
Pn_o         = 2.2e4 ;  
Pn_at_0      = theeta_o./S1;  
  
x = (theeta_o .*alpha  * T_p)./((alpha* Lp).^2 -1);  
  
res = x.*( sinh(w/Lp)*alpha.*exp(-alpha.*w_b) 
+(1/Lp).*cosh(w/Lp).*exp(-alpha.*w) - (1/Lp) )+ ...  
Pn_at_0 .* ( (1/Lp).*cosh(w/Lp)*exp(-alpha.*w) - (1 /Lp) )+ 
(1/Lp)*Pn_o;  
a = res*1/sinh(w/Lp);  
In=-1.6e-19*D_p*a*A  
%    grid on  
% %Iph  
Ac            = 1.5e-3;  
phi_cc        =[1.5 2.1 2.5 3 3.4 3.8 4.3 4.9 5.8 ] ;  
alpha        = 1e4.*[6 4 3 2.3 2 1.5 1.1 .75 .05];  
phi_c     =phi_cc.*1e14.*exp(-w_b*alpha);  
theeta_o     = phi_c./Ac;  
wc            =.4e-4;  
Iph=1.6e-19*phi_c.*(1-exp(-alpha*wc));  
  
% Ip  
A            =2.3e-3;  
alpha        = 1e4.*[6 4 3 2.3 2 1.5 1.1 .75 .05];  
phi_c     =1e14*[.14 .42 .75 1.2 1.5 2.4 2.8 3.6 5. 7];  
theeta_o     = phi_c./A  
alpha        = 1e4.*[6 4 3 2.3 2 1.5 1.1 .75 .05];  
w            = .4e-4;  
D_p          = 2;  
Lp           = 8.9e-5; %*3;  
T_p          = Lp*Lp/D_p;  
w_b          = w;  
Pn_o         = 8.82e-7 ;  
Pn_at_0      = theeta_o./S1;  
A            =1.5e-3;  
x = (theeta_o .* alpha  * T_p)./((alpha* Lp).^2 -1) ;  
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res = x.*( sinh(w/Lp)*alpha.*exp(-alpha.*w_b) + 
(1/Lp).*cosh(w/Lp).*exp(-alpha.*w) - (1/Lp) )+ ...  
Pn_at_0 .* ( (1/Lp).*cosh(w/Lp)*exp(-alpha.*w) - (1 /Lp) )+ 
(1/Lp)*Pn_o;  
a = res*1/sinh(w/Lp);  
Ip=-1.6e-19*D_p*a*A;  
It=Ip+In+Iph;  
R=It./((1-Rf()).*100e-6)  
xx=abs (R);  
plot([800 900 980 1100 1200 1310 1400 1550 1700],xx , '-*' )  
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Appendix G: Absorption coefficient and monolayer 
detection calculations of GaAs and InP materials  
 
%GaAs 
mo=9.11e-31;  
mn=0.067*mo;  
c=3e8;  
lamda= [200e-9:10e-9:874e-9];  
h=6.626068e-34;  
   
a=3*(mn/mo)^1.5;  
a1=a*lamda.*( (c*h./lamda - 1.42*1.6e-19).^0.5 )/(h *2*3.142*c)  
plot(lamda,a1)  
semilogy(lamda, a1)  
  
hold on 
  
%InP 
mo=9.11e-31;  
mn=0.041*mo;  
c=3e8;  
lamda= [200e-9:10e-9:1650e-9];  
h=6.626068e-34;  
   
a=3*(mn/mo)^1.5;  
a1=a*lamda.*( (c*h./lamda - .74*1.6e-19).^0.5 )/(h* 2*3.142*c)  
semilogy(lamda, a1)  
  
 
% monolayer detection  
% function [inp,gas]=spectral(a,b)  
hold on 
plot(875,.022, '*' )  
plot(835,.004, '*' )  
plot(900,.034, '*' )  
  
a=3e-6 %1e-6;  
b=13e-6;  
  
file = load ( 'data.txt' )  
E=file(:,1)';  
K=file(:,3)';  
n=file(:,2)';  
  
lamda=1.240e-6./E;  
alpha=4*pi*K./lamda;  
Rf=(n-1)./(n+1);  
flux=(1-Rf).*( exp(-1*a*alpha) - exp(-1*b*alpha) );  
inp=plot(1e9*lamda,flux, '*-' );  
AXIS([750 1200 0 0.25])  
hold on 
%plot(lamda,n)  
%.................................................. ....  
file = load ( 'gaas.txt' )  
E=file(:,1)';  
K=file(:,3)';  
n=file(:,2)';  
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lamda=1.240e-6./E;  
alpha=4*pi*K./lamda;  
Rf=(n-1)./(n+1);  
flux=(1-Rf).*( exp(-1*a*alpha) - exp(-1*b*alpha) );  
gas=plot(1e9*lamda,flux, '--rs' )  
YLABEL('FRACTION OF FLUX ABSORBED  ' )  
XLABEL('Wavelength (nm)' )  
  
%plot(lamda,alpha)  
hold on 
%plot(lamda,n)  
legend([inp,gas], 'InP' , 'GaAs' )  
grid on 
 
 


