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ABSTRACT 
 

 

The "n-like layer" is important in multilayer layer amorphous selenium (a-Se) based X-

ray detector structures because it blocks the injection of holes from the positive 

electrode.  The dark current in these devices is controlled primarily by hole injection, 

and the introduction of the n-like layer to block hole injection was a key development in 

the commercialization of a-Se X-ray detectors. An n-like a-Se layer is defined as a layer 

in which the electron range is much greater than the hole range, μeτe >> μhτh, where τ 

and μ are the lifetime and drift mobility of the charge carriers and the subscript e and h 

represent electrons and holes.  

This thesis examines the effect of doping a-Se with Group II elements (in 

particular Mg) towards finding a better n-like layer – that with relatively long electron 

range (drift mobility × lifetime) , trap limited hole transport and which is stable against 

crystallization. Conventional Time of Flight (TOF) and Interrupted Field Time of Flight 

(IFTOF) transient photoconductivity measurements were used to characterize the 

electron and hole transport in various Group II doped a-Se layers. The dependence of 

the electron and hole lifetimes and drift mobilities on the composition of the n-like layer 

was examined. The addition of Group II materials converts the a-Se starting material 

from p-like into n-like. It was found that increasing the concentration of Mg increases 

the electron range while limiting the hole range by modifying the population of deep 

traps. The addition of As further limits the hole transport but does not alter the electron 

range. The clear reproducibility of the thermal properties obtained from the Differential 

Scanning Calorimetry (DSC) implies that small amounts of Mg can be used as a 

suitable n-type dopant. 
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1. INTRODUCTION 
 

1.1 X-ray Image Detectors  

The use of ionizing radiation such as X-rays to view images which can not be 

seen by the naked eye is termed as Radiography. X-ray detectors are a vital diagnostic 

tool in medical imaging. Even with all the advances in medical imaging, X-ray image 

detectors are irreplaceable because of their ability to distinguish between bones and 

tissues in the human body. They can also be used for detection of foreign objects such 

as metal or toys in the body without invasive procedures.   

 

Radiographic imaging systems rely on the differential attenuation of ionizing 

radiation through different structures and tissues in the body to produce a radiological 

image. A typical diagnostic radiographic system consists, in its most general form, an 

X-ray source, an X-ray image detector which is placed behind the object/body to be 

analyzed and a device to view the output image as shown in Figure 1.1. An ideal 

radiographic system is one that allows immediate acquisition of an X-ray image directly 

in digital form with the least number of X-ray photons  

 
Figure 1.1 Simplified diagnostic radiographic setup 
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As the X-ray photons emitted from the X-ray source move across the body they 

are scattered, absorbed or transmitted depending on the tissue or bone they encounter. 

The contrast in the image depends on primary photons which travel in an almost straight 

line (there is slight diffusion as electrons are created in random direction and move due 

to scattering, but this is on the scale of ≈3μm which is negligible compared to pixel size 

of the detector which is ≈100µm) from the source, reach the detector without any 

interaction and result in sharp shadows. There are also some secondary photons which 

reach the detector from different positions in the body due to scattering and result in 

blurring the high contrast shadows of the primary photons. 

 

The resultant output image is highly dependent on the type of X-ray source and 

the detector used. Thus, by altering the X-ray source or the material and/or material 

composition used for the detector we can obtain higher quality images with lower X-ray 

exposure. This is vital as subtle changes in the contrast can either be a result of real 

abnormalities in the human body or due to some imaging error, and by perfecting the 

imaging process we can hope to eliminate errors arising from it. 

 

Traditionally, film-screens were used for detecting X-ray images in an analog 

technology. Processing and obtaining images by the film-screen is time consuming and 

the acquired image is in analog form. Today, most analog methods have been displaced 

by digital technologies which have made it easier to store and analyze images. The 

images are available almost instantly making the diagnosis process faster. They can be 

easily transmitted between sites for consultation or interpretation. Image processing and 

computer-aided diagnostic algorithms are available for image enhancement and analysis 

[1]. 

 

Flat panel X-ray image detectors are large area integrated circuits that are able to 

capture an X-ray image and convert it to a digital form for image display, analysis and 

storage [2]. Flat panel X-ray detectors can be described as having 2 layers; an Active 

Matrix Array (AMA) layer comprising of a two dimensional array of thin film 
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transistors (TFTs) and an X-ray detection layer. The detection layer can be classified as 

either direct conversion or indirect conversion. In the case of indirect conversion, the 

absorbed X-ray photons are first converted into visible light photons. The light photons 

are then converted to a readable electrical signal by a photodiode such as amorphous 

silicon (a-Si). Most X-ray imaging detectors use a phosphor screen to absorb the X-rays 

and generate photons. These light photons spread while traveling through the phosphor. 

The amount of diffusion is proportional to the length of the phosphor, i.e., thicker 

phosphors will lead to more spreading. However, if we reduce the thickness of the 

phosphor, the quantum efficiency will decrease due to absorption of less X-ray photons. 

The phosphor grains cause blurring due to the scatter of optical photons [3]. By using 

CsI (Cesium Iodide )which grows in columnar crystals which behave as fiber optics [4], 

we can decrease the diffusion by channeling the movement of the photons in a specific 

direction. However, cracking in CsI is common and leads to separation between the 

fibers [4]. Hence, there is still a lateral spread in signal. CCD (Charge coupled device) 

based detectors are optically coupled to a phosphor (CsI:TI) and use tapered optical 

fibers to collect the light photons. 
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Figure 1.2: a) Settled phosphor, b) Columnar CsI phosphor and c)Direct X-ray converter with 
charge collection in an electric field. A hypothetical line spread function of each system is also shown 
(After reference [4]). 

The disadvantage of indirect detection is loss of resolution because of  the lateral 

spread in the phosphor due to diffusion. Also, since an additional step is incorporated in 

coupling the light to a photodetector, the quantum efficiency of the detector decreases. 

In direct conversion, X-ray photons are absorbed by a photoconductor with a large 

bandgap (> 2 eV) such as amorphous selenium (a-Se) or HgI2 generating electron hole 

pairs which drift in a direction parallel to the electric field lines and constitute a 

a)

b)

c)
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readable electrical signal when collected by the charge storage capacitors. There is little 

or no blurring. The output signal obtained from the direct detection process has a very 

high spatial resolution [5]. Another advantage of the direct conversion method is that 

simpler TFT array structure can be manufactured in a standard facility used for active 

matrix liquid crystal displays. Also the absorption efficiency of a solid state detector can 

be maximized with the suitable choice of the photoconductor material, operating bias, 

and the thickness of the photoconductive layer [6]. Direct detectors are also easier and 

cheaper to manufacture due to their simpler structure [7]. Both the direct and the 

indirect methods discussed above offer better image quality than screen-films and 

computed radiography systems [8]. 

 

The AMA layer comprises of many TFTs, which are arranged in a matrix of m 

rows and n columns on a substrate as shown in Figure 1.3. To address a particular pixel 

(picture element), a high voltage is applied to a gate line and the selected row of TFT 

switched starts conducting electricity. The stored charge is then discharged on to the 

data line. The data line has a charge amplifier which converts the charge into a voltage, 

which an Analog to Digital Converter (ADC) converts into a digital signal. All other 

rows that the column intersects are turned off and isolated; only the capacitor at the 

designated pixel receives a charge which is held until the next refresh cycle. 

 

The flat panel detector contains all the electronics required to generate the image 

which results in its compactness and does not require adjustment after every image like 

the X-ray films systems currently in use. Also, since AMA’s are readily available in the 

market, flat panel sensors are cost effective. Therefore, the advantages of the active 

matrix flat-panel imager (AMFPI) are its compact size, low weight, cost effectiveness 

high quantum efficiency and a high resolution. 
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Figure 1.3 TFT active-matrix-array used in flat panel X-ray image detectors with self-scanned 
electronic readout (After reference [28]). 

AMFPIs satisfy the requirements for general radiology and many of the 

requirements required for mammography. Mammography is more challenging than 

other diagnostic techniques because the radiologist must be able to distinguish between 

several types of soft tissue with very similar X-ray absorption properties. The low 

image contrast causes a serious problem as well as the size of the micro-calcifications 

(80-100µm) which are the objects of investigations in mammograms. A pixel size of 

~50 μm is required for mammography [4]. 

 
Figure 1.4 Anrad Corporation’s a-Se based flat panel detector for digital mammography (Courtesy 
of Anrad Corporation , Quebec). 
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1.2 Amorphous Selenium Based X-ray Detectors 

Amorphous selenium (a-Se) is one of the most highly developed 

photoconductors for large area detectors due to its commercial use as an 

electrophotographic photoreceptor [2]. The first reported use of a-Se in medical 

application was by Boag in 1973 [9]. The latent image was read by a toner development 

technique. The toner method, though a success at that time is now replaced by an 

electronic readout system. This has made it an integral part of diagnostic imaging. It is 

also one of the most developed photoconductors for X-ray applications. John Rowlands 

and co-workers carried out the pioneering work in the use of a-Se in AMA based flat 

panel X-ray detectors for radiography and fluoroscopy [5,10,11,12,15,16].These 

detectors are currently being utilized as commercial medical imagers. Along with co-

workers, he is actively involved in the development and optimization of a-Se flat panel 

detectors in digital mammography [12,13,14]. 

 

 There are various reasons for the use of a-Se in flat panel X-ray image detector 

applications. Alloys of a-Se can be easily coasted uniformly on large areas (eg.,100-

1000 μm) by conventional vacuum deposition techniques, without damaging the AMA 

electronics [15], in contrast to traditional crystal technology which are difficult and 

expensive to create in large areas (eg., 40 cm × 40 cm used for chest radiography). 

Since, atomic number of Se (Z=34) is greater than the atomic number of Si (Z=14), Se 

is a much better absorber of X-ray radiation. The high sensitivity, high resolution and 

cost effectiveness of the a-Se based detector system make it one of the most ideal 

candidate in the fiel of diagnostic radiography. Figure 1.5 shows a basic a-Se based X-

ray detector. The function of the a-Se layer is to generate electron hole pairs in 

proportion to the intensity of the incident X-rays and collect them at the electrodes. The 

detector must be of adequate thickness for maximum absorption efficiency. High 

electric fields are also required for high efficiency in converting X-rays into electron 

hole pairs. 

 

The a-Se layer used in detectors is known as stabilized a-Se as it is alloyed with 

0.2%-0.5% arsenic (As) and doped with chlorine (Cl) in parts per million (ppm). This is 
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because pure a-Se crystallizes over time (months to years) resulting in a higher dark 

current. Alloying with arsenic stabilizes the selenium against crystallization, but 

introduces shallow hole traps (0.4-0.6 eV from conduction band) which the chlorine 

doping compensates for. 

 

 
Figure 1.5  Simplified Amorphous selenium based X-ray detector (After [5]). 

Thus, stabilized a-Se is the preferred choice for X-ray image sensors because it 

has an acceptable X-ray absorption coefficient, good charge transport properties for 

both holes and electrons and dark current in a-Se is much smaller than in many 

competing polycrystalline layers [4,5]. 

 

1.2.1 The Dark Current Problem 

The application of an electric field to the photoconductor layer for charge 

collection will cause a small current to flow through it even in absence of any radiation. 

Such a current is known as dark current. The dark current introduces noise in the device 

and limits the smallest amount of X-ray radiation that can be detected by the detector. 

Practical detectors need to have low dark current at the operating bias. An acceptable 
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level of dark current is 10 pA/mm2. High dark currents significantly alter the signal to 

noise ration (SNR) and , hence, the spatial frequency dependent detective quantum 

efficiency (DQE) which is dependent on noise[16,17]. 

 

The simple metal/a-Se/metal structure based a-Se X-ray detectors are limited by 

the dark current in the device which has a non-linear dependence on the field. A high 

field is required to operate the a-Se detector (eg., 3-10 V/μm), as photogeneration is 

field dependent, which results in a high dark current [16]. The dark current is primarily 

due to the hole injection from the positive electrodes [17]. It is reduced by using a-Se 

X-ray detector with a p-i-n type structure with two thin blocking layers (p- and n-) 

between the intrinsic-like charge generation layer (i-) and metal electrode contacts as 

shown in Figure 1.6. The n-layer has a greater electron range than hole range (μeτe >> 

μhτh, where μ is the drift mobility and τ is the lifetime of the charge carrier and the 

subscripts e and h refer to electrons and holes respectively of the charge carrier ) and for 

the p-layers the hole range is greater than the electron range (μhτh >> μeτe). Thus n-

layers transport electrons while efficiently trapping holes. In the presence of the n- and 

p-layers, the trapped charge carriers reduce the electric field at the metal electrodes 

which becomes sufficiently small to minimize charge injection from the contacts, this, 

in turn, substantially decreases the dark current [17]. The electrons and holes created in 

the i-layer will pass through the n- and p-layers without getting trapped. It has been 

reported that dark current in such structures is less than 1 pA/mm2 at fields of 10-20 

V/μm [18]. 

 

It should be mentioned the terms "n-type" and "p-type" refer to the relative 

magnitudes of the electron and hole ranges and not to the relative magnitudes of the free 

carrier concentrations or the position of the Fermi level in the case of a-Se. The reason 

is that, typically, the Fermi level does not change very much with doping whereas there 

are orders of magnitude changes in the carrier Schubwegs .  

 

An n-like layer is typically produced by doping Se with an alkali metal such Na. 

The lifetime of the holes in the n-like layers and the electrons in the p-like layers should 
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ideally be zero. As this is extremely difficult to achieve, the thickness of an efficient 

trapping layer must be greater than the average distance that the carrier travels before 

being deeply trapped . 

 

The p-i-n type structure.(shown in Figure 1.6) is hard to fabricate as it involves 

depositing 3 layers with different properties [19]. It is also difficult to find the right 

dopant and concentration to produce the p- and n-layers. Hence, to overcome this 

problem, a two layer structure with a thin n-type layer next to the positive electrode 

with a thick i-layer between the n-layer and the  negative bias was proposed by Belev 

and Kasap [19]. The same material composition was used for both the n- and i-layer 

with the difference being that the n-layer is deposited onto a cooled substrate and 

subsequently annealed. This process increases the electron range while the hole range 

remains unaffected [19]. 

Figure 1.6 Typical idealized p-i-n structure used in a-Se detector, the two thin blocking layers 

sandwich a thicker intrinsic layer where both charge carriers can travel. The p-layer is the electron 

blocking layer and the n-layer is the hole blocking layer. The field in the blocking layers decrease due  to 

the buildup of charge carriers in the blocking layers. 
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1.2.2 Problem with Existing n-layers  

The properties of a-Se are extremely sensitive to alloying and doping. By 

altering the concentration of the dopant or alloy we can obtain a material with specific 

properties. In order to fabricate a n-layer with higher electron ranges then hole ranges, 

we need to add elements with lower electronegativity than Se which would allow that 

element to donate electrons more easily than the Se and substitute for the Se3+  ion and 

alter the carrier lifetime. 

 

Group I alkaline metals such as Na, which have the lowest electronegativity 

have been shown to encourage crystallization in a-Se [20]. Also when high electric 

fields are applied to the p-i-n structure of the a-Se detector, Na+  ions will tend to drift 

towards the negative electrode and ,hence, out of the n-layer into the i-layer, thereby 

changing the properties of the i layer. These problems can be overcome by heavily 

doping the n-layers with As(2%- 10%). The addition of such a high amount of As leads 

to decreased electron mobility by introducing shallow traps which will affect the X-ray 

sensitivity of the detector [19].  

 

1.2.3 Charge Transport 

It is hard to characterize amorphous materials such as a-Se as its properties 

differ based on the source material, slight variations in preparation techniques and 

defects present. The two important charge transport properties that are of interest are the 

drift mobility (μ) and lifetime (τ). The product of these quantities (μτ) also determines 

its X-ray sensitivity [15]. The product of the charge carrier drift mobility, deep-trapping 

lifetime, and the applied electrical field, F, known as the Schubweg (μτF), represents the 

average distance that a charge carrier travels in the transport band before being trapped 

in deep localized states.  

 

An ideal photoconductor material should have a thickness L >> μτF to have 

negligible trapping of charge carriers. The thickness of the blocking layers also needs to 

be greater then the carrier Schubweg. Drift mobility of the holes is much higher than 

that of the electrons, which makes the fabrication of the n-layers hard. However, only 
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electrons contribute to signal formation, as the  radiation receiving electrode is 

negatively biased, n-layers are vital in a-Se based X-ray detectors.  

 

1.3 Research Objectives 

The main objective of the research was to find an n-layer that would be stable 

against crystallization and has long electron ranges but trap limited hole transport to 

block the hole injection using charge transport studies. To obtain n-like a-Se, Group II 

elements such as magnesium (Mg), calcium (Ca) and barium (Ba) were added to a-Se. 

Time of Flight (TOF) and Interrupted Field Time of Flight (IFTOF) was to be used to 

obtain the values of the mobility and the lifetime of the charge carriers which were used 

to characterize the material. These values also helped determine the carrier Shubweg 

and hence, the performance of the detector. The effect of doping Group II elements with 

a-Se was studied to find if the resultant materials are suitable for use as n-layers. The 

effect of doping on the population of deep and shallow traps was also examined.  

 

1.4 Thesis Outline 

This thesis is divided into 5 chapters. Chapter 1 provides a background on direct 

conversion flat panel X-ray detectors, especially a-Se based detectors as well as the 

research objectives. Chapter 2 provides information on the structure of a-Se and the 

physical properties which are required to understand the results of this study. The 

electronic density of states is also examined. Chapter 3 describes the experimental 

procedure (TOF and IFTOF) and setup used for conducting this research. It also 

describes the process of fabricating the films used in the experiments. Chapter 4 

contains the results and discussions obtained from the experiments conducted as part of 

this study. The conclusions are presented in chapter 5.
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2. AMORPHOUS SELENIUM 
 

2.1 Introduction 

Selenium (Se), with atomic number Z = 34 was the first photoconductor 

(conducts electricity better in light than in the dark) to be discovered [21] . Se can exist 

both in the crystalline and amorphous forms. Crystalline Se was used in electrical 

rectifiers from 1930s to 1960s . In its amorphous phase, Se is used as a direct 

conversion X-ray photoconductors and as an avalanche photoconductor in ultrahigh 

sensitivity vidicon tubes (HARPICONs). The X-ray sensitivity of the a-Se based 

detector is related to the electronic properties of the photoconductive a-Se layer.  

 

Selenium is the only elemental material that exhibits semiconducting properties 

in its crystalline, amorphous and liquid (near the melting temperature) states. This is 

related to its molecular structure and this chapter provides a background on the 

properties and structure of amorphous selenium and its electronic density of states 

(DOS). 

 

2.2 Structure of Amorphous Semiconductor 

Amorphous selenium belongs to a class of semiconductors known as 

chalogenides. Chalcogenides are compounds of Group VI-A in the Periodic Table, such 

as Sulphur (S), Selenium (Se) and Tellerium (Te) with compounds of  group III-B, IV-B 

and/or V-B elements which comprise of arsenic (As), germanium (Ge), antimony (Sb), 

phosphorous (P) and others..
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Figure 2.1 (a) Crystalline structure (b) Amorphous structure with over-coordinated bonds denoted 
by 'O' and under-coordinated bonds denoted by 'U'. 
 

Semiconductors can have either an ordered crystalline atomic structure or 

disordered amorphous structure as shown in Figure 2.1. The crystalline structure has 

identical bond lengths and bond angles for each of the atom in the solid. If surface 

defects are ignored then the equilibrium position of each atom in the network can be 

found from any other position in the network. This type of order is described as long-

range order because the periodicity of the network extends throughout the bulk of a pure 

crystalline solid. Any atom in the crystalline structure that is not in its equilibrium 

position is considered a defect. 

 

Amorphous solids have slight variations in their bond lengths and bond angles. 

These slight variations result in destroying the spatial periodicity of the network over 

distances greater then a few atomic radii. The valency requirements are satisfied for 

individual atoms and each atom is normally bonded to the same number of nearest 

neighbours. Therefore, amorphous structure exhibits a short-range order which results 

in a similar electronic structure for the amorphous and crystalline phases of a 

semiconductor [22]. In amorphous semiconductor there is no correct position of an 

atom, hence, one cannot say whether a specific structure is a defect or not [23]. In the 

amorphous structure, the only specific structural feature of the atoms is the coordination 

number. Therefore, the only recognizable defect is a coordination defect which arises 

when an atom has too many (over-coordinated) or too few bonds (under-coordinated). 

a) 
b) 
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These defects introduce additional localized electronic states in the electronic structure 

of the amorphous material. 

 

2.3 Band Structure of Amorphous Semiconductors 

The density of states (DOS) diagram is used to explain or predict the properties 

of a material. It is defined as the number of available electronic states per unit volume 

per unit energy. 

 

Figure 2.2 DOS of (a) crystalline structure and (b) amorphous structure. The amorphous structure 
has localized states between Ec and Ev.The crystalline structure has no states in its bandgap. 

The DOS of the crystalline semiconductor has two bands of allowed energy 

states separated by a forbidden region or band gap as shown in Figure 2.2. The lower 

band is fully occupied by the electrons involved in the covalent bonding of the 

semiconductor and is called the valence band (VB). The upper band of states, however, 

is almost completely devoid of electrons. When an electron acquires sufficient energy to 

surpass the band gap, it becomes free to contribute to an electrical current and is, 

therefore, called the conduction band (CB). There are no states in the bandgap. Ev is the 

energy at the top of the VB and Ec is the energy at the bottom of the CB [24].  

 

N.F. Mott [25] was the first to generalize the band theory of crystalline 

semiconductors to amorphous materials. The electronic structure of crystalline 

semiconductors has the following universal features:  

a) b) 

Shallow Traps 
Deep Traps 

Localized 
States 
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1.  The individual electrons within the crystal can be described by extended 

Bloch wave-functions that possess long-range order in both amplitude and 

phase, and  

2.  The allowable electron energies fall into bands of allowed states which are 

separated by a well defined gap of “forbidden” energies.  

 

Mott postulated that in amorphous semiconductors Bloch wave functions have 

amplitudes with long-range order but only short-range order in their phases. Therefore 

the sharp band edges that were the result of long-range periodicity will be replaced by 

“tails” of localized states due to the localized electron states existing in the forbidden 

region as shown in Figure 2.3. 

 

Motts hypothesis was based on the work of P.W. Anderson [26] who showed 

that the translational and compositional disorder in amorphous materials will result in 

“localized” states. According to Mott, the transition from the localized tail states to the 

extended band states is well defined [27]. Electrons in the extended states move with a 

finite band transport mobility determined by the electron’s effective mass in the solid. 

Electrons in the localized tail states move with a mobility that is controlled by thermally 

activated tunneling between states. Therefore, the mobility in the localized states 

disappears as the temperature approaches absolute zero. This region of abrupt change in 

mobility gives rise to a mobility gap in amorphous semiconductors, similar to the 

bandgap of crystalline semiconductors. 
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Figure 2.3 Density of States (DOS) models for crystalline and amorphous semiconductors. (a) In 
the crystalline case, two extended state bands are separated by a forbidden energy region called the band 
gap. (b) The initial DOS model for amorphous semiconductors as proposed by Mott; the disorder of the 
amorphous network introduces localized states that encroach into the gap region. (c) The CFO model for 
amorphous semiconductors showing localized states that extend continuously through the gap region. (d) 
Marshall and Owen argued that defects in the structure would contribute a significant number of localized 
states deep in the gap region (After [28]). 
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2.4 Structure of a-Se 

Selenium (Se) (electronic configuration 1s22s22p63s23p63d104s24p4) has twenty 

eight inner core electrons and six valance electrons in the outer most shell. The two 

electrons in the s-subshell states form a lone pair (LP) and do not participate in bonding. 

The remaining four electrons reside in the p-subshell. Two of the four p-state electrons 

usually form a lone pair and are sometimes referred to as nonbonding (NB) states. The 

remaining two electrons are available for covalent bonding to other atoms to form a 

solid. The optimum bond angle of Se is 105° and combined with two-fold coordinated 

bonding corresponds to the lowest energy configuration of the Se atom [29]. 

 

The two-fold coordinated bonding configuration of Se results in two allotropes 

of the crystalline phase of the solid, which are known as α-monolclinic Se (α-Se) and 

trigonal Se (γ-Se). The α-monoclinic structure is composed of eight member rings (Se8), 

while the trigonal structure consists of parallel helical (Sen) molecule chains and is more 

stable at room temperature. Originally, it was assumed that the amorphous structure of 

Se contains a mixture of these ring-like and chain-like formations randomly distributed 

throughout the solid. However, structural studies of a-Se and its alloys favour a 

“random chain model” in which the individual atoms of the solid are arranged in a two-

fold coordinated chain structure where the magnitude of the dihedral angle φ remains 

constant, but its sign changes randomly [29,30]. The dihedral angle is the angle between 

two adjacent bonding planes.  

 

In the crystalline phase of selenium, the positions of the atoms are fixed by 

symmetry, the bond length, r, and the bond angle, θ The magnitude of φ is a function of 

r and θ. In γ-Se , the dihedral  angle rotates in the same manner as moving along a chain 

to form a spiral pitch of three atoms. In α-Se, the sign of φ alternates with movement 

around the ring. In a-Se, random variations in the sign of the dihedral angle lead to 

regions that are ring-like in structure and regions that are chainlike in structure. If + and 

– are used to indicate the relative phase of the dihedral angles, then a sequence of the 

type +-+- is ring-like, and a sequence of +++ or --- is chain-like [29].  
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Figure 2.4 Definition of dihedral angle in selenium random chain model. (a) Dihedral angle 
formed between two planes of atoms 123 and 234. (b) Looking down on the bond joining atoms 2 and 3 , 
the bond angle θ and the bong length r [(After 30]). 

 

Figure 2.5 Random model of a-Se depicting chain-like and ring-like , chains segments [30]. 
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Figure 2.5 can be characterized by +++ – + – + – – –. Only local molecular order 

within the selenium chain has been assumed in this model. The structure of amorphous 

solids has a degree of order at least between the individual atoms. Each individual atom 

in the solid tends to fulfill its valency requirements, however not all the atoms satisfy 

their individual requirements due to lack of periodicity in the amorphous structure. 

Chalcogenide glasses contain thermodynamically derived charged structural defects, 

called valence alternation pairs (VAP). These defects correspond to some of the 

chalcogen atoms being over- and under- coordinated. The different bonding 

configurations for Se which have been identified are shown in Figure 2.6. 

 
Figure 2.6  The structure and energy of simple bonding configurations for selenium atoms. 
Straight lines represent bonding orbitals, lobes represent lone-pair (nonbonding) orbitals, and circles 
represent  antibonding orbitals. The energy of a lone-pair is taken as the zero energy. This figure is 
adapted from [31]. 

The two-fold coordinated 0
2Se  is the lowest energy bonding state, and is 

involved in the normal structure bonding of the solid. The lowest energy electrically 

neutral defect, the trigonally-coordinated 0
3Se  atom, has three valence electrons in 

bonding states and one electron in an anti-bonding state. The singly-coordinated chain 

end , 0
1Se ,which is also a neutral defect possesses three valence electrons in nonbonding 
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states and one electron available for bonding. Unpaired non-bonding and anti-boding 

electrons can be detected using experimental techniques. The absence of electronic spin 

resonance (ESR) signal eliminates the existence of these types of defects in amorphous 

selenium [32,33]. Kastner, et al [34] studied the absence of ESR signal in a-Se and 

proposed that the neutral defect is unstable and would transform into −
1Se  and +

1Se  

(VAPs). A dangling bond 0
1Se  can lower its energy by approaching the lone pair on the 

normally coordinated atom 0
2Se  to generate an intimate valence alternation pair (IVAP). 

The equation can be written as 

 

(2.1) 

 

 
Figure 2.7 IVAP defect in a-Se, the lowest energy defect in chalcogen glasses [28]. 

These types of defects are prevalent because the formation of a diamagnetic pair 

of charged over- and under-coordinated VAP centers is energetically more favourable 

than the formation of singly or triply-coordinated defects. Figure 2.7 is a representation 

of a typical a-Se structure with an IVAP center. 

 

+− +→+ 31
0
2

0
1 SeSeSeSe
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 Many photoelectric properties of a-Se and its alloys are qualitatively explained 

by using concepts based on VAP- and IVAP-type defects, and on the inter-conversions 

between the normally bonded (two-fold coordinated) Se atoms and these defects. The 

physics of such processes has been extensively discussed in the literature and can be 

found in [35,36]. Their existence and the possible defect reactions that can occur in the 

structure have led to many important predictions and have provided much insight into 

the behaviour of chalcogenide semiconductors. For example, the linear dependence of 

the steady state photoconductivity on the light intensity in a-Se has been interpreted via 

photoinduced IVAP-type centers [37]. 

 

2.5 Properties of a-Se 

The properties of the amorphous form of selenium and its alloys have been 

widely studied because of their technological importance in xerography during the 

1960s and 1970s. The experimental observations of the electronic and optical properties 

of a-Se are mainly interpreted through its density of states (DOS) band diagram. The 

electronic properties of amorphous materials are strongly connected with the DOS 

distribution in the mobility gap. Even though a-Se has been extensively studied, the 

exact shape of DOS for a-Se is still surrounded by various uncertainties and 

controversies which also causes difficulties in the understanding of the charge transport 

in a-Se. These uncertainties are due to its amorphous state and the disagreements due to 

different theories based on experimental analysis. 

 

2.5.1 DOS and Carrier Transport of a-Se 

A number of DOS models have been proposed and discussed in the literature 

[38,39,41]. The most widely accepted model describing the DOS in the gap of a-Se was 

originally proposed by Abkowitz in 1988 [38] and is an extension of Marshall and 

Owen model [39] describing the density of states in the gap of the amorphous As2Se3.  
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Figure 2.8: Accepted electronic DOS of a-Se proposed originally by Abowitz in 1988 [38]. 

 The model in Figure 2.8 was derived from various xerographic and TOF transient 

photoconductivity measurements.  The notable features of this DOS model are a 

decaying density of localized states from the band edges, with peaks close to the CB 

and VB edges, called shallow electron and hole traps. Near the Fermi level, there are 

another set of peaks known as the deep electron and hole traps. The mobility gap is 

measured to be 2.22 eV [28]. 

 

The electron drift mobility μe is controlled primarily by these shallow traps over 

the time scale of typical transit times involved in a-Se applications. Charge carriers may 

experience capture and release numerous times from shallow traps while traversing a 

solid. The effective drift mobility of the carriers thus decreases due to the time spent 

immobilized by the carrier in the traps. These traps are characterized by their capture 

and release time. If τc is the mean time the carriers are free and τr is the mean time the 

carriers spend  in the trap then the microscopic drift mobility of the carriers is reduced 
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by a factor  τc / (τc + τr ). This type of conduction mechanism is called trap-controlled or 

trap limited transport. Therefore, the effective carrier mobility μ is the microscopic 

mobility μo reduced by the effects of trapping and release, 

   

                                                                                                    (2.2.2) 
 

 

where θ is the mobility reduction factor [40], pfree is the concentration of free carriers in 

the transport band, and ptrapped is the concentration of trapped carriers in the shallow 

traps.  In this equation, it is assumed that the pfree and ptrapped are in equilibrium. For a 

discrete set of monoenergetic shallow traps, the hole mobility is given by 

 

              (2.3) 
 

 

where Nt is the shallow trap concentration, Nv is the density of states at the valence band 

edge Ev, and Et is the energy depth of the shallow traps.  By curve fitting carrier drift 

mobility data for various temperatures [15] using equation (2.3 the location of the peak 

of shallow traps in Et, can be found.  The peak in the concentration of shallow hole traps 

is at eV29.0≈− vt EE  and for electron shallow traps it is at at eV35.0≈− tc EE . 

 

The thermal release time from the deep electron and hole traps is much longer 

than the time scale of the associated experiment. Thus, their concentration determines 

the lifetimes of charge carriers in amorphous selenium. In the case X-ray imaging 

applications, the carrier Shubweg controlling the X-ray photoconductor sensitivity will 

thus depend on the deep traps. The concentration of deep traps in a-Se is dependent on 

alloying, doping, and aging. The peak in the deep hole trap density occurs at 0.87 eV 

from the edge of the VB and the peak in the electron traps occurs at 1.22 eV from the 

edge of CB [28]. The concentrations of these deep states are small compared to similar 

amorphous semiconductors, which makes a-Se a good candidate for X-ray 

photodetector applications. 
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2.5.2 Effect of Alloying on a-Se 

The effects of impurities and alloying elements on the transport properties of a-

Se have been well documented [27,28,29,30]. Pure a-Se is unstable and tends to 

crystallize over a period of time, which varies from months to years. It was found that 

the rate of crystallization could be reduced by alloying pure a-Se with small amounts of 

As (0.2%-0.5%). Since As atoms have a valency of III, they are triply bonded and link 

Se chains which increases the viscosity of the amorphous structure and prevents 

crystallization. However, the addition of As increases the number of VAP defects that 

act as hole traps, so the hole lifetime decreases. This can be compensated for by adding 

a halogen (e.g. Cl) in the parts per million range. We can achieve a thermally stable film 

with good hole and electron transport by adjusting the amount of As and Cl in order to 

balance the number of VAP defects that lead to carrier traps. The resulting material is 

called stabilized a-Se (eg., a-Se:0.3%As +20ppm Cl). 

 
Table 2.1 Typical values of the drift mobility, lifetime and range of stabilized a-Se (a-Se:0.2-
0.5%As + 10-40ppm Cl) photoconductor films for electrons and holes. 

Mobility μ , 
cm

2
/Vs

  
Lifetime τ, 

μs  Range μτ  

Holes  0.12 - 0.14 20 – 200 2×10
-6

 to 2×10
-5

  
Electrons  0.003 - 0.006 200 - 1000 1×10

-6
 to 6×10

-6
  

 

 

2.5.3 Optical Properties 

Any incident optical photon with sufficient energy can, with certain probability 

excite an electron from the valence band into the conduction band. The probability that 

absorption occurs is determined by the optical absorption coefficient ,α, of the material. 

This value depends on the incident photon energy and the magnitude of the DOS at the 

band edges. The absorption is extremely small if the energy of the incident photon is 

less than the band gap of a-Se (~2.2 eV). As the energy of the incident photons 

increases to the value of the bandgap and above, the magnitude of the absorption 

coefficient abruptly raises. 
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Experimental studies have shown that shown that the optical absorption 

coefficient of a-Se exhibits an Urbach edge of the form [22] 

 

  

                                                       (2.4) 

 

where E is the energy of the photons and A and ΔE are constants with value ~7.35×10-12 

cm-1 and ~ 0.058 eV, respectively. At high photon energies, the absorption coefficient 

obeys )E-(h~)( oννα h [41], where EO  is the optical bandgap of a-Se with value of 

2.05 eV at room temperature [42]. A dependence following Tauc's law with   

and EO = 1.95 eV has been observed experimentally [28]. 

 

The absorption of an optical photon result in creation of electron hole pairs 

(EHP). These carriers may contribute to the conduction current in the presence of an 

electric field. The quantum efficiency η which is another important optical parameter, 

determines the probability that a generated EHP is separated by the field. EHPs that are 

not separated by the field quickly recombine and do not contribute to the conduction 

current. The quantum efficiency in a-Se has been found to exhibit a strong field 

dependence, even for photons energies well above the optical gap. Figure 2.9 shows the 

dependence of α and η on the photon energy, hυ, and electric field E [28]. 

 

The mechanism behind the field dependent quantum efficiency observed in a-Se 

can be explained by the Onsager theory for the dissociation of photogenerated EHPs 

[43]. The Onsager theory essentially calculates the probability that an EHP will diffuse 

apart for a given electric field F and temperature T. The quantum efficiency is 

expressed as product of the efficiency of the intrinsic photogeneration process, which 

depends strongly on the energy of the incident photons, and the probability that the 

generated EHP is separated which depends on the applied field, temperature and the 

initial separation between the electron and the hole in the pair. 

⎟
⎠
⎞

⎜
⎝
⎛

Δ
=

E
EAE exp)(α
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Figure 2.9 Dependence of α and η on the photon energy hυ and electric field E [43]..
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3. EXPERIMENTAL PROCEDURES AND MEASUREMENT TECHNIQUES 
 

This chapter describes the preparation of the doped a-Se bulk material and the 

fabrication of the a-Se films which were characterized using the Time of Flight (TOF) 

and Interrupted Field Time of Flight (IFTOF) Transient photoconductivity experiments 

for the measurement of their charge transport property. DSC (Differential Scanning 

Calorimetry) was used to thermally characterize the films and the source material. The 

principles behind these experimental procedures are also described in this chapter. 

 

3.1 Sample Fabrication 

Semiconductor properties can differ based on the preparation technique and 

conditions. Hence, great care should be taken to control the preparation conditions. The 

samples used for the experiments consisted of a bottom electrode, a semitransparent top 

contact, and a photoconductive material. All the photoconductive layers are thin films 

of thickness less than 200 μm which can be prepared in various ways each with its 

merits and disadvantages. All depositions conducted in the laboratory took place in a 

conventional stainless steel vacuum chamber specially designed to coat a-Se films onto 

heated substrates as described below. 

 

Glass Substrate: Preparation of glass substrates for deposition of thin films 

involves thorough cleaning to remove unwanted particles and impurities from the 

surface. First, the beaker and the glass rack were cleaned with de-ionized water. The 

glass sides (Corning 7059) were then inserted into the rack, which was kept inside the 

beaker, and rinsed with de-ionized water. A few drops of detergent (Extran 300 

concentrate) were added and the beaker was thereafter cleaned ultrasonically until no 

bubbles were observed by repeatedly rinsing it and putting it in the ultrasonic machine 

(~4 cycles). After removing the substrates from the bath, the glass slides were blown 

dry with high purity filtered air. 
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Bottom Electrode Deposition: Conventional vacuum deposition is one of the 

most common techniques used to deposit thin films. The glass substrates were placed in 

groups of three above a closed shutter in the METROVAC Coating Unit Type 12 

(Figure 3.1). A high current of 30-50 amps was passed through a tungsten filament on 

which a small amount of aluminium was placed in a vacuum chamber. The high current 

resulted in melting and evaporation of the Al which travels in the chamber and gets 

coated on the substrate when the shutter is open. The thickness of the film depends on 

how long the shutter was open. This Al layer (length < 1μm) was used as the bottom 

electrode, which was also the surface on which a-Se is deposited. 

 

 a-Se Film Deposition: The a-Se layer was deposited using similar process as 

the bottom electrode deposition . Vitreous selenium pellets were heated in a 

molybdenum boat which condenses onto an aluminium substrate to form an a-Se layer. 

A current of 80-150 A was used to heat the boat. The temperature of the substrate was 

maintained at a constant value above the glass transition temperature for a-Se (45-50°C, 

depending on the As-content of the a-Se alloy) during the deposition of the film. The 

substrate and boat heaters were then shut off to allow the system to cool.  

 
 

Figure 3.1 METROVAC Coating Unit 12. 
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Once the substrate had cooled, the chamber was opened and the sample was removed 

for depositing the semi-transparent electrode. This was done using the Norton NRC 

3117 vacuum system shown in Figure 3.2. This system has a rate monitor and substrate 

heating/cooling system which is not present in the METROVAC Coating Unit used to 

deposit the Al film.  

 

 The thickness of the evaporated layer was measured using a digital micrometer. 

To allow for the physical properties to stabilize, the sample was placed in dark at room 

temperature for 2 days. 
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T/C
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Rotation Platform
for multiple
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Diffusion Pump
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Figure 3.2 Schematic diagram of the vacuum deposition system [64]. 
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 Pure a-Se layers are not thermally stable and tend to crystallize with time. They 

are usually alloyed with As which reduces the rate of crystallization. Then a small 

amount of halogen such as Cl (~10ppm) is added to compensate for the decrease in hole 

lifetime which the addition of As causes. For our study, we added various 

concentrations of Group II elements to study their effect on the transport properties of a-

Se. The source material used to fabricate the samples was obtained from Anrad 

Corporation of Montreal, Quebec. The pellets had a purity of 99.999%.The alloying and 

or doping was conducted either in our laboratory or by the supplier.  

 

Top Electrode Deposition: The final step in getting the sample ready for TOF 

measurements was to sputter gold electrodes on surface of the film. This was achieved 

by using the Hummer VI sputtering system shown in Figure 3.3 and Figure 3.4. The 

film is covered with a mask with an exposed area of 0.5cm2 and placed in the vacuum 

chamber. The chamber was then pumped till the pressure gauge registered 100 mTorr. 

By opening and closing the valve, impurities were flushed out. 

 

Argon gas was introduced into the chamber and a high voltage was maintained 

between the cathode and anode, which resulted in the ionization of the Argon gas 

molecules (Ar+) and a blue plasma could be observed. The resultant positively charged 

ions were accelerated towards the negatively charged gold electrode which resulted in 

collision and subsequent ejection of gold particles from the gold electrode. The gold 

particles were then propelled on to substrate where they uniformly coated the exposed 

part of the substrate. Depending on the desired thickness of the contact, the timer was 

set to turn off the machine. The sample was now ready for measurements. 

 

Sputtering is less expensive and less damaging then the vacuum deposition 

method, because the melting point of gold is ~1064°C which will cause significant 

heating of the a-Se surface during the evaporation of the gold from the filament. The 

glass transition temperature of pure Se is 50°C and temperature near 80°C or above this 

temperature will result in crystallization of the a-Se film [44] , which is highly 

undesirable. 



 

  32

 

The top electrode was chosen to be gold because it has been found that 

semitransparent Au electrodes provide clear time-of-flight signals [64]. The contacts to 

the a-Se in TOF experiments should be as blocking as possible to maintain a small dark 

current and also prevent injection of carriers from the contacts to neutralize the 

photoinjected carriers.  A blocking contact arises because of a potential barrier at the 

metal-semiconductor interface that prevents the injection of carriers(there is always 

some injection due to thermal excitation over the barrier). In ohmic contacts, once 

voltage is applied, the charge neutrality will be maintained by replacing lost electrons 

from the cathode to the anode. No steady photocurrent can be drawn from blocking 

contacts. 

 

 
Figure 3.3 Schematic of the Hummer VI sputtering system [28]. 
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Figure 3.4 Snapshot of the Hummer VI sputtering system [45]. 

3.2 Time of Flight Transient Photoconductivity Technique 

The Time of Flight (TOF) technique is used to study carrier transport in low 

mobility materials. It was introduced by Spear and coworkers in 1968 [46]. It has been 

used extensively on a-Se.  

 

The amorphous selenium based sample is sandwiched between gold (Au) and 

aluminum (Al) electrodes. The Au electrode is semitransparent so as to not interfere 

with the measurements. The electrodes, themselves do not inject carriers into the 

sample. The applied bias, E, appears across the thickness, L, of the sample as the 

external resistance is much less than the sample resistance. A short light pulse photo-

generates a packet of electron-hole pairs near the surface of the specimen which are 

pulled apart by the large electric field. One type of charge carriers drift towards the 

substrate at a constant speed as a well-defined sheet of charge, generating a transient 

photocurrent, i(t), in the external circuit R. The other type of charge carriers become 

neutralized immediately by reaching the top electrode. By reversing the polarity of 

applied voltage, the motion of both electrons and holes can be observed separately. The 

shape of the photocurrent gives us information about the average concentration of 

charge carriers and the mean velocity of the carriers at that instant. The transit time or tt 
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denotes the arrival time of the leading edge of the charge packet. The carrier mobility µ 

can be directly determined using the relationship tt = L/µE.  

F2
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R

w

x = 0

x = L

x

Aδ

Vo

Photoexcitation
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'

 
Figure 3.5 Schematic diagram of the principle of the TOF transient photoconductivity experiment 
(After [46]). 

 

 

 

 

 
Figure 3.6 Small signal AC equivalent circuit. CS is the combination of the sample capacitance 
and any stray capacitance added by the cables and subsequent signal conditioning electronics (After [46]). 
 

Light Source: The excitation source used to inject charge in the TOF and 

IFTOF is extremely important for the analysis of the transient photocurrent. Some of the 

photo-excitation sources used for a-Se are a xenon flash lamp [47], a nitrogen laser [28], 

and a pulsed electron beam [48]. The duration of the photo-excitation light pulse should 

be much less than the transit time of the carriers across the sample. This will ensure that 

Cs Riph(t) V(t)
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the injected carriers drift as a narrow sheet of charge with a width w that is much less 

than the thickness of the sample. The wavelength of the incident radiation is selected so 

that the absorption depth δ is small compared to the thickness of the sample. This 

ensures that only one carrier species drifts across the entire length of the sample. 

However, if the absorption depth is very small, it will cause the carriers to be generated 

very close to the surface and be absorbed the surface defects. The duration of excitation 

tex and absorption depth δ determines the width of the sheet of carriers photogenerated. 

To ensure small signal conditions are observed during the experiments, the intensity of 

the incident radiation should be kept small so that the injected carriers do not perturb 

the internal field. 

 

Photocurrent: To understand the photocurrent in the external circuit we 

consider the effect of the injected holes on the electric field within the sample. The 

duration of the excitation pulse is short compared to the time it takes for the injected 

holes to drift across the length of the sample. The injected holes travel as “packet” of 

positive charge with width w << L that drifts towards the bottom electrode with a drift 

velocity vd. In the absence of space charge, the electric fields F1 and F2  
are constant and 

depend on the position of the charge sheet in the solid [46] , eg., x′ in the solid, as 

shown in Figure 3.5 as: 

                                      
⎟
⎠
⎞

⎜
⎝
⎛ −

′
+= 10

01 L
xwepFF

ε
                                                  [3.1] 

L
xwep

FF
′
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ε
0

02                                                  [3.2] 

 

In the above equations po 
is the concentration of holes within the charge sheet, and ε is 

the dielectric permittivity of the solid. These equations indicate that the charge sheet 

slightly perturbs the applied electric field L
VF 0

0 = . The electric field is reduced and 

the electric field F2 
in front of the charge sheet is enhanced. This deviation in the 

electric fields is responsible for inducing current to flow in the external circuit. 
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If the perturbations are negligible compared to the applied field i.e., 0
0 F
wep

<<
ε

 

, we can consider the field to be uniform. This occurs when the total injected charge Q
o 

is much less than the charge on the electrodes as determined by C
S
V

o
, where C

S 
is the 

capacitance of the sample. This is known as small signal condition according to which 

as a first approximation, the field in the solid can be considered uniform, and that the 

charge packet moves at a constant drift velocity [49]. If the perturbation is not 

negligible then the analysis becomes complex and must include the effects of the space 

charge perturbation [50]. 

 

In this study,a black paper with a small circular aperture was used to expose 

only the semitransparent gold electrode to the light pulse. This ensured that the 

photoinjected charge did not drift under the influence of weak fringing fields at the edge 

of the electrodes which would lead to problems in interpreting measurements.  

 

The photocurrent induced in the external circuit due to the drift of the charge 

packet in the sample can be estimated using Shockley-Ramo theorem [51]. Referring to 

Figure 3.7, if we consider a sample of highly resistive medium of thickness L 

sandwiched between two electrodes. A positive charge carrier q photogenerated at 

position l in the sample will experience force due to the applied electric field F0 = V0/L. 

The carrier will drift towards the negative electrode with a constant drift velocity vd = 

μF0. The force acting on the charge q due to the applied electric field F0 is qF0. The 

time it takes for the carrier to travel the distance from generation point to the collection 

electrode is called transit time tT. For the duration of the transit time, current will be 

induced in the external circuit. As soon as the carrier reaches the other electrode, it is 

collected and the current drops down to zero. 
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Figure 3.7 The drift of a charge carrier q through dx induces charge to flow in the external circuit. 

The magnitude of the current induced in the external circuit is determined by 

considering the force acting on the charge is oqF , therefore the amount of work 

required to move the charge for a distance dx is dxqFo .Since , this work is done by the 

battery in the external circuit, dW the work done in moving the charge a distance dx in 

a certain time interval dt is dttiVqdxFdW phoo )(== . If we substitute
L

V
F o

o = and 

dt
dxvd = , then the magnitude of the current in the external circuit due to the drifting 

charge can be written as 

                      0 < t < tT 

                             t > tT 

 

The injected charge sheet is narrow compared to the length of the sample, hence 

the charge packet essentially drifts across the entire thickness of the solid, L. The drift 

velocity L
Vv o

d
μ=   is constant under small signal conditions, therefore the transit time 

of the charge sheet is 

                                               
od

T V
L

v
Lt

μ

2

==                                                          [3.4] 

where μ is the conduction mobility of the injected holes in the solid. The total number 

of injected holes in the TOF experiment is 

⎪⎩
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                                              wAeQ oo ρ=                                                                   [3.5]  

where p
o 
is the injected hole concentration, w is the width of the charge sheet  and A is 

the area of the charge sheet or the exposure area. 

 

The photocurrent in the external circuit due to the motion of the injected charge 

sheet is therefore 

 

                                                                               0 < t < tT 

                                                                                     t > tT  

 

 

Let us consider Figure 3.6, the voltage signal produced by the photocurrent 

appears across the impedance determined by the parallel combination of R and C
S
. If 

V(s) and I
ph

(s) are the Laplace transforms of the voltage signal and photocurrent signal 

respectively, then  

                       )(
1

)( sI
sRC

RsV ph
s +

=                                                        [3.7] 

 

The transient voltage response v(t) can be found by taking the inverse Laplace 

transform of the above equation. If RCs<< tT  and the tT is the reciprocal of the 

bandwidth then the inverse of the laplace transform equals 

                                                                0 < t < tT    

                                                                    t > tT 

 

This is known as the I-mode signal as the magnitude of the observed signal is 

directly proportional to the photocurrent signal. An ideal I-mode signal will rise 

abruptly upon charge carrier generation, and remain constant until the charge carriers 

reach the collecting electrode, at which point the signal falls back to zero. A typical I 

mode signal for electrons and holes is shown in Figure 3.9. For the scope of this thesis 

only this mode of TOF measurements will be discussed. 
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The other mode is known as the V-mode signal also known as the charge 

transient signal, which arises for the case of RCs >> tT. It is the integral of the I-mode 

signal. This signal will increase linearly with time as the charge packet moves along the 

thickness of the solid. After the carriers reach the collecting electrode the voltage signal 

remains constant at a value that is proportional to the total injected charge. It is used to 

measure the total quantity of charge that is injected into the solid. It is written as 

       

  for RCs >> tT 

 

 

 

 

Figure 3.8 Comparison of trapping and no trapping scenarios in TOF waveform [52]. 
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Figure 3.9 Typical I mode waveforms obtained from TOF measurements. Left, is electron 
transport and right is hole transport. 

It was assumed that the solid was free of charge carrier traps, hence the time 

dependence of the number of mobile charge carriers in the charge packed was ignored. 

However, in an amorphous material which is full of charge traps, the number of mobile 

charge carriers in the charge sheet decreases as the sheet drifts across the solid because 

charge carriers are trapped in these localized states and removed from the transport band. 

The magnitude of the photocurrent, which is proportional to the number of charges in the 

packet, thus decays with time due to the trapping of free carriers. If we consider a set of 

hole traps located at a discrete energy level deep in the mobility gap of the semiconductor 

and characterized by a mean trapping time τ C and assume that the release time from these 

traps is much longer than the transit time of the charge sheet. The expression in equation 

[3.9 can be modified to    

                                 

[3.10] 

 

If we substitute equation 3.10 into equation 3.8 we get the Hecht relationship 

which is used to determine the trapping time of charge carriers from TOF photocurrent 

signals [53] 
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                                  0 < t < tT 

 

                                         t > tT 

 

 

To summarize, the conditions required for the TOF experiment that must be 

sustained throughout the experiment are listed below: 

1. Absorption depth of the incident radiation must be significantly less than the     

            sample thickness , i.e., δ << L. 

2. Duration of excitation (tex) should be small compared to the transit time of the 

carriers ,i.e., tex << tT. 

3. Transit time of the carriers through the sample should be small compared to the 

dielectric relaxation time τrelax of the specimen , i.e., tT << τrelax. 

4. Small signal conditions should be maintained in the sample for the duration 

experiment. 

 

3.3 Interrupted Field Time of Flight Technique 

The TOF can be used to determine the deep trapping time by analyzing the pre-

transit photocurrent waveform when the deep trapping time is not very long. If the 

trapping time is long, the pre-transit waveform is practically flat and it is hard to obtain 

a value for the trapping time. This can be rectified by using a much lower field or a 

thicker sample. Both of these will result in a longer tT as the charge carriers will now 

have more time to be captured by deep traps and the photocurrent will decay much 

faster. Also in a-Se the photogeneration process is field dependent and at low fields the 

TOF waveform becomes noisy and difficult to analyze.  
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Figure 3.10 The transient voltage response for the (a) TOF and (b) IFTOF signal. The signals are 
due to the drift of injected holes. The width tT of the TOF pulse provides the hole mobility. The hole 
lifetime is determined by interrupting the hole drift by temporarily removing the applied field for a time 
duration ti. The magnitude of the recovered signal at time t2 reflects the loss of holes to deep traps during 
time ti [28]. 

In an IFTOF measurement, the electric field is interrupted for duration of ti, 

during the flight of the photoinjected carriers. The field is removed at time t1 before the 

carriers reach the collecting electrode; hence, the drift of the charge sheet is halted and 

results in the photocurrent in the external circuit falling to zero. Since, no external field 

is applied and we neglect Coulombic interaction, the charge carriers will stay close to 

the position where the field was removed. During this time, some of the charge carriers 

will be captured by deep traps. The field is then reapplied at time t2 (=t1 + ti ) after the 

interruption time, ti, and the carriers which were not trapped will drift and exit the 

sample at the collecting electrode.  

 

The charge carrier concentration ρ(t1) before interruption  is related to the charge 

carrier concentration ρ(t2) obtained after interruption by ρ(t2)/ρ(t1) = exp(-t/τc). The 

fractional change in the photocurrent represents the trapped charge and carrier lifetime 
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value at that point. The magnitude of the photocurrent signal is proportional to the 

concentration of carriers in the packet, therefore the magnitude of the photocurrent 

following the interruption i(t1) is related to the photocurrent before the interruption i(t2) 

by 

 

[3.12] 

 

Hence, the slope of the semi-logarithmic plot of i(t2) /i(t1) versus ti yields the 

charge carrier trapping lifetime τ. 

 

3.4 Transient Trap Limited Theory 

Sections 3.2 and 3.3 described the principles of the TOF and IFTOF 

experiments. However, the expressions for the I-mode and V-mode (Equations 3.8 and 

3.9) do not provide the same results as the actual transient responses received from 

measurements on amorphous semiconductors. This is because of the large number of 

localized states within the mobility gap in amorphous semiconductors. These states 

behave as shallow and deep traps that can capture a carrier as it travels in the sample 

and hence, significantly altering the transport properties from the ideal. The effects of 

these traps are a key factor in understanding the transport properties of amorphous 

semiconductors. This section describes a transient trap-limited theory to explain the 

transient response in amorphous materials for two cases: monoenergetic trap 

distribution and a binary trap distribution. 

 

 

3.4.1 Monoenergetic Trap Level 

 

The monoenergetic trap model consists of a set of localized states at a single 

energy within the mobility gap of a semiconductor. Figure 3.11 depicts a small slice of 

thickness dx in a semiconductor. The number of free holes in the slice is due to the 

current flowing through the slice, as well as the thermal release of trapped holes within 
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the slice. The rate of change in the number of holes in the slice can be expressed by the 

continuity equation as 

 

                                  
( ) ( ) ( )

t
txp

t
txJ

et
txp t

∂
∂

−
∂

∂
−=

∂
∂ ,,1,                        [3.13] 

 
where p(x, t) is the concentration of free holes, J(x, t) is the net current density flowing, 

and pt(x, t) is the concentration of trapped holes in the slice. 

 

J(x,t) J(x+dx,t)

x+dxx

Vo

Fo

τc

τr

 
Figure 3.11 Current flow of holes in a semiconductor involving trapping and release within a slice, 
dx [28]. 
 

The current density, J(x, t), comprises of the conduction current and the 

diffusion current. The conduction current is due to the drift of holes under the applied 

field and is written as ( ) ( ) ( )txFtxpetxJ oC ,,, μ= , where e is the charge of an electron, 

μo is the conduction mobility, and F(x, t) is the applied field. The diffusion current is 

due to spatial variations in the concentration of charge carriers and is given by 

( ) ( ) xtxpeDtxJ D ∂∂−= ,, , where D is the diffusion coefficient. 

 The total current density is the sum of the conduction and the diffusion currents 

and is written as: 

   ( ) ( ) ( ) ( )
t

txpeDtxFtxpetxJ o ∂
∂

−=
,,,, μ        [3.14] 

 
Substituting equation (3.14) into equation (3.13) leads to the one dimensional 

continuity equation for holes: 
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The one-dimensional continuity equation for electrons is similarly derived and is  
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where n(x, t) is the concentration of free electrons, and nt(x, t) is the concentration of 

trapped electrons. 

 

The rate equations for electrons and holes represent the difference in 

instantaneous trapping and release rates and involve the rates of change in the 

concentration of trapped holes (∂pt(x, t)/∂t) and electrons (∂nt(x, t)/∂t). The rate 

equations are as follows: 
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for holes and  
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for electrons, where τc is the capture time and τr is the release time. 

 

To obtain an expression for the time dependence of the charge carrier packet , 

the rate and the continuity equations for the desired carrier can be solved 

simultaneously. To simplify, a number of assumptions can be made. If small signal 

conditions are maintained in TOF measurements, the electric field (F(x, t)) is uniform 

throughout the sample; therefore, ∂F(x, t)/ ∂x = 0. The diffusion portion of the current 

density can also be safely ignored because the diffusion of the charge carrier packet is 

assumed to be negligible compared with the drift. 

 

The derivation for hole transport is described below.The electron transport 

derivation can be developed with a similarly. Boundary conditions to help solve 
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equations (3.15) and (3.17) can be found from the TOF experiment. At time t = 0, the 

photoexcitation pulse generates the carriers at position x = 0. If the absorption depth is 

small relative to the length of the sample, which was mentioned previously as a 

constraint for the TOF experiment, then the shape of the generated holes can be 

approximated with a delta function. Therefore, 

    ( ) ( )0,0, xNxp ohδ=     [3.19] 
 
where Noh is the total number of generated holes. The hole traps are considered 

unoccupied since no holes have traversed through the sample yet 

    ( ) 0for00, >= xxpt    [3.20] 
 
When the carrier packet has drifted across the sample, the carriers will be collected at 

the electrode. Therefore, 

    ( ) Lxtxp >= for0,               [3.21] 
 

Since no there cannot be any traps outside of the sample, 

    ( ) Lxtxpt >= for0,    [3.22] 
 

Equations 3.18 and 3.20 can be solved using these boundary conditions and the 

Laplace transform technique, shown in [54, 55].  This gives an expression for the free 

hole density as the packet travels through the sample: 
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where z = x/μoF, I1(ξ) is the 1st order hyperbolic Bessel function, U(x) is the unit step 

function, and ( )( ) crc ztz τττξ −= 2 . The first term, involving the delta function δ(x), 

represents the charge carriers remaining in the injected packet as it drifts across the 

sample. These carriers are not delayed by trapping and release as they travel through the 

sample, but do decrease exponentially as exp(-t/τc). The second term, involving the 

Bessel function, represents carriers that have been trapped and removed from the 

packet. They are released at a later time, t, into the transport band, contributing to a 

photocurrent after the transit time of the carrier packet, tT = L/μoF, where μo is the 

conduction mobility. 
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The time dependence of the number of free holes in the charge packet can be 

found by integrating equation (3.23) over the entire sample length. However,such an 

explicit expression for the number of free carriers is much too complex to work with. 

Therefore, the transient current response is usually examined in two specific cases: low 

field drift and high field drift. These cases do not create problems for predicting the 

transient response in TOF experiments since they can be easily met by appropriate 

choices of sample thickness, bias voltage, and temperature.  

3.4.1.1 Low Fields: Shallow Trap Controlled Transport 
 

For low fields, the transit time of the carriers tT is assumed to be much longer 

than carrier capture time τc and is comparable to the carrier release time, τr, i.e., 

roc FL τμτ ≈<< . Carriers in the charge packet will be captured by a set of localized 

traps close to the band edge and once released, will continue drifting towards the 

collecting electrode. Therefore the carriers traverse the sample through many capture 

and release events. As the transit time and release time.are comparable, the time 

derivative of the total charge in the conduction band in equations (3.14) and (3.15) 

vanishes over a large period of time [56], i.e. the number of free carriers eventually 

enters steady state. By making use of the principle of conservation of charge, the total 

free holes P can be related to the total injected charge by 
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c
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ττ
τ
+

=     [3.24] 

 
where Noh = poAw is the total number of injected holes. The I-mode photocurrent signal 

can be found by substituting this into equation 3.3 resulting in:- 
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 This resembles the equation for trap free I-mode photocurrent signal with the 

mobility μo reduced to μ by 

    oo
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c θμμ
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where rcc τττθ += . Hence, the I-mode signal for monoenergetic system can be found 

by substituting equation (3.24) into equation (3.3). A comparison of the I-mode signals 

for the trap free mobility and shallow trap controlled transport models is shown in 

Figure 3.12. 

i(t)

tt = 0 to/θto = L
μFo

Io

θIo

 
Figure 3.12 Comparison the I-mode signals for the trap free drift mobility and shallow trap 
controlled models [28]. 
 

The effective carrier drift mobility is reduced from the trap-free drift mobility 

(the mobility in the band) because the carriers are delayed by capture and release 

events. This transport mechanism is known as shallow trap-controlled transport, and 

the scalar θ is referred to as the shallow trap-controlled transport factor.   

 

3.4.1.2 High Fields 
 

With a large bias, a portion of the carriers in the charge packet may be able to 

travel across the sample without being trapped, i.e. co FL τμ << .  Expressions for the 

TOF transient signal were developed in two different time ranges by [57].  The first 

expression is 
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If detrapping is neglected so that τr → ∞, then the above equation reduces to the 

simple case of deep trapping only, shown in equation (3.10). 
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The second expression is for the carriers that were trapped and released into the 

transport band. The carriers will likely be able to exit the sample without trapping again 

because they would have travelled a portion of the sample before being trapped.  The 

transient response due to the released carriers can be shown to be [57] 
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These two equations (3.27 and 3.28) indicate that the transient photocurrent will 

initially decay exponentially until FLt oμ= , where a step down in magnitude will 

occur, followed by another exponential decay to zero as the trapped carriers are released 

and collected. This response is shown in Figure 3.13. 

 

 
Figure 3.13 Diagram of the photocurrent in the high field model. 

 

3.4.2. Binary Trap Distribution 

 

The binary trap distribution involves two localized states in the transport band 

with two separate capture times, τc1 and τc2, and two release times, τr1 and τr2. This 

distribution is more complicated than the monoenergetic trap distribution which has 

only one set of capture and release times. To simplify analysis, it is assumed that the 
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concentration of the injected charge is much less than the concentration of traps at each 

energy state. Therefore, the effects of trap filling can be ignored because there can never 

be enough free carriers to fill all the traps. It is also assumed that the number of carriers 

trapped at a particular level can only increase by the trapping of a free carrier moving in 

the transport band; carriers being released from the other level of traps cannot be 

captured until they are considered to be in the transport band again. The hole rate 

equations for this trap distribution are 
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and 
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An expression for the time dependence of the concentration of holes in the 

charge packet can be found by simultaneously solving equations (3.27), (3.28) and the 

continuity equation for holes, equation 3.15 The total trap concentration in this case will 

actually be a combination of the concentration at each trap level, i.e. 

( ) ( ) ( )txptxptxp ttt ,,, 21 += .  An expression for the transient photocurrent with a binary 

trap distribution was developed by Blakney and Grunwald [58] and it is given as: 
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where 111 rc ττθ = and 222 rc ττθ = .  j∞ represents the steady state current that flows 

when the drifting free carriers are in equilibrium with the traps. 

 

The case when one series of traps has a release time that is far higher than the 

transit time, i.e. τr2→ ∞ is of particular interest. In this case, θ2 ≈ 0 hence equation 3.34 

reduces to 
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This transport mechanism is called shallow-trap controlled transport with deep 

trapping, and is often used to describe transport in a-Se [59, 60].  The first term 

indicates a spike that will decay exponentially until the carriers reach equilibrium with 

the shallower traps. This is followed by a slower decaying exponential with a decay rate 

given by τc2/θ1.   

 

It is important to mention that the measured lifetime, τ, from IFTOF experiments 

is actually θ/τc2. τc2 is the deep trapping time into a set of traps from which there is no 

release. τc2 depends on the total concentration of deep traps through the relation 

     T
c

uNσ
τ

=
2

1     [3.38]  

 

where σ is the capture cross section, u is the mean speed of the carriers, usually taken as 

the thermal velocity (107 m/s) and NT is the total trap concentration. The latter involves 

integrating the density of localized states Nt(E) over energies in which there are deep 

traps, i.e. 

    ( )∫=
2

1

E

E
tT dEENN     [3. 39] 

where E1 and E2 define the energy range where the localized states are deep (there is no 

release). 

 

Further, the TOF/IFTOF experiments provide an effective lifetime, τ, which is 

τc2/ θ. Thus, 
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It is apparent that the calculation of NT from the measurement of τ requires that 

we know, θ, σ and u. Usually θ can be found from μ/μo and σ can be taken as a typical 

capture cross section for the particular capture process that is assumed to exist. For 

example trapping by neutral traps or trapping by charge traps. An important observation 

to note is that the product μτ does not depend on θ: 
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The advantages of the IFTOF over the conventional TOF have been described 

by Kasap and coworkers [61]. The disadvantage of the IFTOF technique is the difficulty 

arising in the implementation which arises from large transients generated by switching 

the high voltage on and off. The sample consists of a high resistivity dielectric material 

between two metal contacts; this is essentially a parallel-plate capacitor with 

capacitance, Cs. This capacitance, when combined with the external sampling resistor, 

R, creates an RC time constant which will generate large displacement currents 

(>1000V) from switching the high voltages.  This is much larger than the transient 

signal being measured (~20mV).  

 

Several techniques are used to eliminate this current such as the pulsed bias 

technique proposed by Kasap and coworkers [62]. Although this technique allowed the 

use of grounded supplies and thus good shielding, it required two high voltage supplies 

to be switched at the same time.  This is difficult to implement as the bias voltage will 

increase and the switching times will decrease. Polischuk and Kasap used a floating 

Schering bridge network (with a single high voltage supply) to apply a large bias up to 1 

kV [61]. The voltage supply in this case was a floating supply, generating stray 

capacitances that made balancing the bridge difficult. 



 

  53

 
Figure 3.14 A large displacement current signal is produced to due to the application and removal 
of the high voltage. This current must be eliminated for the IFTOF technique to work properly [63]. 

3.5 Apparatus used for TOF/IFTOF Measurement 

The principles of the TOF and the IFTOF techniques have been discussed in the 

sections 3.2 and 3.3, respectively. Figure 3.15 shows the system that was used for TOF 

and IFTOF transient photoconductivity experiments. This system was built in our lab by 

Mr. Chris Allen. 

 
Figure 3.15 The TOF/IFTOF system used in the experiments.  The system uses an internal HV 
supply and a grounded bridge network to reduce switching transients.  Timing for the experiment is 
controlled by the computer and the transient response is recorded onto a connected TDS210 oscilloscope 
(After [63]). 
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The system shown in Figure 3.15 uses an internal EMCO high voltage DC-DC 

converter to generate the high voltage. The voltage is applied through a fast switching 

HV HEXFET switch.  In order to eliminate the switching transients, a grounded bridge 

network containing a high voltage open-air variable plate capacitor (CN) along with 

MUR120 ultra-fast rectifiers across the sampling resistors are used. To extract the 

transient photocurrent signal, a differential amplifier is connected to the bridge. A 

CMOS analog switch shorts the inputs of the amplifier while the high voltage is being 

switched; this protects the amplifier from transients.  The light source used was a xenon 

flash passed through a blue filter.  The signal was captured on a Tektronix TDS210 

digital oscilloscope. The system was controlled by using custom software running in 

Windows 98 environment. The timing for the experiment was specified by the user. The 

pulses used to control the various parts were generated using the PCI-CTR05 

timer/counter board, along with some additional electronics.  The waveforms obtained 

from the experiment were sent from the oscilloscope to the computer using a serial port 

and were saved in the hard drive for further analysis. 

 

A metal box was used to contain the HV supply, HV switch, bridge network, 

and sample holder. This was sealed to prevent light from entering into the box and 

affecting the measurement. The pulse generator and amplifier were also contained in 

separate metal boxes. External connections between parts of the apparatus, such as 

trigger signals as well as the power supply lines for the main apparatus, were provided 

by co-axial cables.   

 

Most of the displacement current was eliminated by adjusting the variable 

capacitor. The samples of a-Se had a slight dark current that increased with increasing 

applied field.  The dark current also typically decayed with time.  This dark current is 

equivalent to having a time-dependent resistor Rs(t,F) in parallel with the sample that is 

dependent on both time and the applied field.  This, combined with the sample 

capacitance (Cs), makes it extremely difficult to completely nullify the transient signal. 

Hence, the system was adjusted until the effects of the switching transient were 

minimized, on the order of the transient photocurrent signal.  To obtain a switching-



 

  55

transient free signal, a digital subtraction method was used.  Each measurement 

involved the capture of two waveforms: one signal involving no light pulse to determine 

the switching transients, and another signal with the light pulse to capture the transient 

photocurrent signal.  The net displacement current-free signal was obtained by 

subtracting the two waveforms digitally in the computer. The digital subtraction method 

has successfully been utilized for capturing IFTOF signals [49]. 

 

3.5.1 Xenon Flash 

The photo-excitation source used for the TOF and the IFTOF transient 

photoconductivity experiments was a pulsed light source xenon flash. The xenon flash 

used in these experiments had a pulse width of approximately 200 ns. The light 

excitation of xenon flash can be single or repetitive up to 100 Hz with high intensity. 

The xenon flash bulbs were from EG&G and Hammamatsu with a short arc length (1.5 

mm) and were used with a specialized circuitry. 

 

 Neutral optical filters were used to reduce the intensity in order to produce a 

small signal charge injection into the sample [64]. The magnitude of the filter used 

varied as per usage requirements. The pulse duration and its intensity is dependent on 

energy storage of capacitor as CV2/2. RF filters and optocouplers were used to prevent 

feedback of high frequency transients [64]. The blue filter made up of CuSO4 was used 

to filter out the undesirable infrared wavelength from the radiation to prevent bulk 

photogeneration (all wavelengths over 600 nm).  
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Figure 3.16 Circuit of xenon flash used in TOF/IFTOF measurements (After [64]). 
 

 
3.5.2 Pulse Generator 

A PCI-CTR05 counter board installed on the PCI bus of a computer was used to 

control the IFTOF apparatus. The PIC-CTR05 is based on an AMD9513 timer/counter 

chip containing 5 programmable up/down counters.  The counter board was controlled 
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using Universal Libraries provided with the board to enable high-level control of the 

timers.   The timer/counter board was controlled by a program written in C++ code 

which was also integrated into the TOF/IFTOF GUI to easily control the experiment. 

The output of the timer/counter board was passed to the pulse generator circuit. Figure 

3.17 shows the circuit of the pulse generator circuitry used to control the TOF/IFTOF 

apparatus. A ribbon cable connected the output of the circuit board to the interface circuit 

and was placed in a separate aluminium case. 
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Figure 3.17 The pulse generator interface circuit used between PCI-CTR05 timer board and the 
IFTOF apparatus (After [63]). 

Power for the logic gates was supplied from the power bus of the PC. The state 

of the high voltage bias could be manually controlled using the switch to select one of 

three settings; on, pulsed and off. IFTOF measurements were performed with the switch 

set to pulsed mode. A LED mounted on  top of the trigger generator box provided visual 

feedback as to the state of the HV bias. 
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 The HVOn signal was not interrupted for the case of TOF, and was therefore 

constantly on for a sufficient time to ensure all of the charge carriers were collected. It 

controls the application of the HV bias to the sample.  CTR1 controls a general 

application of the high voltage; it turns on for the duration of the experiment.  A delay 

time of tHVPreset before the start of the experiment allows the switching transients to 

completely settle out before the experiment starts.   In the IFTOF experiment, the 

interruption was controlled by CTR2 and two user-defined variables: td and ti.  The 

variable td , is the delay from the start of the experiment until the interruption and the 

variable ti  sets the length of the interruption time for the experiment.  After the 

interruption, the bias was re-applied and remained on for a sufficient time again to 

ensure all the charge carriers were collected (~100ms) [63]. Also the pulse to trigger the 

oscilloscope and the pulse to spark the xenon flash were generated.  The scope trigger 

had a pulse width of 300 μs. The pulse width for the xenon flash was user-defined in the 

GUI with a width of tLED1On (set to 3000 μs for all experiments). Figure 3.18 shows the 

timing of pulses in a typical IFTOF experiment. 

CTR3 (Light Pulse)

CTR5 (Scope)

CTR1

CTR2

tHVPreset

HVOn t itd

Experiment Start

t itd

tLED1On

t = 0 t1 t1 + ti t3

~100 ms

 
Figure 3.18 Timing of pulses in a typical IFTOF experiment, manual control switch is set to 
“Pulsed” (After [63]). 
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3.5.3 High Voltage Switch and Supply 

To measure the bulk transport properties of low mobility materials such as a-Se 

photoconductors, a large bias needs to be applied to the sample. Some of the samples 

investigated in this work were relatively thick (~ 100 μm). The carrier mobilites for the 

a-Se layers are generally in the range of 0.1 cm2/Vs for holes and 2×10-3 cm2/Vs for 

electrons. The relatively large thickness of the samples and the low mobility of the 

charge carriers require a very large bias ≤ 1 kV to be applied to the sample in order to 

perform transient photoconductivity measurements. The removal and application of the 

voltage bias for the IFTOF experiment must have rise and fall times on the order of 0.1 μsec 

or less as the transit times of holes and electrons are in the order of few µs. 

 
Figure 3.19 High voltage supply used to deliver 2kV [63]. 

The EMCO C20 a DC/DC converter was used to supply the internal bias (Figure 

3.19). It generates a high voltage up to 2 kV with 0-0.5 mA of current from a 15V input. 

The output voltage is varied with the use of a 10-turn 100k potentiometer. This 

potentiometer supplies a control voltage of 0-5 V which results in an output of 0-2 kV.  

On the output of the C20 is a V1G package, a 1000:1 balanced voltage divider.  This 

VIG outputs the exact bias voltage that can be read by any connected multimeter, at a 

significantly reduced voltage (1 V on multimeter is equivalent to 1 kV output).   
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The high voltage switch designed for the IFTOF experiment is shown in Figure 

3.20, it uses two fast n-channel IRFBG30 MOSFETs. These MOSFETS are connected 

in a totem pole configuration and are driven by two HCPL-3140 optocoupler MOSFET 

drivers, which also serve to isolate the control circuitry from the high voltages being 

used in the rest of the system. Power is supplied to the higher optocoupler by a simple 

transformer-based DC supply regulated to 18 V. The 18 V line has to float on the output 

of the high voltage switch.  Another 18 V supply provides power for the other 

optocoupler.   

 

 A XNOR digital logic ensures that only one of the two MOSFETS is on at time. 

The output of the HV switch (HVOUT) was connected to the top electrode on the sample. 

The HV switch and the connected supply generates only positive bias. To generate a 

negative bias voltage for electron TOF/IFTOF measurements, the connections to the 

sample must be swapped.   

 
Figure 3.20 A high voltage switch capable of switching 1 kV [63]. 
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3.5.4 Amplifier 

A two-stage differential amplifier was used to generate 16 dB of gain on the 

photocurrent signal. This is required to bring the photocurrent above the noise floor of 

the oscilloscope. The first stage provided the differential amplification from an Analog 

Devices AD830 amplifier, a single package differential amplifier with unity gain 

bandwidth of 85 MHz and a CMRR of 4 MHz.  The second stage is a non-inverting 

amplifier using a high speed Analog Devices AD827 amplifier which drives the output 

through the coaxial cables to the oscilloscope.   

 

A CMOS analog SPST (single pole single throw) switch from Maxim 

(MAX318) was placed across the inputs of the amplifier to protect the signal electronics 

from the high voltage transients during switching. The switch was selected as it charge 

injection (~10 pC) is low.The switch is closed during the switching of the high voltage 

and for a short time afterwards. The timing is controlled using an LS123 monostable 

multivibrator and an LS74 positive-clocked D flip-flop. The CMOS switch can be 

permanently damaged if the maximum ratings of the device are exceeded. Therefore, 

two small diodes (1N914) were placed in series with the supply pins in order to provide 

overvoltage protection.  

 
Figure 3.21 Two stage differential amplifier with a gain of 16 dB [63]. 
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3.5.5 Signal Capture and System Interface 

The photocurrent signal was captured using the 8-bit Tektronix TDS210 digital 

oscilloscope with a sampling rate of 1 GS/s. The advantage of using this digital 

oscilloscope was that the waveform data could be directly downloaded to a PC for 

storage and analysis. By adjusting the horizontal and vertical settings on the 

oscilloscope, the best view of the captured signal can be obtained. The oscilloscope 

bandwidth was limited to 20 MHz so as to limit the noise in the captured signal. 

 

A custom software program using C++ was used with the use of a graphical user 

interface (GUI) to control the timing signals of the experiment, communicate with the 

digital oscilloscope, and display the captured signal to the experiment operator. The 

user was given the option of entering the delay before interruption, td, and the 

interruption time, ti. For the case of TOF measurements td and ti were set to 0. On 

clicking the Run button , the experiment was initiated. A baseline signal was captured 

and uploaded to the computer. The bridge was then automatically re-excited after a 

short pause, this time with photoexcitation, to capture and upload the photocurrent 

signal. A software routine subtracted the two signals and the resulting waveform was 

displayed on the screen. The digitized signal was saved as a tab delimited text file and 

exported to numerical analysis software, such as Microsoft Excel Tablecurve and 

MATLAB for measurement and analysis. 

 

3.6 Differential Scanning Calorimetry 

The Differential Scanning Calorimetric technique was developed by E. S. 

Watson and M. J. O'Neill in 1960. It monitors the rate of heat flow into the sample as a 

function of the sample temperature while the sample is heated at a constant rate. The 

supply of thermal energy to the sample may induce physical or chemical processes in 

the sample such as melting. TA instruments DSC 2910 and DSQ-100 (Figure 3.22) 

were used to obtain the glass transition (Tg), peak crystallization (Tc), and onset of 

melting (Tm) temperatures of the sample. The positive peaks refer to exothermic process 

and the negative peaks represent the endothermic processes and can be observed in 

Figure 3.23. 
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Figure 3.22: TA Instruments DSQ100 [65]. 

 
Figure 3.23 Schematic of a typical DSC thermogram showing the glass transition region, 
crystallization, and melting transitions. Tg is the glass transition temperature, Tc is the  maximum 
crystallization temperature and Tm is the onset of melting. 

A simplified setup used for DSC analysis is shown in Figure 3.24. There are two 

pans in a closed cell. In one, the sample to be analyzed is inserted. The other pan 

remains empty so that it can be used as reference. The computer runs the data 
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acquisition software which is used to control, regulate and monitor the heat flow. Both 

pans are heated at the same rate. This is vital as the pan with sample will heat at a 

slower rate than the empty pan. Hence, the heater below the sample pan will have to 

work harder as it requires more heat to keep the temperature increasing at the same rate 

as the pan. The computer measures how much more or less heat is required by the 

sample pan as compared to the reference pan and plots the differential. If TS is the 

sample temperature and TR the temperature of the heating pan, the differential heat flow 

can be written as 

Θ
−

= RS TT
Q&  [3.42] 

where Θ , is the thermal resistance between the 2 pans. 

 

Figure 3.24 Simplified apparatus used for DSC measurements. Two pans, one with the sample to be 
analyzed and an empty reference pan are heated. The computer monitors, regulates the heat flow and also 
displays the scan. 
 

The heat flow is written in units of heat, q, supplied per unit time, t. The heating 

rate is the temperature increase ΔT per unit time, t. If we divide the heat flow by the 

heating rate we obtain the heat capacity Cp , which is the heat supplied per temperature 

increase as shown below 
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The heating rate for the DSC was kept constant at 10OC/min. The temperature 

range of the samples examined was from 20OC to 260OC. Three scans were conducted 

for each sample. An initial heating scan was used to obtain the characteristics of the 

material. A cooling scan with the temperature decreasing from 260OC to ~50OC was 

then carried out. If samples tend to crystallize, they usually does so in the cooling scan. 

The samples which do not crystallize show no endothermic or exothermic peaks. A 

second heating scan was carried out to verify the results of the cooling scans. The 

samples which crystallize during the cooling scan will undergo glass transition. The 

other samples will show characteristics similar to the initial heating scan. The values of 

Tg, Tc and Tm were obtained manually. 

 

At Tg , the sample which is in its disordered amorphous solid form undergoes 

transition into a more flexible liquid form, this is known as the glass transition stage. 

The amorphous state has a lower energy level than the liquid state as the atoms in the 

liquid form have both translation and vibrational motion. In the amorphous state the 

atoms are in a “frozen” form. To go from a lower energy level to a higher energy level, 

heat must be absorbed; this results in an endothermic peak. The importance of Tg is that 

it verifies that a certain material can indeed undergo glass transformation and it has an 

amorphous state. These materials such a-Se must be used below Tg for most 

applications. 

 

During the crystallization the disordered particles gain enough energy to align 

themselves in an ordered form. The sample can crystallize during this stage. Since, the 

crystalline state has a lower internal energy; heat is released in this process which 

results in the exothermic peak. The sample goes back to its original disordered solid 

state upon melting. The reproducibility of the transition temperature can be checked by 

cooling and heating through the critical temperature range. 

t
T
t

q

T
qC p Δ

=
Δ

= [3.43]
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3.7 Summary 

This chapter described the TOF and the IFTOF transient photoconductivity 

techniques used to investigate charge transport properties in a-Se films, namely the 

charge carrier drift mobility and the lifetime. The theory behind these two measurement 

methods was discussed and the experimental apparatus was described. DSC thermal 

analysis was also described since the thermal characterization of doped a-Se is essential 

for determining whether the doped samples are stable against crystallization.



 
 

  67

4. RESULTS AND DISCUSSION 
 
 This chapter reports and discusses the results obtained by the experiments 

carried out in chapter 3 on various samples of a-Se photoconductive layers. The Time of 

Flight (TOF) and Interrupted Time of Flight (IFTOF) methods were used to obtain 

values of charge carrier drift mobility and lifetime for the samples. Differential 

Scanning Calorimetry (DSC) was used to examine the thermal stability of the samples. 

The effects of doping a-Se with various Group IIa elements on the transport properties 

and thermal stability of the samples were also examined. The concentration of the deep 

traps and the effect of doping on the deep traps was studied. 

 

4.1 Effect of Group IIa Dopants on Charge Transport a-Se 

The transport properties of an a-Se photoconductive layer depend on the 

properties of the starting selenium material used for the fabrication and on the 

deposition conditions under which it was prepared. Deposition conditions are usually 

kept constant. Thus, the charge transport properties of fabricated a-Se films depend on 

the dopants introduced into starting a-Se material. Certain elements, when added to a-Se 

will suppress or encourage the transport of one or both types of carrier in the film 

leading to the production of layers with highly desirable properties. However, these 

dopants often adversely affect the thermal stability of the film thereby limiting its 

practical usefulness. There is therefore a challenge in fabricating alloyed/doped a-Se 

films that have desirable charge transport properties and are also thermally stable. A n- 

like layer (μeτe >> μhτh) is typically produced by doping Se with an alkali metal such Na. 

However, doping with alkali metals tends to encourage crystallization in a-Se films 

[66].
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 To suppress the crystallization tendency, heavy arsenic doping (up to 10% As) 

is utilized to stabilize the structure against crystallization. Such high levels of As 

however lead to poorer and dispersive hole transport. In dispersive transport, the carrier 

transport cannot be described by a single drift mobility as it is a distribution of various 

drift mobilities [67]. In addition, there is an increase in the deep trap concentration of 

holes and electrons when the As content becomes too large, e.g. more than 10%. 

 

Initial work conducted on Group IIA dopants such as Mg, Ca and Ba added in 

the 100 ppm range to a-Se have shown to increase in the electron lifetime and reduce 

hole lifetime while decreasing the thermal stability of the films [68] as shown in Table 

4.1. These doped films can be used practically as n-like layers in X-ray detectors as 

discussed in previous chapters, if ideal conditions can be achieved (i.e. negligible hole 

transport, excellent electron transport and good thermal stability). The purpose of this 

work was to examine the effects of adding these dopants on the charge transport and the 

thermal stability of a-Se films. 

 
Table 4.1 Charge transport changes in a-Se as a result of doping with elements from Group IIA. 
The added amounts of Mg, Ca and Ba are 300, 20 and 40 ppm by weight respectively. TL refers to “trap 
limited” transport in which the TOF waveform represents only decay at all experimentally accessible 
electric fields and time scales [68]. 
 
Material 

Holes Electrons 

Mobility, 
μh [cm2V-1s-1] 

Lifetime, 
τh [μs]

μh τh 
[ cm2V-1] 

Mobility, 
μe [cm2V-1s-1] 

Lifetime, 
τe [μs] 

μe τe 
[ cm2V-1] 

Pure Se 0.14 > 150 2.1×10-5 TL 10 TL 

Se:Mg  TL < 0.5 TL 0.0033 > 800 > 2.6×10-6 

Se:Ca TL ~4-5 TL 0.004 > 350 > 1.3×10-6 

Se:Ba TL <  1 TL 0.0035 > 250 > 0.8×10-6 

 

4.1.1 Electronic Properties 

The TOF and IFTOF techniques were used to measure the inherent charge 

transport properties of the pure and doped a-Se samples. Sample waveforms obtained 

from TOF and IFTOF are shown in Figure 4.1and Figure 4.2  respectively. The 

photoexcitation was conducted with a pulsed xenon flash with a duration 200 ns 
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incident on a semitransparent Au electrode sputtered on the top surface of the films. 

Both holes and electrons were examined by selecting the appropriate polarity of the 

bias. 

 

Electron mobility µe in a-Se depends on the applied electric field [69]. In order 

to get comparable values for different samples, the field used for obtaining the 

photocurrent waveform through IFTOF was 1 V/µm and 2 V/µm for electrons. For TOF 

measurements, waveforms were analyzed at the lowest possible field at which the 

transit time kinks were visible. The internal electric field set up by the applied voltage 

was assumed to be uniform and determined by V/L , where L is the thickness of the 

sample. A small amount of charge is injected into the layer from the electrodes and 

becomes trapped in the bulk of the sample. This is a thermally generated process. At a 

certain time known as the transition time, tsc, the concentration of the bulk charge can 

alter the profile of the internal field [70]. For a-Se, tsc is around 100 ms [71] and for all 

experiments conducted for this work, photoexcitation was provided a few milliseconds 

after application of bias to ensure a uniform field during the TOF experiment duration. 

 

If the TOF experiment is repeated frequently for a long period of time, the 

photocurrent will increase (for hole drift) and decrease (for electron drift) by reducing 

or increasing the field near the electrodes. The photocurrent will then follow the electric 

field profile determined by the Poisson equation where ρ is the net 

density of space charge. The samples were hence, discharged and rested between each 

set of measurements to avoid the buildup of bulk space charge. To discharge the bulk 

space charge, the sample was shorted and pulsed several times with the optical source, 

whereupon photogenerated carriers are attracted to oppositely charged trapped carriers 

and then recombine and thus neutralize the trapped charge. 

 

The transit time, tT, was obtained from the time width (duration) of the I-mode 

TOF pulse at approximately half the signal magnitude (V/2, where V is the signal 
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magnitude) as shown in Figure 4.1 and was used to determine the carrier drift mobility 

µ by using .
2

Vt
L

T

=μ  

 
Figure 4.1 Typical electron waveform obtained from TOF transient photoconductivity 
experiement. The transit time, tT, is obtained from the width of the pulse at the half magnitude point. 

 

Figure 4.2  Typical electron IFTOF Waveform showing before and after interruption current i1 and 
current i2 , respectively, separated by the interruption time ti. 
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The values of the post-interrupted and the pre-interrupted photocurrents 

obtained from the IFTOF were used to plot the current ratio versus interruption time 

graph shown in Figure 4.3. The lifetime or rather the deep trapping of the charge carrier 

under investigation was obtained from the slope of this graph. 

 
Figure 4.3 Typical current ratio (i2/i1) vs the interruption time plot used to obtain the electron 
lifetime. 

For thinner samples (< 40µm), higher fields were required to obtain analyzable 

signals. At relatively lower voltages the waveforms represent only an initial spike in the 

photocurrent waveform which then quickly decays and represents carrier trapping near 

the electrode. The carrier lifetimes were extracted from the parameters of the decay by 

plotting it on log-lin scale (Figure 4.3 and Figure 4.4).  
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Figure 4.4 Hole Lifetimes for Se(B) and Se(B) + 38 ppm Mg obtained from current ratio vs 
interruption time graph. Addition of 38ppm Mg decreases τ in Se(B) from 67µs to 20µs.  

The effects of Mg, Ca and Ba on the electronic transport in pure a-Se are listed 

in Table 4.1. TL refers to trap limited response, that is the the carrier lifetime is much 

shorter than the transit time at the operating field.  It is clear from these that as a result 

of Group IIA doping, the transport in the a-Se film is converted from p-like (μhτh >> 

μeτe) behaviour in the starting pure Se to n-like (μhτh << μeτe) behavior in the doped 

films. The observed effect was strongest for Mg and hence most of the work was 

focused on a-Se doped with Mg. Also samples containing Ca and Ba , were not 

thermally stable and it was difficult to obtain analyzable photo current signals. It is not 

possible to reduce the applied field to such small fields that the transit times eventually 

become sufficiently long for a photocurrent with a transit to be observed. The reason is 

that the photogeneration efficiency falls sharply with decreasing field and at very low 

fields, the photogeneration efficiency is very poor. 

 
Figure 4.5 demonstrates the change in carrier lifetime as a function of the Mg 

concentration. A and B refer to a starting Se material from two different sources 
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(independent suppliers of selenium). Type A a-Se contains a small amount of oxygen 

which causes a substantial decrease in the electron lifetime and an increase in the hole 

lifetime [72]. The Mg addition to pure a-Se causes a significant increase in the electron 

lifetime. There is also a significant reduction in the hole lifetime, especially in type A 

pure a-Se. No significant change was observed in the hole drift mobility within 

experimental errors. The observed effect increases with Mg concentration. Mg does not 

modify the shallow traps that control the drift mobility but has a strong influence on the 

relative population of deep hole and electron traps. The reason for the observed effect is 

probably due to the modification of the relative concentrations of the over (Se3
+) and 

under (Se1
-) coordinated valence alternation pairs by the dopants if these defects control 

deep trapping. 

 

 The effect of natural "aging" of a-Se(A) with 300 ppm Mg was also observed 

by resting the sample in dark for a period of 1 year. The sample was reanalyzed after a 

period crystallized on the surface and both the carrier ranges had decreased, confirming 

the DSC analysis. 

 

Figure 4.8 shows that the a-Se doped with 300ppm of Mg is not thermally stable. 

As apparent in  

Figure 4.6 the range of the electrons (μeτe) increases significantly with increasing 

Mg concentration whereas the range of holes (μhτh) shows a decreasing trend, 

confirming that Mg doping can be used to fabricate n-type a-Se. Natural aging of the 

sample was observed by resting it in dark for 1 year and remeasuring the charge 

transport values . It was then compared to the initial values listed in Table 4.1. The 

sample had visual crystals on its surface. The data obtained from the experiments is 

listed in Table 4.2 , Table 4.3 and Table 4.4. 
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Figure 4.5 Charge carrier deep trapping lifetime as a function of Mg concentration. Se(A) and 
Se(B) refer to Se material obtained from two different sources. 
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Figure 4.6 Electron and Hole Range versus Mg concentration. The hole range decreases with 
concentration whereas the electron range increases with Mg concentration. Some of the transport values 
were trap limited and could not be plotted. There is a decrease in electron age for Se(A) doped with 
300ppm Mg this was due to crystallization. 
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Table 4.2 Data obtained from TOF and IFTOF measurements for Se(B) compared to Se(B) doped 
with 38ppm Mg. 

 Holes Electrons 
 Mobility, 

μh [cm2V-1s-1] 
Lifetime, 
τh [μs] 

μh τh 
[ cm2V-1] 

Mobility, 
μe [cm2V-1s-1] 

Lifetime, 
τe [μs] 

μe τe 
[ cm2V-1] 

 
Se (B) 

0.12 10 1.2 4.00 600 2.42 
Se (B) + 38 
ppm Mg 0.12 5 0.6 2.71 1000 2.71 
Changes 
Observed 

      

 

 
 
 

Table 4.3 Data obtained from TOF and IFTOF measurements for Se(A) compared to Se(A) doped 
with 38ppm Mg. 
 
 Holes Electrons 
 Mobility, 

μh [cm2V-1s-1] 
Lifetime, 
τh [μs] 

μh τh 
[ cm2V-1] 

Mobility, 
μe [cm2V-1s-1] 

Lifetime, 
τe [μs] 

μe τe 
[ cm2V-1] 

 
Se (A) 0.13 67 8.71 na ≈18 na 
Se (A) + 38 
ppm Mg 0.13 20 2.6 3.1 75 0.23 
Changes 
Observed 
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Table 4.4 Data obtained from TOF and IFTOF measurements for Pure Se (A), stabilized Se (Se 
with 0.2% As) and stabilized Se with Mg in concentration of 244ppm and 2500ppm Mg. The changes 
observed are in comparison to Pure Se(B) for stabilized Se and for the Mg doped samples , they are in 
comparison to stabilized Se. 
 

 Holes Electrons 
 Mobility, 

μh [cm2V-1s-1] 
Lifetime, 
τh [μs] 

μh τh 
[ cm2V-1] 

Mobility, 
μh [cm2V-1s-1] 

Lifetime, 
τh [μs] 

μh τh 
[ cm2V-1] 

Se (A) 0.13 67 8.71 na ≈18 na 
Se + 0.2%As 0.12 7 0.84 3.2 380 1.2 
Changes 
Observed 

 

 

    
Se + 0.2%As 
+ 244ppm 
Mg Na <2 na 2.9 432 1.2 
Changes 
Observed 

      
Se + 0.2%As 
+ 2500ppm 
Mg Na 

No holes 
 3.0 390 1.2 

Changes 
Observed           

 

As observed in  

Table 4.4 , addition of As to Se(A) improves the electron range. The hole range 

is significantly less in Se(A) with As. This effect is well documented, and has been 

reported by Belev and colleagues [72]. The addition of Mg to Se with 0.2%As film 

decreases the hole lifetime and slightly improves electron lifetime. The electron range 

remains constant. The significant result from this measurement was the absence of hole 

transport in films with 2500ppm Mg which is an ideal n-layer. 

 

4.1.2 Estimation of Deep Trap Concentrations 

From the measurements of the deep trapping time, the lifetime, it should be 

possible to estimate the deep trap concentrations. Both hole and electron transport in a-
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Se has been attributed to shallow trap controlled transport.  In the case of holes, as they 

drift in the valence band, they frequently become trapped into and detrapped out of 

shallow traps. Their effective drift mobility, the drift mobility that is measured by TOF 

experiments, is then given by μ = μoθ  where θ  is the mobility reduction factor and μo 

is the actual drift mobility of the holes in the band in the absence of shallow traps. For a 

monoenergetic set of traps, as shown in Section 3.4.1, θ = τc/(τc + τr), where τc is the 

capture time into a shallow trap and τr is the release time from a shallow trap. The 

carrier lifetime τ with respect to deep traps becomes τ = τo/θ , where τo is the deep 

trapping time in the absence of shallow traps, that is when the carrier is captured from 

the band into the deep trap without experiencing any shallow trap transport. Thus, the 

measured deep trapping time appears to be longer than the deep trapping time τo in the 

absence of shallow traps. The shallow trap free lifetime τo is controlled by the deep 

capture cross section Sd, the thermal velocity of the carrier vth and the total deep trap 

concentration Nd, so that 

 

 [4.1] 

 

 

Equation 4.1 assumes ballistic capture in which the carrier in the band has an 

average speed that is roughly the same as its thermal velocity, It is also possible to 

analyze the results by using more accurate expressions in [73] but since there is 

significant uncertainly in the factor θ and the capture radius, the present approximate 

calculation should suffice. The concentration of deep traps have been estimated by 

using a capture radius rc = 0.25 nm, assuming capture by a neutral deep trap, capture 

cross section Sd = πrc
2, thermal velocity vth = 1×107 cm s-1, and μo = 1 cm2 V-1 s-1 for 

electrons and 0.4 cm2 V-2 s-1 for holes. The values for the electron deep trap 

concentration are listed in Table 4.5 and for holes in Table 4.6. 

 

There are several important observations.  The deep trap concentrations are very 

small for both electron and hole capture, of the order of 1013 – 1014 cm-3 for electrons 

and 1012 to 1013 cm-3 for holes. For electrons, we notice there in a decrease in deep trap 
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concentration whereas for holes, there is a significant increase (~28%). This could be 

due to increase in population of the −
1Se  traps which trap holes.These values are not 

drastically affected by using more accurate calculations or slightly different values for 

various parameters as long as we assume that the deep trap capture radius corresponds 

to a neutral center, i.e. rc is about 0.2 – 0.3 nm. The deep trap concentrations are less 

than the usual lower limits of electron spin resonance (ESR) experiments for detecting 

defects with a dangling bond , and hence cannot be detected easily by ESR experiments. 

The atomic concentration of a-Se is 3.2×1022 atoms cm-3. Thus, the number of deep 

traps as a fraction of Se atoms is at most 1014 / 1022 that is 10-8 or 0.01 ppm or 10 ppb. 

Such extremely low levels of defect concentration are very difficult to measure. Since 

the addition of Mg in the ppm range only generates deep hole traps that are less than 

ppb, it is clear that not every Mg atom is involved in generating a deep trap. To date, the 

exact origin of deep traps in a-Se has not been fully resolved. 

 
Table 4.5: Calculation of Deep Trap Concentration for electrons. Assume rc = 0.25 nm, Sd = Πrc

2, 
vth = 1×107 cm s-1, and μo = 1 cm2 V-1 s-1 for electrons and 0.4 cm2 V-2 s-1 for  for holes. 
 μ 

cm2 V-1 s-1

θ τ 

μs 

Nd 

cm-3 
% Change  

Pure Se (A) 

 

0.003 0.003 18 8×1013  

Pure Se (A) + 

38 ppm Mg 

0.003 0.003 75 2×1013 25% 

 
Table 4.6: Calculation of Deep Trap Concentration for holes. Assume rc = 0.25 nm, Sd = Πrc

2, vth = 
1×107 cm s-1, and μo = 1 cm2 V-1 s-1 for electrons and 0.4 cm2 V-2 s-1 for  for holes. 
 μ 

cm2 V-1 s-1

θ τ 

μs 

Nd 

cm-3 

% Change 

Pure Se (A) 

 

0.12 0.3 67 2×1012  

Pure Se (A) + 

38 ppm Mg 

0.12 0.3 20 7×1012 28% 
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 Since, the values of the drift mobility for both holes and electrons remains the 

same for both the reference sample and the doped samples, we can assume that there is 

no change in the shallow trap concentration. 

 

4.1.3 Thermal Properties 

The thermal stability of the new alloys and the a-Se films was examined by 

conventional DSC experiments. The heating and cooling scans were carried out at a rate 

of 10 K/min. A second heating scan was conducted right after the cooling scan to 

compare the "second" heating scan to thermal behaviour observed in the initial heating 

scan. It has been observed that for doped a-Se alloys that if the sample has a tendency to 

crystallize, it will do so during the cooling scan and then exhibit no glass transition and 

crystallization transition in the subsequent second scan [68]. The stable material, on the 

other hand, does not crystallize during the cooling scan and exhibits glass transition and 

crystallization transitions similar to the first heating scan [66]. Further, the technique of 

using heat-cool-heat DSC scans allows differently doped samples to be classified in 

terms of their relative crystallization tendencies. 

 
Figure 4.7 Typical DSC scan for a-Se showing glass transformation, crystallization and melting 
transition. Tg is glass transformation temperature,To is the temperature showing onset of crystallization 
,Tc is peak crystallization temperature and Tm denotes the onset melting temperature. Heating rate is r = 
10°C/min [74]. 
 



 
 

  81

Figure 4.8 obtained from measurements conducted by Belev and others in 2007 

[68] shows the thermograms of pure Se, Se doped with Ca, Ba and Mg. All the doped 

samples crystallize during the cooling scan, thereby indicating that they are not 

thermally stable and would not be used in practical device applications. 

 

Figure 4.8 DSC Thermograms of pure a-Se and Mg doped Se. The data shows that doped sample 
with 300ppm of Mg clearly crystallizes during the cooling scan whereas both the pure a-Se glass samples 
and the  doped samples with 38ppm Mg remain amorphous. 

Figure 4.9 DSC thermograms of Group IIA doped Se glasses. The thermograms of pure Se, 
Se:Mg, and Se:Ca samples are artificially shifted in the vertical direction by 4.5, 3.0 and 1.5 W/g 
respectively. The data clearly demonstrate that all doped samples fully crystallize during the cooling scan, 
while the pure Se glass sample remains essentially as glass (amorphous) [68]. 
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Figure 4.9 shows the DSC scans on all the Mg doped films through the heating, 

cooling and heating sequence compared with the undoped pure a-Se. The DSC scan on 

pure a-Se shows that the initial and final heating thermograms are similar with clearly 

defined glass transition, crystallization and melting temperature peaks. The cooling scan 

shows no crystallization peak. 

 

The initial heating scans for the doped Mg samples are very similar to the initial 

heating scan of the pure a-Se sample. As expected during the cooling scan, we observe 

that the sample doped with 300 ppm Mg has a crystallization peak. However, samples 

doped with a lower concentration of Mg at 38 ppm, do not show a crystallization peak 

during the cooling scan. Further, the thermogram for the second scan is very similar to 

that obtained during the first scan. The a-Se sample doped with 38 ppm Mg is thermally 

more stable then the sample doped with 300 ppm of Mg.  Thus, the 38 ppm Mg doped 

a-Se sample should be suitable for practical device applications. 

 

4.2 Summary 

TOF and IFTOF were used to determine the carrier mobility and the trapping 

times and the results were used to study effects of doping a-Se with Group II materials. 

The addition of Group II materials converts the a-Se starting material from p-like into n-

like. From the measurements conducted it can be determined that the magnitude of the 

effect of doping with Group II decreases as the atomic weight of the element increases. 

The effect of Mg was examined in greater depth and it was found that increasing the 

concentration of Mg increases the electron range while limiting the hole range. The 

addition of As further limits the hole transport but does not alter the electron range. 

 

The clear reproducibility of the thermal properties obtained from the DSC after 

cooling as shown by the second heating scan in  

Figure 4.9 implies that small amounts of Mg can be used as a suitable n-type 

dopant. Samples with higher concentrations of Mg (e.g. 300ppm) are not thermally 

stable and the films exhibit visible crystallization with time over one year. 
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5. SUMMARY AND CONCLUSIONS 
 

The resultant output image obtained from an X-ray detector is highly dependent 

on the type of X-ray source and the detector used. Hence by altering the X-ray source or 

the material and/or material composition used for the detector we can obtain higher 

quality images with lower X-ray exposure. The n-like layer is important in multilayer 

layer amorphous selenium (a-Se) based X-ray detector structures because it blocks the 

injection of holes from the positive electrode.  The dark current in these devices is 

controlled primarily by hole injection. The introduction of the n-like layer to block hole 

injection was hence a key development in the commercialization of a-Se X-ray 

detectors. By varying the concentration and type of dopant, we can attempt to obtain an 

ideal n-layer. 

 

The Time of Flight (TOF) and Interrupted Time of Flight (IFTOF) techniques 

were used to obtain values of the charge carrier drift mobility (μ) and the lifetime (τ). 

Differential Scanning Calorimetry (DSC) was used to examine the thermal stability of 

the samples. The effect of doping a-Se with various Group IIa elements on the transport 

properties and thermal stability was also examined. 

 

5.1 Effect of Group IIa Dopants on a-Se 

The addition of Group IIa materials converted the a-Se starting material from p-

like into n-like. From the measurements conducted it was be determined that the 

magnitude of the effect (increase in electron range and decrease in hole range) of 

doping a-Se with Group II decreased as the atomic weight of the element increases. The 

effect of Mg was examined in great depth and it was found that increasing the 

concentration of Mg increased the electron range while limiting the hole range. The 

addition of As further limited the hole transport but does not alter the electron range 

significantly.
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The thermal properties obtained from the DSC imply that small amounts of Mg 

(38ppm) can be used as a suitable n-type dopant. Samples with higher concentrations of 

Mg (e.g. 300ppm) were not thermally stable and the films exhibited visible 

crystallization with natural aging after a period one year. This was verified by the 

change in the range of electrons from 800 μs to 200 μs. No values for the hole range 

could be obtained. 

 

5.2 Suggestion for Future Work 

Further work can be conducted by studying even more samples of a-Se doped 

with various concentrations of Group IIa materials. The effect of adding As to the 

Group IIa doped samples should be studied in greater depth. The natural aging of the 

doped samples should be examined periodically to observe changes in electrical or 

thermal properties. 
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