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PREFACE  
 

 Photosensitive (or photoconductive) semiconductors such as hydrogenated 

amorphous silicon (a-Si:H), amorphous chalcogenides (a-Chs) and III-V crystalline 

compounds have been playing significant role in optoelectronics devices. 

Photoconductive semiconductors show basic performances with photoillumination 

that creates electron-hole pairs. The creation of electron-hole pairs in such materials, 

for instance in a-Chs, induces variety of photoinduced phenomena such as 

photoinduced defect creation (PDC), photodarkening (PD), and photoinduced volume 

change (PVC).  After the cessation of illumination, we find also other phenomena 

such as persistent photocurrent (PPC) which is referred to as the residual photocurrent 

decay (RPD).  In this thesis, among various photoinduced phenomena, the PDC in a-

Chs and the PPC in a-Si:H, a-Chs, crystalline III-V semiconductors, will be discussed. 

It is known that these phenomena are attributed to a dispersive nature involved in 

phenomenon.  

The definition of “dispersive” here is that the reaction rate itself for phenomenon 

to occur is not taking a constant value but is time-dependent.  Generally, the 

dispersive natures can be found in disordered materials. The particular interest is that 

the PPC appears even in crystalline (ordered) III-V compounds. What is the origin of 

the dispersive-reaction kinetics? This is a long-term mystery in this field. Answer to 

this question is the main issue of the present thesis.     

In addition to discuss the origin of dispersive characteristics, the glass transition 

in melt-quenched glasses is an important physical phenomenon in glass sciences. 

What kind of factor dominates the glass-transition temperature is still not well 

understood.  New (experimentally) accessible empirical rule for the glass-transition 

temperature is proposed in the present thesis.  

To clarify those above mentioned phenomena, the following chapters are 

designated to cover the topics. General, overall features, and the principal technical 

terms through the present thesis are briefly introduced in CHAPTER 1. What is the 

definition of the dispersive kinetics is remarked in this CHAPTER, which will be 

commonly used in CHAPTERS 2 and 3.   

 The modified Poisson’s probability-distribution function leads to a new waiting-

time distribution function for explaining the reaction discussed in CHAPTER 2. The 
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origin of dispersive nature involved in the PDC mechanisms in a-Chs is understood as 

the exponential distribution of the thermal activation barrier for the PDC.  It produces 

the time-dependent stretched exponential function (SEF), and suggesting that the 

thermal, as well as photon energy plays some roles in the PDC mechanisms. 

 In CHAPTER 3, phenomena of PPC after the cessation of illumination in 

disordered semiconductors (a-Si:H and a-Chs) and ordered (crystalline) III-V 

semiconductors are discussed. The PPC in these photoconductive semiconductors is 

induced by the dispersive recombination kinetics which produce the time dependence 

of the SEF in a-Chs and crystalline III-V compounds, and of the power law in a-Si:H. 

 In CHAPTER 4, a new empirical rule is proposed for discussing the glass-

transition temperature from the basic glass scientific view. The proposed new 

empirical rule suggests that the cohesive energy of chemical (covalent) bonds, i.e., a 

short-range chemical-bond arrangement dominates the glass transition but not an 

inter-molecular interaction in chalcogenide glasses.   

 Summary of the thesis is presented in the last CHAPTER.   
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CHAPTER 1  

 

INTRODUCTION 

 

 Semiconductor and insulator materials which are illuminated by light will create 

electron-hole pairs when photon energy is equal or greater than the band gap energy 

of materials. This photo excited carriers will subsequently separate and contributing to 

electrical response of the material, such as, photoconductivity, and then recombine 

either radiatively which give rise to photoluminescence (PL) or non-radiatively. In 

amorphous semiconductor, the creation of electron-hole pairs exhibit variety of photo-

induced phenomena both because of the freedom and flexibility associated with the 

atomic structure due to the absence of long range order in comparison to its 

counterpart crystalline semiconductor, and also because the presence of structural 

disorder can lead to localization of electron and hole states at the band edges in the 

vicinity of the gap [1].  

 In amorphous semiconductor, for instance, in amorphous chalcogenides (a-Chs) 

there are common photoinduced phenomena, i.e., photodarkening (PD), photo-

induced volume change (PVC), photo-induced defect creation (PDC). To understand 

these phenomena, in-situ study has been done in order to clarify the correlation 

between the phenomena and the function involved in the time evolution of changes 

[2]. It has been known that in amorphous chalcogenides the time evolution of changes 

of photoinduced phenomena are empirically following a stretched exponential 

function as discovered by Kholrausch [3]. 

 Another phenomenon which have been commonly observed in amorphous 

semiconductor is persistent photocurrent (PPC) or residual photocurrent decay (RPD) 

which occurs after cessation of steady light of illumination [4,5]. The PPC is 

dominated by dispersive recombination kinetics which produce stretched exponential 

functional decay (a-Chs) and Power law (a-Si:H). 

 In this chapter, several characteristic functions and phenomenon commonly 

observed in photoconductive materials of amorphous semiconductor appears in the 

next three chapters are presented. Therefore, the important key terms used in this 

thesis are introduced in the following.   
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Dispersive Reaction  

 

 What is a dispersive reaction?  The definition of dispersive reaction is that in any 

reaction, for example, in physics and chemistry, the reaction rate depends on time: 

The reaction rate decreases with time but not taking a constant value. It is important to 

note that the dispersive reaction is a general feature of random systems such as 

amorphous semiconductors.  Now we can understand this term what is the dispersive 

recombination or dispersive transport.  

In many cases of reactions, the time-dependent reaction rate is given as follows [6]:  

 

,          (1-1) 

 

where, B is a constant and β (0 < β < 1) is called the dispersion parameter. The main 

object of this thesis is to clear why dispersive reactions occur in random systems. We 

will discuss the photoinduced defect creation (PDC) and the persistent photocurrent 

(PPC) in amorphous semiconductors. Note that the PPC is also found in crystalline 

(ordered) III-V and II-VI semiconductors. This means that the dispersive reaction 

should be also found even in ordered materials. The term, order means lattice 

regularity from crystallography.  However, we suppose easily the local structure of 

localized states including defect states has disorder in ordered materials.   

 

 

Stretched Exponential Function and Power Law 

 

 The stretched exponential function (SEF) and the power law have been 

commonly observed in the photoinduced phenomena of amorphous semiconductor 

[2,4,7,8].The time evolutions of photoinduced changes have features of stretched 

exponential function (SEF) and the power law function.  These functions are 

appeared, for instance, in the persistent photocurrent current (PPC) of amorphous 

chalcogenides (a-Chs) and hydrogenated amorphous silicon (a-Si:H) [4,5,7]. The 

stretched exponential function itself was first introduced by Kohlrauch who applied it 

in the discharge of a capacitor [3].  
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On mathematical point of view, we can derive the SEF and the power law forms from 

the following differential equations:  

 

 ,          (1-2) 

 

        ,          (1-3) 

 

where n is the number which joins into phenomena and  is the reaction rate 

which was given by Equation (1-1).  The respective solutions of Equations (1-2) and 

(1-3) are 

 

    ,     

             , 

    , 

     

        

 

  ,                                    (1-4) 

where, , 

 

and             

      

    , 

    , 

    , 

         .                            (1-5) 
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Here, we assume  is written by the form of  Equation (1-1).  It means that the 

physical origin of the SEF and the power law should be related to the physical 

meaning of the number n. 

 

 

Waiting Time Distribution 

 

 What is the waiting time for an event which occurs randomly? This is an issue of 

the field of probability.  The Poisson distribution is normally used to govern the 

occurrence of random events in space or time; while, the intervals between such 

events are governed by the exponential distribution. The Poisson waiting-time 

probability-distribution is given by [11], 

 

,       (1-6) 

 

where,   is an inverse of time during a random event (s-1). The average waiting time 

for an event is then given by 

 

  .                      (1-7) 

 

The term, average waiting time, corresponds to 1/ .  In the Poisson process,  takes a 

single value. When we discuss a relaxation phenomenon, this corresponds to the 

“single relaxation” event. Due to some reasons,  distributes itself (taking not a single 

value). It is hence defined the distribution function P( ). In disordered systems such 

as amorphous semiconductors, an introduction of P( ) will be always required. Then, 

we modify the Poisson waiting-time distribution as follows: 

 

                 .                     (1-8) 

 

 



5 | P a g e  
 

The main issue of the present thesis is to newly introduce the waiting-time 

distribution. It might be noticed that the waiting-time distribution is highly related to 

the time-dispersive reaction involved in phenomena of our interest.  

 When the rate  is a function of other physical parameter U which is statistically 

distributed (i.e., ). Then the probability density P( ) is given as follows [11]: 

 

  .                                                               (1-9) 

 

The above equation will be frequently used through all the CHAPTERS. 

 

 

Photoinduced Defect Creation 

 

 The defect may be defined as any departure from the perfect crystalline lattice. 

However, since there is no perfect lattice structure, such a different definition may be 

required for disordered materials i.e. amorphous materials. In amorphous 

semiconductor materials, defect has become an integrated part due to the lack of long 

range order in comparison to its counterpart crystalline. Therefore, a defect or 

dangling bond can be regarded as a deviation from the ideal lattice structure of a 

material. Figure 1-1 shows an example of the defect in tetrahedrally bonded 

semiconductors.  The broken bonds, DB (dangling bond), described by thick line 

causes distortion of lattice locally.   
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Figure 1-1    A defect caused by bond breaking in tetrahedral bonded semiconductor [12]. 

 

There are two different classes of defects, i.e., natural and photo-created defects. We 

will focus on the latter, “photo-created defects” in amorphous semiconductors since it 

is more relevant with the topics discussed in other chapters. Here, we emphasize that 

amorphous network is structurally flexible. It induces that the constituent atoms may 

be relaxed into metastable positions by external perturbations such as light or thermal 

agitation.  Hence, we emphasize the metastable positions have some kinds of 

distribution.  

 

 

Persistent Photocurrent 

 

 The persistent photocurrent (PPC) or residual photocurrent decay (RPD) is a 

commonly observed phenomenon in photoconductive semiconductor after the 

cessation of steady illumination. It has been observed in amorphous semiconductor, 

i.e., a-Si:H [4] and a-Chs [5,7], and even for crystalline III-V semiconductor [8-10]. It 

is known that the PPC in a-Chs and III-V is expressed by the SEF and the PPC in a-

Si:H is expressed by the power law.  In this thesis, the origin of such difference 

among materials will be discussed in terms of original nature of defects.   

 Following the introduction chapter, the constituent structure of this thesis is as 

follows: In chapter 2, we will discuss about the time-dispersive defect creation 
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mechanism in amorphous chalcogenides, where the origin of the SEF in a-Chs will be 

clarified. In chapter 3, the discussion will be mainly focused on the kinetics of the 

persistent photocurrent which is commonly observed in the photoconductive 

semiconductor materials, i.e. a-Si:H, a-Chs, and III-V crystalline semiconductor. In 

chapter 4, we propose a new empirical relation on the glass transition temperature, 

which is expected to be an important issue on the basic glass science.  Finally, in 

chapter 5 conclusions from the topics that have been discussed and resulted 

throughout the thesis will be presented. 
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CHAPTER 2 

 

DYNAMICS OF PHOTOINDUCED DEFECT CREATION 

 

This chapter discusses the dynamics of photoinduced defect creations (PDC) in 

amorphous chalcogenides, which is described by a stretched exponential function 

(SEF). We newly introduce the exponential distribution of the thermal activation 

barrier, and result in the feature of SEF.  The successful explanation suggests that the 

thermal, as well as photon energy, plays an important role in the PDC mechanisms.  

 

2.1 Overview of photoinduced effects in amorphous semiconductors 

 

The photoinduced change is categorized into either reversible or irreversible. The 

reversible photoinduced change is defined as follows: After thermal annealing or 

other optical excitation, the state induced by photoexcitation returns to the original 

state.  On the other hand, irreversible changes are in general related to the chemical 

reaction or to a phase changes, which cannot be returned to the original state by any 

excitation. In this thesis, the reversible effect will be discussed only. The reversible 

photoinduced effects is well known phenomena existing in both hydrogenated 

amorphous silicon (a-Si:H) and amorphous chalcogenides (a-Chs). 

The most prominence on the photoinduced effect in both a-Si:H and a-Chs can be 

the changes of the photoconductivity after intense photoirradiation. These have been 

understood as the results of light-induced creation of defects which have been 

confirmed by ESR measurements, i.e., one of popular experimental technique that is 

used to understand the microscopic nature of defects. Therefore, it applies to the study 

of the photoinduced defect creation (PDC) process [1-3]. Another common feature of 

photoinduced effect in amorphous semiconductor is photoluminescence (PL) which is 

also directly related to the PDC, since these defects act as recombination centers, 

either radiative or nonradiative. 

Before proceeding with the discussion of the main topics, brief overviews of the 

photoinduced effects in a-Si:H and a-Chs are given as follows. 
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Hydrogenated Amorphous Silicon (a-Si:H) 

 

In hydrogenated amorphous silicon (a-Si:H), the well-known light induced defect 

creation effect is called the Steabler-Wronski effect, which is named after scientists 

who discover a light-induced effect on photoconductivity and dark-conductivity in a-

Si:H [1].  Figure 2-1 shows that the photoconductivity decreases by one order of 

magnitude in comparison to the magnitude during illumination of intense light 

exposure with 200 mW/cm2 of filtered tungsten light (600-900 nm).   While the dark 

conductivity decreases by four orders of magnitude in conjunction with the 

photoconductivity change.  

 

 
Figure 2-1 Decrease of photoconductivity (solid curve) and dark conductivity 

   (solid circles) during illumination with 200 mW/cm2 of filtered  

   tungsten light (600-900 nm) for an undoped a-Si:H  [1]. 

 

This type of photoinduced change is understood as photodegradation and is 

usually accompanied by the defect creation. Such degradation is perturbing the output 

performance of devices such as solar cell.  Hence, the great attention has been paid to 

this effect, and scientists have reviewed it in several articles [2, 4-6].  
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  The general mechanism which has commonly accepted for the light induced 

defect creation in a-Si:H is the breaking of weak Si-Si bonds by prolonged 

illumination that was proposed independently by two groups, i.e., Hirabayashi et al. 

[7], and Pankove and Berkeyheisher [8]. Hirabayashi et al. [7] considered that Si-Si 

bond adjacent to Si-H bond becomes weak due to the bond strength of the Si-H is 

stronger than the normal Si-Si bond.  The weak bond is caused by the 

electronegativity of hydrogen, which is larger than that of silicon.  So, the bonding 

orbital electrons of the central Si atom may be more localized towards a stronger bond, 

i.e., the Si-H bond, than towards other bonds. Pankove and Berkeyheiser [8] proposed 

that weak Si-Si bonds created by disorder of the amorphous network may be broken 

by prolonged illumination. Stutzman et al. [9] further suggested that the bond 

breaking is triggered by non-radiative recombination of electrons with holes trapped 

at such weak Si-Si bonds, producing a pair of neighboring dangling bond (DB). 

However, this model is not consistent with the electron spin resonance (ESR) 

experimental results with no observation of hyperfine structure, which suggests the 

presence of enough separated dangling bonds [10]. Morigaki [2] then proposed the 

process involved for two separated dangling bonds to be created from the breaking of 

the specific weak Si-Si bond: 

1. Self-trapping of a hole in a specific weak Si-Si bond. Non-radiative recombination 

occurs between an electron and this hole. Then, the weak Si-Si bond is stretched 

by extra energy created by the non-radiative recombination.  

2. Switching of the Si-H bond towards the weak Si-Si bond. It is required for the Si-

H bond to switch before or simultaneously when an electron recombines with a 

hole in the weak Si-Si bond. 

3. Hopping and /or tunneling of Hydrogen occurs to stabilize the a-Si:H network.  

The repetition of processes results in further movement from the created dangling 

bond site, as schematically shown in Figure 2-2. 
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Figure 2-2  Schematic illustration of a model for the light-induced well separated    

   centers, which is formed in successive steps of Si-H bond  

   switching [2,10]. 

 

Another common photoinduced change that also appear in a-Si:H is 

Photoinduced volume change (PVC). The volume change during illumination means 

photoinduced volume expansion (PVE) in a-Si:H.  Although a volume change after 

the bandgap illumination on a-Si:H is quite insignificant, PVE has been reported after 

employing a special technique, i.e. one that involves the detection of the bending of 

an optical lever, with a detection limit of    as presented by Gotoh et al.  

[11]. Furthermore, it is suggested that the PDC is the origin of PVE in a-Si:H due to the 

intimate correlation between the dynamics of PVE and PDC. Time evolution of PVE 

together with PDC illuminated by Ar-ion laser ( ) in a-Si:H is shown in 

the Figure 2-3. 
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Figure 2-3  Time evolution of PVE together with PDC illuminated by Ar-

    ion laser ( ) in a-Si:H. Solid circles are volume 

    change, dashed line is EF; solid line is SEF, re-plotted from 

    reference [11]. 

 

It should be noted that the remarkable reversible photodarkening (PD) is not 

observed in a-Si:H, but only in a-Chs. This is due to the absence of lone-pair orbital in 

valence band and this lone-pair orbital does not exist in a-Si:H. Because, the optical 

excitation of valence electron from these orbitals results in weakening of repulsive 

interactions between lone-pair electrons of two chalcogens (a-Chs) which act as a 

trigger of atomic displacements responsible for the PD [2,3]. 
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Amorphous Chalcogenides (a-Chs) 

 

The reversible photoinduced phenomena have been discussed with either 

topological disorder enhanced by illumination or light induced metastable defects. For 

instance, photodarkening (PD) and photostructural change (PSC) are phenomena 

caused by topological disorder enhanced by illumination. Light induced changes, on 

the other hand, the ac conductivity, the decrease in photoconductivity, 

photoluminescence, and the light-induced ESR are phenomena caused by light-

induced metastable-defect creation (LIMD) [2]. 

Thus, the major photoinduced phenomena are the photodarkening (PD), 

photoinduced volume expansion (PVE), and photoinduced defect creation (PDC). PD 

means an increase in optical absorption coefficient during or after band gap 

illumination, while the cause of PDC and PVE are the increase of defects and volume, 

respectively. Many researchers have been discussing these photoinduced phenomena 

for a long time (see for example, [12-16]). However, we have no unified interpretation 

for PD, PVE and PDC. 

To clarify their correlations, some studies have been carried out either 

independently or simultaneously in order to seek relationship among the PD, PVE, 

and PDC. Hamanaka et al. [17] was the first to carry out the systematic study on PVE 

which showing that PD is always accompanied by PVE. Later on, Tanaka [12] 

concluded from his experimental results on a-As2S3  that  the PVC and PD was not 

directly related to each other since the time evolution of these two phenomena are 

different  in a-As2S3. It is also shown that the evolution of PVE saturates earlier than 

that of PD. Is there a direct relation among PD, PVE, and PDC? To answer this 

question, Nakagawa et al. [16] carried out “simultaneous in situ measurements” of all 

three phenomena in amorphous As2Se3 (a-As2Se3). We may obtain a clear insight into 

the correlation among these photoinduced effects through a discussion of time-

dependent dynamics. As the details of the in situ simultaneous measurement system 

have been described elsewhere [16], the results on a-As2Se3 obtained at room 

temperature are shown in Figure 2-4. It shows time evolution changes of the optical 

absorption coefficient (Δα), surface height (Δh), and photocurrent (ΔI) (from which 

the number of induced defects N is estimated), respectively. 
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Figure 2-4 Time evolutions of the change in N(t)/N0 , Δα(t), and Δh(t) for d = 

   700 nm in a-As2Se3. Note that a dip in the PDC curve around 200 s is 

   due to noises (error) [16]. 

 

The solid lines show the time evolution of these photoinduced changes, which 

can be described empirically by the following Equation (2-1):  

 

  ,                    (2-1) 

 

where C is a constant which is equal to the amount  of change, τ and β are the 

effective response time and the dispersion parameter, respectively, and y is Δα, Δh, or 

ΔN at the time t. Note again that Equation (2-1) is called the stretched exponential 

function (SEF) when  is smaller than 1.0. The values of  and  for PDC, PVE, and 

PD are summarized in Table 2-1.  It is shown that the value of τ = 40 s for PDC is 

much lower smaller than those values for PVE and PD.  It also shows that PD 

occurrence is still continued after the saturation of PVE. Therefore, from the results 

we can conclude that there is no direct one-to-one correlation among the PD, PVE, 

and PDC, as the dynamics for all the three phenomena are not same.  
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Table 2-1  Characteristic parameters,  and  on PDC, PVE, and PD 

 for the thickness, d = 700 nm and 200 nm. 

 d = 700 nm d = 200 nm 

  (s)   (s)  

PDC 40 0.55 18 0.55 

PVE 90 1.0 70 1.0 

PD 180 0.95 200 1.0 

 

From simultaneous in situ measurement the dynamics of PDC and PD follows the 

SEF, while PVE is followed only by the exponential function [13]. It should be noted, 

however, as the PD is monitored through measurement of changes of the optical 

absorption coefficient (change in optical transmittance along the thickness direction), 

the PD dynamics is highly dependent on the thickness of the films [18]. On the other 

hand, such dependency on thickness does not appear for Δh, or ΔI [16]. The PD for 

thick films follows the SEF, while for thinner films follows the EF [16,18].  

Subsequent simulation study by Shimakawa et al.[14] concluded that the SEF 

occurrence of PD in thicker films is attributed to a geometrical reason; where a series 

sequence of PD from the top surface of illumination to the bottom produces the SEF 

dynamics. This result suggests that PD is basically followed by the EF dynamics [19].  

The reason why the SEF observed for PDC in a-Chs is still unclear. The main 

issue of this thesis is, therefore, to answer this question. In the following section, the 

dynamics of the PDC and the origin of the SEF in detail.  

 

   

2.2 The dynamics of photoinduced defect creation in amorphous  chalcogenides: 

 The origin of the stretched exponential function 

 

2.2.1 Introduction 

 

The decrease of photoconductivity during and after illumination in a-Chs, is 

known to be due to the photoinduced creation of recombination centers. This might be 

linked with an increase in the light induced ESR (LESR) spins by prolonged 

illumination [10].  It is commonly accepted that defects in a-Chs are negative-U in 
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nature and hence only charged defects exist in this class of material [20]. Note 

therefore that the defects are ESR inactive. However, optical excitation (a change in 

electron or hole occupation) changes a-Chs to ESR-active states, which is known as 

light-induced ESR (LESR). 

The microscopic model for the mechanism of creating light induced metastable 

defect (LIMD) for a-As2S(Se)3 is proposed by Shimakawa et al. [13,21] as shown in 

Figure 2-5. 

 

 
Figure 2-5 The microscopic model for PDC for a-As2S(Se)3. X is the ground 

   state, Y1 and Y2 are the intimate pairs (IPs), and Z1 and Z2 are     

   random pairs (RPs) [3]. 

 

The model suggests that the decrease in photoconductivity is caused by the creation of 

widely separated random pairs (RP’s) of positively and negatively charged defect 

centers. 

Here, the RP’s resulted from bond-switching reactions at optically induced intimate 

pairs (conjugate pairs of charged defects, such as,  ,where P and C refer to 

pnictogen and chalcogen centers, the superscript and subscript refer to the charged 
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state and coordination number respectively). It is proposed that the photoinduced 

intimate pair (IP) can be regarded as the optically created self-trapped exciton (STE), 

IP and RP can coexist. Shimakawa et al. [22], further stated that both IPs and RPs 

dominate electronic and optical properties in a-Ch. In this LIMD creation process, 

thermal energy should be required, since the LIMD creation is not observed at low 

temperature [22]. 

In this thesis, the origin of the SEF which is observed for PDC is discussed in 

detail. The particular interest is to explore why the PDC dynamics follow the SEF. It 

should be noted that many relaxations involving mechanical phenomena in glasses 

follow the SEF [12, 23-27]. However, since the first discovery of SEF by Kohlrausch 

[28], the origin of the SEF has remained one of nature’s best kept secrets [25] even 

though there have been several attempts to derive the form of the SEF as an universal 

law. Trachenko and Dove [27] discussed the SEF in terms of local events for 

relaxation in glasses, in which the activation thermal barrier itself changes with the 

number of local events. Another alternative approach to deriving the SEF is to assume 

a certain distribution of the relaxation (or reaction) time [24, 29]. 

Hence, we propose new approach in this thesis. The approach assumes that the 

thermal energy is used to promote Light Induced Metastable Defect (LIMD) creation 

and the exponential distribution of the potential barrier height produces the dispersive 

reaction kinetics in PDC, as stated in Chapter 1, which leads to Equation (2-1) with 

 

 

2.2.2 Brief review of the experimental results  

 

Since our purpose is focusing on PDC, the time evolution of PDC given in Figure 

2-4 is replotted in logarithmic time scale in order to see more clear view on SEF, as 

shown in Figure 2-6.  The solid and dashed lines are the functional forms of SEF (τ = 

40 s,  = 0.55) and EF with τ = 40 s, and  = 1.0, respectively. Similar behaviors on 

the thinner film 200 nm are shown in Figure 2-7. The experimental data which is 

represented by open circles are well replicated by SEF (solid line) with τ = 18 s, and  

= 0.55. Note that -value is the same as that for thicker film 700 nm. The dashed line 

shows EF with τ = 18 s and  = 1.0.  
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Figure 2-6 Time evolution of N(t)/N(0) for As2Se3 with a thickness of d = 700 

   nm in logarithmic  time scale.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7 Time evolution of N(t)/N(0) for the same a-As2Se3 with d=200 nm in 

   logarithmic time scale. 
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 From this brief experimental result, we then continue to discuss why and how 

PDC can be expressed by SEF in the following section. 

 

2.2.3 The dynamics of photoinduced defect creation 

 

Shimakawa et al. discussed the mechanism of PDC from microscopic view point 

[21]. The time-dependent decrease of the photoconductivity in chalcogenide glasses 

caused by photoillumination can be given by [3, 6] 

 

 

 

=   ,                         (2-2) 

 

where C is a constant, N0 and N(t) are the number of pre-existing and photoinduced 

RP centers, respectively, and  is the initial photocurrent.  can be 

estimated from the ratio of  . 

We now know the RPs shown in Figures 2-5 acts as the recombination centers. 

Let us estimate the number N of RPs. The rate equation for inducing RPs can be 

expressed as [13]  

 

 ,                                            (2-3) 

 

where N is the number of PDC (actually RP), NT is the total participating site density, 

kp is the promotion rate (forward reaction), and kr is the recovery rate (back reaction). 

If it is assumed that both kp and kr are a type of time-dispersive, i.e.  

 

,                                                       (2-4) 
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,                                                       (2-5) 

 

where A and B are constants. Note that the constants A and B depend on the 

illumination intensity and temperature, suggesting that the thermal energy to 

surmount a potential energy barrier is required for the PDC process. The solution of 

Equation (2-3) with using Equations (2-4) and (2-5) is expressed as [21,23] 

 

 , 

 

              

        

      ,                                      (2-6)

                

 

where    is the effective creation time for PDC and is given by 

 

   .                                   (2-7)  

 

Equation (2-6) is just the same as Equation (2-1).   

It should be noted again that the Poisson waiting-time probability-distribution 

introduced in Chapter 1 (see Equation (1-6)) is given by  

 

,                      (2-8) 

 

where  is an average reaction rate (s-1) which means occurring number of random 

event during 1 sec. The waiting time  for a random event corresponds to 1/  (see also 

Equation (1-7)). The   here should correspond to kp or kr in Equation (2-3). Then the 

solution of Equation (2-3) gives a simple exponential function (  = 1.0 in Equation 

(2-6)), 

 

         .                      (2-9) 
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This is called a single relaxation process with the reaction rate . Remind that the 

main issue of this section is to understand how and why the time-dispersive reaction is 

involved in PDC mechanisms, i.e. we should explain why the reaction rates depend on 

time, as presented by Equations (2-4) and (2-5).  

Here, we assume that the reaction requires the surmounting of the potential 

barrier U as shown in Figure 2-8,  can be given as 

 

 ,                                           (2-10) 

 

where  is a characteristic frequency. We introduce that U has a distribution due to 

some reasons. It should causes distributed . The next target is to look for the 

distribution function P( ).  

 

 

 
 

Figure 2-8 Thermal barrier for defect creation. 

 

As schematically shown in Figure 2-9, the potential barrier height U itself for 

PDC is assumed to be distributed in an exponential manner as 

 

   ,   ,        (2-11)       
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 (U) 

U0 

Umin 

U 

where  is the extent of broadening of the potential barrier height,  Umin is the 

minimum  potential barrier height shown in Figure 2-8, which should be surmounted, 

because there should be the minimum potential barrier for the occurrence of PDC 

process.  

 

Figure 2-9 Exponential distribution of the potential barrier U for reactions. 
 

The distribution function of , P( ), is then given by [30] 

 

   

    

     

     

,                                 (2-12) 

 

where  and . Note that   is derived from 

Equation (2-10).  

 Under the condition of Equation (2-12), the Poisson waiting-time distribution can 

be modified as follows:  

 

.                     (2-13) 
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From the Equation (2-13), the average waiting time for the reaction is given as 

 

                                                       

                 

          

                  .                          (2-14) 

 

                             

However, Equation (2-14) has the upper limit of integral to be t but not the infinity. 

Commonly, the value of becomes the infinity if we take , which is a 

characteristic future of time-dispersive reactions. Therefore, the adjustment is needed 

in order to avoid this difficulty, where  is conventionally defined in the time 

interval between 0 and t. Subsequently, the average reaction rate can be given as 

 

 .                                                   (2-15) 

 

The result in Equation (2-15) is now takes the same form as kp and kr in Equations (2-

4) and (2-5). In this chapter we can demonstrate that the exponential distribution of 

the potential barrier is a possible candidate of a time-dispersive reaction for PDC. 

Here, we approximate and assumed the value of  should be same for both reactions. 

The actual distribution form of the potential barrier heights for a forward reaction may 

not be different from that for a backward reaction. Also, in Equation (2-15), and 

hence, A and B in Equations (2-4) and (2-5), cannot be the same for both reactions. 

Furthermore, it is expected that the minimum potential barrier height Umin for a 

forward reaction is lower than that of a backward reaction, which may lead to the 

condition of    kp > kr.  

The stretched exponential function as shown in Figure 2-4 for PDC originates 

from the exponential distribution of the potential barrier, which should be surmounted 

in occurrence of the PDC.  We emphasize, however, that the present approach may 

not be unique one: The model proposed here is a candidate of time-dispersive reaction, 

which takes the forms described by Equations (2-4) and (2-5). It is of interest to seek 

more deeply the origin of SEF as a universal law [25,26]. 
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2.2.4 Conclusions 

 

The origin of the stretched exponential function observed in PDC of a-Chs is 

discussed in this chapter.  The time-dispersive reaction rate causing the stretched 

exponential function is successfully explained by assuming the exponential 

distribution of the activation barrier.    

This means that PDC mechanism need thermal energy for reconstructing atom 

positions surrounding PDC. On the contrary, as the PD and PVE are known to be 

dominated mostly by the photon effect, and hence the thermally activated barriers 

cannot be important for these photoinduced effects [22,31,32], suggesting that these 

changes are presented only by exponential kinetics. In this chapter, the differences in 

dynamics among the three major photoinduced effects, i.e. PD, PVE, and PDC in 

amorphous chalcogenides are explained with felicity. 
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CHAPTER 3 

 

PERSISTENT PHOTOCURRENT IN PHOTOCONDUCTIVE 

SEMICONDUCTORS 

 

In this chapter the persistent photocurrent (PPC), which is commonly observed in 

photoconductive semiconductors such as hydrogenated amorphous silicon (a-Si:H), 

amorphous chalcogenides (a-Chs), and III-V crystalline compound are presented. It is 

concluded that the PPC in these photoconductive semiconductors is dominated by 

dispersive recombination kinetics which produce the stretched exponential function 

(SEF) in a-Chs and III-V crystalline, and the power law in a-Si:H. 

 

3.1 Overview of persistent photocurrent in photoconductive semiconductors: 

 General remarks 

  

 To understand the phenomena of persistent photocurrent observed in 

photoconductive semiconductors, we will first introduce the concept of the 

photoconductivity in semiconductors. 

The photoconductivity is defined by  

 

,        (3-1) 

 

where μ (cm2V 1 s 1) is the free-carrier mobility, G the generation rate of photocarriers   

(cm−3 s−1) which should be proportional to the illumination intensity, τ is 

recombination time (s), and is photoconductivity (Scm-1). The three parameters 

basically dominate the phenomenon of photoconductivity [1]: 

1. Photosensitivity which is defined by the product of μ and τ, usually denoted by 

 μτ-product. 

2. Spectral response which is the relation between the photoconductivity and  

 wavelength of illumination, and is called the spectral response curve. 

3. Response time, which is the time delay of photoconductivity for reaching “zero” 

 or “steady state” value when the photoexcitation is turned on or off.   
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In this chapter, we will concentrate on the response time, since the PPC means 

just the slow response of photocurrent when the illumination is turned off.   It is well 

known that localized states (electron and hole traps) dominate the response time. The 

simplest rate equation for the change of photo-excited free carrier density n is 

expressed as [1]. 

 

       (3-2) 

 

In the steady state, we get  , which is found in Equation (3-1). The rise and 

decay for n, respectively, are given as follows: 

 

 ,     (3-3) 

 

and 

 

.      (3-4) 

 

These simple rise and decay characteristics are usually not observed in 

amorphous semiconductors, because of the involvement of electron and hole traps 

which are distributed randomly on the energy and space. When the traps are present 

with random distribution, the carrier recombination process becomes complex and the 

recombination time is perturbed by the trapping and detrapping processes: The 

response time becomes longer and longer due to the filling and emptying the traps 

during the rise and decay. Then the n(t) under the above condition can be described as 

 

,        (3-5) 

 

or the power law described by 

 

.        (3-6) 

 

Here, β (0 < β < 1) is called the dispersion parameter and  the effective response 

time. 
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The persistent photocurrent (PPC) or residual photocurrent decay (RPD) is a 

commonly observed phenomenon in photoconductive semiconductors; i.e. the 

photocurrent is observed even after the cessation of steady illumination. The PPC has 

been observed in amorphous semiconductors, i.e.,  a-Si:H [2-4] and a-Chs [3,4], and 

crystalline III-V semiconductor [5-12]. The PPC affects the quality of photosensitive 

devices, therefore it is important to understand why the photoresponse is so slow and 

why the dispersive nature appears in recombination process of these photoconductive 

semiconductors.  

The time-dependent PPC follows power law in a-Si:H (see Equation (3-6)) and 

the stretched exponential function (SEF) (see Equation (3-5)) in a-CHs and crystalline 

III-V semiconductors. Why these photoconductive semiconductors following such 

functions are not fully explained. Hence, in this chapter, the origin of the dispersive 

photocurrent decay is discussed. The main interest is why the slow dispersive 

reaction, leading to the time-dependent power-law decay and/or stretched exponential 

function, dominates the recombination of photoexcited carriers in such materials. 

Before proceeding with the discussion on the persistent photocurrent, some 

historical backgrounds are given briefly.    

 

 

Hydrogenated amorphous Silicon (a-Si:H) 

 

The time-dependent persistent photocurrent   known as the non-exponential 

long-term photocurrent decay for t > 1 s has been observed in a-Si:H, reported by 

Shimakawa and Yano [2] and also Andreev et al. [13]. The PPC in a-Si:H is known to 

be dominated by dispersive recombination kinetics which produce the power law and 

described as , where is the dispersion parameter [14]. Hvam and 

Brodsky [15], Orenstein and Kastner [16], and Tiedje and Rose [17] reported that the 

transient photocurrent (TP) with pulsed photo-excitation also decays as   . In the 

TP, β is given by , with assuming an exponential band tail, where Tc is a 

characteristic temperature. It should be noted that β is not always given by  

[14]. In this thesis, we will focus on the PPC. 
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In Hydrogenated amorphous silicon, the model used to analyze the PPC is the 

“Fermi level” analysis, which was first introduced by Rose [18].  The Rose model is 

schematically shown in Figure 3-1. 

 

 
 

Figure 3-1  (a) Rose’s Fermi-level model. 

     (b) Extended Rose model [14]. 

 

where, ET is the electron trap, HT is the hole trap, EFn is the quasi Fermi level, and 

CB and VB are conduction and valence bands, respectively. 

In this model, the trapped carriers i.e., electrons, are assumed to be thermally 

released from the deep localized states (ET) to the extended states (conduction band), 

and then disappear by recombination with localized hole (HT) as shown in Figure 3-1 

(a). Conduction electrons are assumed to be in thermal equilibrium with the trapped 

electrons during the decay process. Figure 3-1 (b) shows the extended Rose model, 

where the conduction electrons recombine with the localized holes through the 

conduction band tail states. Hence, the dispersive diffusion of electrons may occur in 

the tail states. 

This Rose’s Fermi level analysis was used to interpret  in a-Si:H [2]. Rose's 

Fermi level analysis was expected to interpret the residual photocurrent by taking into 

account a time-dependent recombination rate which is expected from a dispersive 
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diffusion- controlled recombination mechanism [14]. It was further suggested that the 

 in a-Si:H follows the power law which describe as  (   

 

 

Amorphous chalcogenides (a-Chs) 

 

Persistent photocurrent (t > 1 s) after stopping the steady illumination has been 

also observed in a-Ch by several authors [19-23].  

The measurement on the residual photocurrent decay (RPD) or the PPC in a-Chs, e.g., 

in amorphous As2Se3 film and glassy Ge-Se show that the decay fits well to the 

stretched exponential function (SEF) [12].  

Shimakawa [3,4] proposed a model to interpret the observed decay, in which  

following assumptions are made:  

(i) The charged defects and  are principal centers and the other states in the      

band gap are effectively ignored. Note that details of defect natures in a-Chs 

are stated elsewhere [1,24-26]. Here,  is the positive charged dangling bond 

states and   is the negative charged dangling bond states. If the charge 

carrier–phonon interaction is very strong in an a-solid, due to the negative U 

effect, then the  would lie above the neutral dangling bond state, but below 

the conduction band edge. The   would lie below the neutral dangling bond 

state, but above the valence band edge. In the case of weak charge carrier–

phonon interaction, the positions of   and  get into reverse on the energy 

scale. 

 

(ii) The majority of excess electrons and holes are trapped into and         

according to the reactions   , and ,         

respectively. Charged defects then become neutral defect .  

After stopping illumination,  centers created by illumination decrease by 

recombination process;   (localized recombination). The reaction 

should be exothermic reaction, and the total energy of   is lower than that of 

.   

The thermal energy level associated with and  and its configurational 

coordinated diagram is shown in Figure 3-2 [4]. 
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Figure 3-2   (a) Thermal energy levels and (b) The Configuration   

    coordinate diagram for tunneling associated with  , and  

    [4] 

 

As shown in Figure 3-2, the quasi-Fermi levels EFn for electrons and EFp for holes 

are defined, where W1 is the energy needed to take an electron from the valence band 

(VB) to turn  into , W2 is the energy needed to take an electron from  to the 

conduction band (CB). The figure also shows that quasi-Fermi levels, EFn and EFp, 

move towards their respective bands due to the capture of electrons and holes. Ueff is 

the effective negative correlation energy (B  W1  W2), where B is a band gap energy. 

Transition from s to and  states play a principal role in the time-

dependent PPC, as is discussed in section 3-3.  

 

 

Crystalline III-V semiconductor 

 

The persistent photocurrent (PPC) is not only observed in disordered 

semiconductors, but it also has been observed in ordered semiconductors, i.e., in III-V 

compound semiconductors [5-12]. The occurrence of the PPC can be due to variety of 

causes. In many cases, however, the PPC can be considered to be caused by the 
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existence of defects which are bi-stable for both a shallow and a deep energy state [7]. 

One of such defects should be the DX center. In AlxGa1-xAs (x > 0.22) material, the 

PPC is believed to be caused by the DX centers that undergo a large lattice relaxation 

(LLR) and have a negative-U character [27,28]. The DX center itself is a donor 

impurity that relaxes away from its substitutional site, becoming a deep-level defect.  

The DX center is therefore bi-stable in nature; i.e. one relaxed and other unrelaxed 

states. Note that the DX centers are, in principle, donor-related localized states and 

hence these centers should exist in n-type semiconductors [28]. The term “DX” is 

standing for “DONOR” and “X” relating to an unknown associated defect.  

 A model of DX center incorporated Si in AlGaAs crystalline network, is 

explained using a configuration coordinate diagram (CCD), is shown in Figure 3-3.   

 

 
Figure 3-3 The configuration coordinate diagram for the DX center in   

   AlGaAs [28]. “0” and “ “  denote  the neutral and negatively 

   charged states, respectively. 

 

The left side is the DX configuration, when the Si is displaced from its substitutional 

site (p3 bonding), and the right shows the shallow-donor configuration in which the Si 

atom occupies the substitutional site (sp3 bonding). The arrow depicts a barrier for 

transforming from the shallow-donor to the deep state. 

 When exposed to light, a photon of energy Eopt can excite the electron into the 

CB, neutralizing the defect. The Si atom relaxes to its substitutional site and acts as 

shallow donor. In order to revert to the DX ground state, the defect must capture an 
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electron and surmount a barrier (~0.2 eV). At low temperatures (<180 K), this barrier 

is large enough to cause the Si atom to remain in its metastable donor state for hours 

or days. This leads to persistent photoconductivity (PPC), an increase in free carrier 

density that persists even after cessation of the light illumination.  

 Finally, it is of interest to note that the unique phenomenon of the PPC in 

crystalline semiconductor, on the other hand, can be useful to the development of 

optoelectronic devices, in which DX centers may be used for holographic memory, 

where data are optically written and read throughout the bulk of a crystal [28]. 

However, a major practical problem is that the stable PPC (keep long time) mainly 

occurs at low temperatures. 

 

 

 

3.2 Kinetics of the persistent photocurrent in a-Si:H 

 

3.2.1 Introduction 

 

In this section we discuss the PPC in a-Si:H. The PPC with time scale ~ 100 s has 

been observed after the steady photo illumination is stopped [2-4]. The PPC expressed 

by Ip(t) was latter known to be dominated by dispersive recombination kinetics and it 

follows the power law  (  < 1.0). It should be noted that the PPC is also observed 

in a doping modulated a-Si;H as reported by Kakalios and Fritzshe [29] and Yadav 

and Agarwal [30]. The doping-modulated a-Si:H has a multilayer structure which 

consists of the n type and p-type doped layers.  The PPC decays very slowly on a time 

scale of days or weeks [29].  The PPC effect has been observed also in crystalline 

superlattice reported by Dohler [29]. It can be attributed to the carrier separation 

caused by the p-n junction fields. It means that the electrons get preferentially trapped 

in the n layers and the holes in the p layers. The recombination lifetime becomes 

exceedingly long because of recombination hindered by the spatial separation and the 

potential barriers existing between electron and holes [29]. The increase of interface 

number enhances PPC effect, and it becomes weak with increase of the externally 

applied field [30]. 
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  In this section, we will discuss the origin of dispersive nature, which leads to the 

time-dependent power-law decay in a-Si:H.    

 

 

3.2.2 A brief review of the experimental results in a-Si:H 

 

 Before proceeding with the discussion of the kinetics of the PPC in a-Si:H, we 

review the previous experimental results of the photocurrent decay in a-Si:H,  as 

shown in Figure 3-4 [2].  

 

 
Figure 3-4 Decay of photocurrent Ip (t) in a-Si:H after stopping steady   

   illumination, as a function of temperature. The replotted data is from 

   Reference [2]. 

 

is the net photocurrent and given by; . Here,   is the total 

current and  is the dark current.  is decreased with decreasing temperature T 

and is given empirically as [2] 

 

,      (3-7) 

where C is a constant and  is the activation energy. 
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Figure 3-4 shows that photocurrent decay  after the cessation of steady 

illumination as a function of temperature and is nearly proportional to  The value 

of  which is almost temperature independent is reported to be around 0.60 [2]. The 

value of W at t = 5 s is estimated to be 0.19 eV, suggesting that there is a well-defined 

state below the extended states  (see Figure 3-6) [31]. 

 

 

3.2.3 Models of the dispersive-recombination kinetics and discussion  

  

In the typical energy band diagram for amorphous semiconductors, the 

photocarriers in the extended states, in this case electrons in the conduction band 

(C.B.) and holes in the valence band (V.B.), are trapped in localized states which 

should also act as recombination centers [1,32]. For simplicity, we discuss the free 

and trapped electrons (holes) at discrete energy level based on the schematic 

illustration of band diagram as shown in Figure 3-5. It should be noted that in a-Si:H 

electrons could dominate photocurrent since the mobility of electrons is larger than 

that of holes as presented by W. E. Spear [33]. 

 

 

.  

 

Figure 3-5 Schematic illustration of a band diagram. The discrete energy levels 

   means localized states for the trapped electrons (holes).  

 



38 | P a g e  
 

In Figure 3-5,  Etc is the electron trap level and Etv is the hole trap level. EFn and 

EFp are the quasi-Fermi levels for the electron and hole, respectively. The density of 

trapped electrons  during and after the cessation of photo illumination is given by 

the following equation [1,3,4], 

 

,     (3-8) 

 

where  is the excess density of trapped electrons,  is the equilibrium trapped 

electron, Ntc is the density of the electron trap located at the energy Etc (near C.B.) and 

the activation energy  . The density of free electrons n  is given by 

 

,    (3-9) 

 

where   is the equilibrium density and  the excess density of free electrons. As 

we discuss the photocurrent, we assume here that the following condition can be 

satisfied; 

i. The excess density  is greater than the equilibrium density of free   

 electrons, ; . 

ii. The excess density of trapped electrons, , is greater than equilibrium 

 trapped electron, ; . 

Subsequently, the new expression for the photocurrent, Equation (3-10) is 

obtained from Equations (3-8) and (3-9), 

  

,       (3-10) 

 

where . The above Equation (3-10) predicts that the photocurrent 

 is proportional to the excess density of trapped electrons , and is 

thermally activated with energy W. 

We will now go into the band diagram which is actually applied for a-Si:H as 

schematically shown in the Figure 3-6.  
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Figure 3-6  Schematic illustration of asymmetric potential fluctuation band  

    diagram for a-Si:H. 

 

where, Epcn and Epcp are the percolation threshold for the electron and holes, 

respectively, and Etc is the electron trap and Etv the hole trap. 

The band edge is expected to fluctuate due to electrostatic potential fluctuation 

(inhomogeneity) [34,35].  The length scale of fluctuation is reported to be around 10 

nm [34]. The recombination should take place between the band extrema of a trapped 

electron and the band extrema of a trapped hole, since these states have higher 

occupation probability than others. 

As Etc and Etv are relatively shallow states, hence, prior to the recombination 

multitraping and detraping of electrons and holes should occur in the time range 

discussed. It is therefore the bimolecular-type recombination can be dominant. It 

might be expected that the Band-to-localized (BL) recombination to occur, i.e., 

electrons which are excited from Etc on Epcn level recombine with localized holes at 

the energy Etv. However, the probability of this BL recombination can be very small, 

since the percolation path (Epcn) goes around CB hills and hence the electrons are not 

easy to meet the localized holes at near the bottom of VB. Alternatively, a tunneling 

transition may be a dominant recombination process (non-radiative or radiative). This 

tunneling transition may be supported by a photoluminescence (PL) study, in which 

PL with very long lifetime is attributed to the distant pairs [1,36].  

We now discuss the recombination kinetics in the above conditions for the 

tunneling transition. The tunneling transition rate  can be given as [24] 
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,     (3-11)                        

 

where 0 is the prefactor, R the tunneling distance, and a (=1.5 nm)  the Bohr radius 

of trapping states which is a reasonable value for a shallow state [24]. The 0 is often 

taken to be 1012 s-1 for single phonon process, and 0108 s-1 for multiphonon 

process is expected [37]. However, since the exact nature of localized states is not 

known, therefore, it is difficult to estimate the exact value of 0 for the present case 

[37]. 

To overcome this difficulty, a basic assumption is required and it is assumed here 

that R is distributed in a Gaussian manner as 

 

,(   ,  (3-12)           

 

where Rm is the extent of scale of potential fluctuations, and  is its standard 

deviation. By using Equations (3-11) and (3-12), the distribution function P( ) is 

given as [38] 

 

                             

           ,    (3-13) 

 

where  derived from Equation (3-11) is used for transformation of variable. 

It should be noted here that  dependence of P(  ) is not given in an analytical form 

and hence a numerical calculation of P(  ) by using proper values of  a, Rm, and 0 is 

required. Meanwhile, the value of R is derived from Equation (3-11). 

The numerical calculation of P( ) vs.  relation as a function of 0 is given by 

Figure 3-7. Here, the input value for  = 4 nm, Rm = 10 nm, and  a = 1.5 nm. We 

obtain the power law, , with  = 0.62, 0.45, and 0.29 for 0 = 1 108, 

1 1010, and 1 1012 s-1, respectively, where C is a constant which depends on  0 , , 

and Rm. Note that, the -values are taken to be a range of 10-3 - 1 s-1, which is the 

range in the measured time range (1 - 103 s) [2].  Experimentally obtained  (= 0.60) 
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is close to  = 0.62 when we take 0 = 1 1012 s-1. Note that the power exponent  

depends highly on 0. 

 

 
 

Figure 3-7  Numerical calculation of P ( ) vs. . Solid lines are the least-

    square fit to the numerical calculations. 

 

Since the P() is also sensitive to  parameter, we therefore  select  as another 

variable parameter, in which the result is as shown in Figure 3-8. The result obtained 

are;  = 0.59, 0.45, and 0.35 for  = 3.5, 4.0, and 4.5 nm, respectively. Note again 

here that  = 0.59 is also close to experimental value, where it is also deduced from 

the other physical parameters ( = 4 nm, 0 = 1 1012 s-1 as shown in Figure 3-7). It is 

therefore not easy to conclude which parameters exactly dominate the PPC.  
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Figure 3-8  P ( ) vs.   relation as a function of . Detailed physical  

    parameters are given in the text. 

 

Let us now modify the Poisson waiting-time probability-distribution, as 

mentioned in Equation (1-6), in which the average waiting-time  for a random 

event is 1/ , it can be modified as follows [39] 

 

       

                  

   .                     (3-14) 

 

The average waiting time for the recombination is then given by 

 

    (3-15) 

                                                      

It should be noted that in Equation (3-15) the upper limit of the integral is t but 

not infinity as shown in Equation (3-14). Why the upper limit is set to be t was 

discussed in in a previous study [39]. Suppose that  , then the result of 
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becomes infinity, which is a characteristic future of time-dispersive reactions. 

Hence, the average recombination rate is then derived as 

 

    .       (3-16)                        

 

Equation (3-16) clearly shown that when we assume the Gaussian distribution of 

a scale length of the potential fluctuation, the recombination rate becomes time-

dispersive (tβ-1). It is of interest to compare with the dispersive hydrogen diffusion 

coefficient in a-Si:H, in which a Gaussian distribution of site energy is assumed [40]. 

Note therefore that similar expressions are obtained even for phenomena and its 

dynamics are different. 

It has been stated before that,  (= ) decreases with time by a bimolecular 

recombination reaction and is given as 

 

.         (3-17)                        

 

Note that the Equation (3-17) is in the same form as the Equation (1-3) of 

introduction chapter which then give the power law as described by Equation (1-4). 

Hence, the solution of Equation (3-17) is given by 

 

.        (3-18)                        

 

It can be seen here that the photocurrent is proportional to . The result of 

Equation (3-18) is what we observed experimentally in a-Si:H and it gives the same 

form with empirical equation of Ip(t) as mentioned in Equation (3-7). It also shown 

that the β is temperature-independent, which is consistent with the experimental 

observation. It has been clear now to note that the PPC in modulated a-Si:H shows the 

power-law decay with  = 0.1 – 0.2 [29], and the lifetime of PPC increases with the 

length scale of modulation (i.e., carrier separation) [30] . 
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3.2.4 Conclusions 

 

We have discussed the origin of the dispersive long-term photocurrent decay in a-

Si:H. The important conclusions on the kinetics of the PPC in a-Si:H are given as 

follows:  (1) The band edge modulation due to inhomogeneity may play an important 

role for the dispersive nature of biomolecular recombination of trapped excess 

photocarriers in a-Si:H. It leads to the power-law time dependence of the PPC.  (2) 

The Gaussian distribution of the length scale of the potential fluctuation is the cause 

of the power-law time dependence of the PPC behavior in a-Si:H, which may be 

partly similar to the persistent photocurrent decay in the modulated multilayer 

structure of a-Si:H.  

 

 

3.3 Kinetics of the persistent photocurrent in amorphous chalcogenides 

 

3.3.1 Introduction  

 

Amorphous chalcogenides semiconductor (a-Chs), is another type of amorphous 

semiconductor that is also exhibited persistent photocurrent (time scale more than 100 

s) [2,3]. However, different from a-Si:H, the persistent photocurrent Ip(t) in a-Chs is 

known to follow a stretched exponential function (SEF) ); , where C is a 

constant and the parameter β (0 < β < 1.0) is called the dispersion parameter.  This 

form has been widely used for describing various types of relaxations in condensed 

matters [14]. 

The SEF for Ip(t) in a-Chs is predicted from the kinetic assumptions of the 

monomolecular dispersive recombination process (MDRP) for trapped electrons and 

holes [2]. However, why the MDRP dominates the PPC in a-Chs has not been fully 

explained. The answer for this question may help to improve the quality of photon 

related devices, for instance, the slow response time of an X-ray image sensor for 

medical use using a-Se [41,42]. 

In order to understand the occurrence of the MDRP in the PPC of a-Chs, we will 

focus our discussion on the origin of the dispersive reaction kinetics in the 

photocurrent decay in a-Chs. The particular interest is why such slow dispersive and 
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monomolecular-type reaction dominates the recombination of photoexcited carriers in 

a-Chs. We will see the different recombination dynamics from that discussed in 

Section 3.2. It is suggested that the special distribution of photocarriers trapped at 

charged dangling bonds plays a significant role on the recombination process after 

cessation of illumination. 

 

3.3.2 A brief review of the experimental results in a-Chs 

  

Prior to the discussion on the PPC in a-Chs, firstly, we will review the 

experimental results of the photocurrent decay [3]. Although there are various kinds 

of a-Chs materials, we will focus on a-As2Se3 films as a representative example for 

our discussion. The result of the previous experimental work on a-As2Se3 films as a 

function of temperature is shown in Figure 3-9. 

 

 
 

Figure 3-9 Decay of photocurrent Ip(t) after cessation of steady illumination in 

       a-As2Se3. Open circles represent the experimental data from     

    reference [3]. And the solid lines are fitting curves assuming the SEF.  
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The decay of the photocurrent after stopping illumination empirically follows the 

SEF [3,4,14], i.e., 

 

 ,                                                         (3-19) 

 

where A and C are the thermally activated constants with activation energies of 0.55 

eV and 0.04 eV, respectively, and β (= 0.16) is almost temperature independent 

[3,4,14].    

 

3.3.3 Models of the dispersive-reaction kinetics and discussion 

 

It is known that the photocarriers, i.e. electron and hole are trapped in localized 

states which should also act as recombination centers [1, 32]. To simply the process, 

again we will use the energy band diagram as in a-Si:H (Section 3.2.3). Here, we 

assume that trapped electrons and holes reside at discrete energy levels, as shown in 

Figure 3-10 [3,4,14], while the actual defect states are broadened around at the 

discrete states.  
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Figure 3-10 Schematic illustration of a band diagram. Free and trapped electrons 

   (holes) at discrete energy levels. Etc is the electron trap and Etv is the 

   hole trap. EFn and EFp are the quasi-Fermi levels for electrons and  

   holes, respectively. R is the separation of localized electrons and  

   holes.  

 

 Unlike a-Si:H , the photocarriers in a-Chs is dominated by the holes as EFp is closer 

to the valence band than  EFn of electrons to conduction band [1-4] and hence we 

should discuss the densities of trapped holes  and free holes p  in the steady state 

i.e., during illumination, which is expressed as follows. 

 

 ,                                    (3-20) 

 

where is the quasi-Fermi level which depends on illumination intensity, is the 

excess density of trapped holes,  the density of trapped holes in the dark, and  

the total density of hole traps. The density of free holes  is given by 

 

 ,                                    (3-21) 
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where Nv is the effective density-of-states in the valence band, and p is given, under 

the conditions of p > p0 and pt > pt, as 

 

  -W/kT),                                (3-22) 

 

where the activation energy W = Etv – Ev.    Note that the excess density of trapped 

holes p is proportional to pt ( pt >> p). If the value of the time-dependent pt 

through the recombination kinetics is known, the microscopic kinetics of the residual 

photocurrent decay can be well understood. When we stop the photo illumination, the 

recombination of photocarriers will occur, in this case p decreases with time by 

recombination, i.e.,  shifts up to the center of the bandgap. It should be noted that 

the temperature-dependent term A in Equation (3- 19) originates from Equation (3-

22).  

Now let us discuss the time-dependent pt after stopping illumination.  When the 

dispersive monomolecular-type recombination occurs, the rate equation for pt can be 

given as  

 

 ,                                                           (3-23) 

 

where the time-dependent recombination rate, Btβ-1, is assumed without any 

consideration of its origin. Note again here that the equation (3-23) is taken the same 

form as the Equation (1-2) which give the solution of Equation (1-4) in CHAPTER I.  

Therefore, the solution of Equation (3-23) is given by 

 

 ,                                                    (3-24) 

 

where K and B are constants. It is shown by the Equation (3-24) that the Ip(t) is 

proportional to pt(t) and hence Equation (3-24) gives equation (3-19).   

 Here, we emphasize again that the main object of the present discussion is to find 

why the recombination rate is given by Btβ-1.  
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 Let us now discuss the recombination kinetics of trapped electrons and holes in a-

Chs. As depicted in Figure 3-10, there are in principle, two competitive recombination 

paths for trapped electrons and holes, (i) and (ii):  

 

1. The path (i) shows direct tunneling recombination of trapped electrons and holes 

within a distance R. 

2. For the path (ii), the thermal energy W is required for trapped holes to be excited 

into the valence band and then recombines with trapped electron at the energy Etc. 

In the case of a-As2Se3, the experimental value of W (= Etv - Ev) is 0.55 eV. 

 

  Based on the experimental result described in the previous section, the 

recombination rate (C in Equation (3-19)) is weakly temperature-dependent with the 

activation energy of 0.04 eV [3,4,14], hence, the path (ii) should not be a case for the 

PPC, since it requires a thermal energy W, which should produce a strong 

temperature-dependent PPC. Let us clarify this point by discussing the recombination 

rates estimated quantitatively for the processes (i) and (ii).   

 Let us consider the configuration coordinate diagram (CCD) for the dangling 

bonds as shown in Figure 3-11.  The model of dangling bonds, i.e., 2  – Ueff  + 
 (exothermic process with an effective correlation energy Ueff), where and  

denote the positively and negatively charged dangling bonds, respectively, and is 

the neutral dangling bond induced by photoexcitation, has been established well in a-

Chs [24,43]. 
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Figure 3-11 Configuration coordinate diagram for defect states.    

   denotes a neutral dangling bond, and  and  are positively  

   and negatively charged dangling bonds, respectively. Ueff is the  

   effective correlation energy. V is the energy barrier between  

   two configurations [4]. 

 

It should be noted that s do not need to be spatially close to each other [43]. Under 

bandgap illumination, two neutral defects are produced by  + e     and + h  

 . After stopping illumination, these two s then return back to the original  

and , i.e., 2    +  [1,44]. The reaction mentioned above should be 

accompanied with multiphonon emission of energy Ueff [37,45] and therefore two 

conditional probability factors, one involving electrons and the other phonons, should 

be involved in the reaction.   

 

 ,                                             (3-25) 

 

where R is the nearest-neighbor distance between localized electrons and holes, and a 

the localization radius. The 0 is a characteristic frequency and is often taken to be  

1012 s-1 for a single phonon process [24].  It should be noted here that since the exact 
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properties of defects are not clear, it is therefore hard to estimate the exact value of 0 

for multiphonon emission [37].  

As shown in Figure 3-11, the potential barrier V between the two configurations 

should be surmounted in order for the multiphonon emission to occur (2   + 

) [37,45], with probability exp(-V/kT), which should be involved in 0 and hence 

related to the activation energy for the factor C in Equation (3-19). Note that the V 

value of experimental data is  0.04 eV [3].  Actually, reference [3] reports a weak 

temperature dependence of the recombination rate experimentally. As will be stated 

below, fitting to the experimental data produces 0  1  107 s-1, which may be an 

acceptable value for the multiphonon emission rate for the present reaction [37,45]. 

For the recombination path (ii), on the other hand, a relatively large thermal 

energy W should be required. The pre-exponential term 0 is expected to be the same 

as the tunneling process in Equation (3- 25) since the reaction, 2   +  is 

always accompanied by local lattice distortions. The recombination rate can be given 

by  

 

     .                                                            (3-26)         

                                            

When the average value <2R/a> is smaller than the factor W/kT, path (i) 

dominates the recombination. For example in a-As2Se3, <2R/a>  29 (for a random 

distribution of trapped hole density N (= 1  1016 cm-3) and a = 1 nm) [24], is larger 

than W/kT  21 at around room temperature, which violates the present basic 

assumption. It should be mentioned, however, that a Coulomb attractive interaction 

between electrons and holes may induce an inhomogeneous distribution of localized 

carriers which can be given as [46] 

 

,                    (3-27) 

 

where  is the dielectric constant (= 12 for a-As2Se3). The last exponential term 

represents the Coulomb term. When R is smaller than the so-called the Onsager 

radius, R0 = e/4 0 kT (  5 nm at room temperature), the electron-hole separation is 
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by the Coulomb force.  Figure 3-12 shows the  with and without this Coulomb 

term, represented by solid and dashed lines, respectively.  

 

 
Figure 3-12 Numerical calculation of vs. R.  Dashed and solid lines  

   represent random and non-random respectively. 

 

 

When R is below around R0, the Coulomb term dominates significantly . The 

average electron-hole separation is therefore smaller than R0 and hence <2R/a> is 

smaller than 10, which ensures the condition of <2R/a>  <  W/kT. 

The distribution function of the tunneling rate , P( ), is given as [38] 

 

   ,   

 , 
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,             (3-28) 

where . 

Here, the  dependence of P( ) is not clear in an analytical form since it appears 

consecutively in all terms of Equation (3-28) and hence a numerical calculation of 

P( ) using a values of a (= 1 nm), N (1  1016 cm-3), and 0 (1  107 s-1) is required. 

Figure 3-13 shows the P( ) vs.  relation as a function of R0. As the value of R0 is a 

somewhat vague parameter, we selected it as a parameter.  

 

 
 

Figure 3-13 Numerical calculation of P( ) vs.  as a function of R0. Solid 

    rectangular, circles and triangles represent R0 = 4, 5 and 6 nm, 

    respectively. 

 

 The -values we selected for calculation are in the range of 10-4 ~ 101 s-1, which 

covers well the measured time range (1 ~ 1000 s). We obtained the power law 

 

  ,                                                   (3-29) 
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with β = 0.12, 0.18, and 0.23 for R0 = 4, 5, and 6 nm, respectively. Note here that the 

P( ) given by Equation (3-28) follows a power law β-1 under a certain condition 

discussed above, i.e., a non-random distribution of localized electrons and holes 

(below R0) produces Equation (3-29). Monomolecular-type recombination is thus 

expected to be dominant, since the recombination occurs in intra-pairs.  This was 

suggested by Shimakawa [3,4] but the reason why was not well understood.  

Let us now derive the waiting time for the recombination of trapped holes and 

electrons by using the Poisson waiting-time probability-distribution that has been 

introduced in Equation (1-6) in CHAPTER I. Under the above conditions, the Poisson 

waiting time, e- t, can be modified as [39] 

 

,                           (3-30) 

 

where  is a constant. The average waiting time for the recombination is therefore 

given as 

 .                                    (3-31) 

 

Here that the upper limit of integral is replaced by t not infinity. The reason why 

was already mentioned in Section 3.2.3 and Equations (3-30) and (3-31) are the same 

as Equations (3-14) and (3-15), respectively.  The average recombination rate is thus 

given by  

 

 ,                                             (3-32)  

                        

where B is a constant (= 1/C’ in Equation 3-31). Monomolecular-type recombination 

(intra-pair) occurs and a time-dependent pt is written as   

 

  .                                    (3-33) 

 

This is just the same as Equation (3-23). The solution of Equation (3-33) is given 

by Equation (3-24) which gives the stretched exponential decay of the residual 

photocurrent given by Equation (3-19) which is just what experimentally observed in 
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a-As2Se3 [2]. The β-value theoretically predicted is consistent with that for the 

experimentally obtained value of 0.16.  

A large value of  (= 0.30), reported in a-As2S3 [3] for example, can be explained 

as follows. The dielectric constant (= 6) in a-As2S3 is smaller than that of a-As2Se3, 

which gives a larger β-value (= 0.44) in a-As2S3, if other parameters in Equation (3- 

28) are the same.   

There may be another possible recombination mechanism, namely diffusion-

controlled recombination (DCR) in which localized carriers diffuse before 

recombination. In the case of DCR, the dispersive carrier diffusion coefficient should 

also be time-dependent [24,47]. This type of recombination may be a bimolecular-

type reaction, and hence the recombination kinetics can be given as        

                 

 ,                                (3-34) 

 

where A is a constant and  a dispersion parameter (  1.0). The solution of Equation 

(3-34) produces  

 ,                        (3-35) 

 

where K is a constant. This is very different from the SEF experimentally observed. 

We thus consider that diffusion-controlled recombination is not the dominant 

recombination path in the case of a-Chs.  

 

 

3.3.4 Conclusions 

 

We discussed the kinetics of the PPC in a-Chs. An idea for the origin of 

dispersive long-term photocurrent decay in a-As2Se3, as a case example, was 

presented. The principal results are as follows: (1) The tunneling transition of 

localized carriers, i.e., the exothermic reaction 2   + accompanied with 

local lattice distortions dominates the PPC. (2) A non-random distribution of localized 

electrons and holes caused by Coulomb interaction dominates the dispersive 

monomolecular recombination, leading to monomolecular-type recombination 

described by a stretched exponential function (SEF). (3) A thermal process, involving 
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the diffusion of localized carriers through the band states, is unlikely to be dominant 

recombination path.  Therefore, bimolecular recombination (power-law t-  instead of 

SEF) is therefore not found experimentally.  

 

 

3.4 Kinetics of the persistent photoconductivity in crystalline III-V  

 semiconductors 

 

3.4.1 Introduction 

 

It is known that the PPC is commonly observed in crystalline III-V 

semiconductors [5-12]. It should be noted therefore that the PPC is not a characteristic 

feature for disordered semiconductors stated in the previous sections (Sections 3.2 

and 3.3). In one of the III-V materials, AlxGa1-xAs (x > 0.22), the PPC is believed to 

be caused by the DX centers that undergo a large lattice relaxation (LLR) and have a 

negative-U character [27,28]. The PPC observed in GaN which is well known as 

optoelectronic devices [8,9], is of interest, since the PPC is related to the so-called 

yellow luminescence (YL; peak around 2.2 eV) in n-type GaN [8].  

As already stated in Section 3.1, the DX centers are, in principle, donor-related 

localized states and hence these centers should exist in n-type semiconductors [28]. 

The YL decreases with increasing Mg (p-type dopant). The YL then disappears in the 

Mg-doped p-type GaN, while the PPC is still observed [5,8,48], suggesting that the 

centers being contributed to PPC is not attributed to the extrinsic dopants. This may 

indicate that the PPC is related to the intrinsic structural defects [8]. However, the DX 

behavior can be expected also for acceptor dopants, which should be called the AX 

centers [49].  

There are many structural models on the DX and AX centers in III-V 

semiconductors [5]. The microscopic origin of the DX and AX centers is not 

discussed here. The main object is to clear why the PPC is produced when DX-like 

centers present in III-V semiconductors. Hence, we will discuss the origin of 

dispersive decay kinetics originating from the DX-like centers. The particular interest 

is why such slow dispersive reaction dominates the dynamics of photoexcited carriers 

when the DX-like centers present.   



57 | P a g e  
 

3.4.2 A brief review of the experimental results in III-V semiconductors: A  

 case example for GaN 

 

Let us start with the brief review on the previous experimental result which have 

been done on the PPC.  The decay of the PPC observed in many III-V semiconductors 

are empirically described by a stretched exponential function (SEF) as already stated 

in the previous section [8] 

 

,     (3-36) 

 

where  is a constant, τ is the effective response time and β (0<β<1) is the 

dispersion parameter. This form is basically the same as the form in 

amorphous chalcogenides (Section 3.3.2).  

Figure 3-14 shows an example of PPC observed in undoped n-type GaN film at 

179 K [7] and at room temperature [8].  
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Figure 3-14  Comparison of PPC decays kinetics with stretched-exponential  

   function at 179 K (solid circle) [7] and at room temperature (solid 

   triangle) [8] in n-type GaN. 

 

The solid circles and triangles show the experimental results at 179 K and room 

temperature, respectively, while the solid lines show the fitting to the SEF. Here the 

fitting parameter β (= 0.35) is temperature independent for both respective 

temperatures. On the other hand, the effective response times τ depends on the 

temperature; 12000 s at 179 K and 800 s at room temperature.  

The origin of the PPC has been discussed in terms of DX center, which will be 

discussed in the following section.   

 

3.4.3 Kinetics of the DX (AX)-related PPC 

 

 As we already introduced what is the DX center in Section 3.1, in the present 

section, we discuss the role of the DX center onto the photocurrent in III-V 

semiconductors.  A configuration coordinate diagram (CCD), as shown in Figure 3-

15, is useful to understand the dynamics of the PPC [5,7,8].  
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Figure 3-15  Configuration coordinate diagram (CCD) for DX-like center 

 

Notations A and B are the ground and the excited states, respectively, V is the height 

of the potential barrier which needs to be surmounted (~ 0.2 eV) when the transition 

from B to A occurs, and U is the energy difference between the transit state O and the 

ground state A.  As already stated in Section 3.1 and 3.4.1, a DX (AX) center is 

acting a shallow donor (acceptor) impurity that relaxes away from its substitutional 

site (B) to a deep-level defect (A) [28]. It is well known that the state B provides free 

carriers. Hence, in order to return to the DX ground state (A), the defect should 

capture an electron (hole) with surmounting a barrier V. During this process, it is 

believed that the reaction time for surmounting barrier V takes long time (hours) at 

low temperature, leading to the occurrence of the PPC [7,8].    

It should be noted, however, that its long relaxation time cannot be explained 

quantitatively with the above model, and why the PPC is given by the SEF is not 

clearly understood. As a large lattice relaxation is involved in the transition between B 

to A [5,7,25,50], a multiphonon transition should be taken into consideration 

[11,13,16,18], as will be discussed in the following section.  

We will now discuss the kinetics of the PPC which is related to the relaxation of 

DX (AX)-like centers, in which multiphonon non-radiative transitions should be 

involved. The reaction (B→A) requires the surmounting of the potential barrier V.  

Here, the reaction rate  can be given as 

 

 ,                     (3-37) 



60 | P a g e  
 

where ≈ 1 x 1012 s-1 is the characteristic frequency. The second exponential term is 

referred to multiphonon emission where   is a single phonon energy (~ 40 meV): 

The rate falls off exponentially with the amount of energy U to be taken up by the 

lattice (the energy gap law) [49].  

Let us, first, assume that the relaxation energy U for DX (AX) center is 

distributed in an exponential manner, as shown in Figure 3-16: 

 

  ,   ,             (3-38) 

 

where is the extent of broadening the potential barrier height, Umin is the minimum  

energy taking up by the lattice.  According to Equation (3-37), ν-value should be 

distributed in the following manner [38,39]: 

  

    

  

  

  

  

 = .            
    (3-39) 

 
Here  and C are given by 
 

  ,                                              (3-40) 

 
and 

          .                                    (3-41) 
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 (U) 

U0 

Umin 

U 

      

 
Figure 3-16  Exponential distribution of the potential barrier U for the reaction. 

 
 As in the case of amorphous semiconductor, we also introduce the waiting-time 

distribution for the reaction here. It should be emphasized again that the main issue of 

the present work is to understand how and why the time-dispersive reaction is 

involved in the PPC mechanisms. As we already discussed in Section 3.2.3 and 3.3.3, 

the modified Poisson waiting-time probability-distribution is given as (see also 

Equations (3-14) and (3-30))  

 

  ,            (3.42) 

 

 

where  is an average frequency (s-1) during a random event. The average waiting 

time for the reaction is then given as 

 

.                                   (3-43) 

 

The average reaction rate can be given as 

 

.                                           (3-44) 
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Under an assumption of the exponential distribution of lattice relaxation energy of 

DX-like center, it is now understood that the relaxation rate  is given by the power-

law time dependence.   

  In the DX (AX) model, the number of photocarriers is proportional to the number 

NB of the state B [28]. The rate equation for the time dependent NB can be given as 

 

.              (3-45) 

 

NB is then given by 

 

 

     ,                 (3-46) 

 

where NB(0) is the initial value of NB just after stopping illumination and τ is called 

the effective reaction time and is given by 

 

    .                   (3-47) 

 

Note again that the photocurrent Ip (t) is proportional to NB (t) and hence Equation (3-

46) gives the empirical Equation (3-36).  

Let us now discuss the temperature-dependent τ. From Equations (3-39) and (3-42) - 

(3-47), C’ is given as  

 

,     (3-48) 

 

suggesting that τ should be thermally activated with a barrier height V. The 

experimental results shown in Figure 3-14 produce V = 0.11 eV. Note that C’ here 

nearly equal to C given by Equation (3-41). 
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 Experimentally the parameter β is reported to be 0.35 and is temperature 

independent. The β in the present model is given by   which is temperature-

independent.  By taking = 40 meV, the extent of broadening of the potential 

barrier height  is then estimated to be 0.11 eV. The C is given by Equation (3-41) 

and therefore, by assuming   s-1, we obtain C = 30 at 297 K. We then 

get    Umin = 1.4 eV, which may be a reasonable value for the DX center in GaN 

[28,50]. 

 Finally we should discuss briefly alternative possibiltity of the energy distribution 

P(U) for DX (AX) center which may be taken as a Gaussian manner as 

 

,      (3-49) 

 

where  is the standard deviation (eV)  and <U> is an average  value.  

 The distribution function  P( ) is then given by  

 

 

 ,  (3-50) 

 

where    and . 

 The ν dependence of  is not clear in an analytical form, since it appears in 

different terms of Equation (3-50) and hence a numerical calculation of  is 

required by using a values, for example,   = 0.05 eV, <U> = 1.0 eV, = 0.3 eV,  

V  = 0.1 eV, and  1  1012 s-1.  Figure 3-17 shows  as a function of 

temperature.  
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Figure 3-17 Numerical calculation of P(ν) vs. ν as a function of temperature.  

   Solid triangles and circles represents T = 200 and 300 K respectively. 

 

The -values we selected for calculation are in the range of 10-6 ~ 100 which covers 

well the measured time range. The power law is predicted as  

P(ν) ~ νβ-1 ,      (3-51) 

 

with β = 0.24 at 200 K and 0.30 at 300 K. The β here strongly depends on 

temperature, which is not consistent with the experimental result. We prefer therefore 

the exponential distribution of U rather than the Gaussian distribution, while the 

reason for this is not clear. 
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3.4.4 Conclusions 

 

 We discussed the origin and kinetics of the persistent photocurrent (PPC) 

observed in GaN as a case example for III-V semiconductors. The principal results are 

as follows: 

 (1)  DX(AX) center plays a central role in the PPC. 

 (2)  A large lattice relaxation with the multiphonon emissions from the photoexcited 

 DX-like state to the ground state dominates the reaction rate. 

 (3)  The energy U taken up by lattice should be distributed due to some reasons;  

 e.g., accumulation of lattice strains during crystalline growth in preparation. 

 (4)  An exponential distribution of  with a minimum Umin produces the SEF 

 with the reasonable physical parameters such as the relaxation time   and the 

 dispersion parameter .  

 

3.5 Overall conclusions in CHAPTER 3  

 

 Origins of the persistent photocurrent (PPC) in photoconductive semiconductor 

materials were discussed in this CHAPTER. We conclude the following important 

points:  

1. Two types of the decay kinetics of the persistent photocurrent (PPC) were found 

in photoconductive semiconductors: One is expressed by the power-law and other 

by the stretched exponential function (SEF).   

2. The time dispersive reaction rate, which leads to the power law or the SEF, was 

derived from the modified Poison waiting-time distribution.   

3. Gaussian distribution of the length scale of the potential fluctuation dominates the 

PPC behavior in a-Si:H, which eventually leads to the power law.  

4. Non-random distribution of localized electrons and holes caused by Coulomb 

interaction dominates the PPC in a-Chs, which leads to the SEF. 

5. Exponential distribution of multiphonon emission energy involved in a bistable 

DX (AX)-like dominates the PPC in III-V semiconductors, which leads to the 

SEF.  
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CHAPTER 4 

 

SOME REMARKS ON THE GLASS-TRANSITION TEMPERATURE IN 

CHALCOGENIDE GLASSES 

 

In the parts of the previous chapters, the author’s attention was focused on the 

photoelectronic properties in chalcogenide glasses (CGs) or amorphous chalcogenides 

(a-Chs). The glass transition is an important phenomenon in melt-quenched glasses, 

which affects the chemical and physical (mechanical as well) natures in so called 

glasses. The factors that dominate the glass-transition temperature Tg should therefore 

be clearly understood. What kind of factors dominate the glass-transition 

temperature? Clear answer to this question is still missing, while there are some 

empirical rules for Tg. In this CHAPTER, we discuss the glass transition in terms of 

basic glass sciences and a new accessible empirical rule for Tg is proposed. It is 

emphasized here that the cohesive energy of chemical (covalent) bonds, i.e., a short-

range chemical-bond arrangement dominates Tg but not an inter-molecular interaction 

in chalcogenide glasses.   

 

4.1 Overview of the glass transition temperature 

  

 When the glass is prepared by the melt-quenched (MQ) method, and when the 

temperature of the melt in the liquid state decreases, melts become supercooled 

liquids, and a further decrease in temperature below the glass-transition temperature 

Tg produces glassy materials [1-6]. This process of glass formation is illustrated 

schematically in Figure 4-1, using correlation between volume and temperature.  
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Figure 4-1 Schematic illustration of the Volume vs. Temperature. Tm is the  

   melting temperature in glassy materials. 

 

The glasses undergo a glass transition at Tg, which is defined as the transforming 

temperature between the glassy and super-cooled liquid states. Above Tg is the super-

cooled liquid which describes a material that remains in a liquid state, even below 

melting temperature Tm.  

While the definition of the glass transition itself has a clear meaning, however, 

the experimental determination of Tg is not easy. It is because the deduced Tg depends 

on experimental conditions, such as the cooling rate of the melt in preparation. It 

should be noted that the glass transition appears more or less commonly. It appears 

not only in inorganic glasses but also in organic materials including bio-polymers as 

proteins [7]. Because of such commonality, the phenomena of glass transition 

temperature has been one of the big problem in solid state science and it is still 

unknown what factors dominate Tg [1,4,5] since the pioneering work by Kauzmann 

[8]. One of such big problem is to know at what temperature the glass transition 

occurs [5].  
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4.2 A new empirical rule for the glass-transition temperature in chalcogenide 

 glasses: a correlation with the mechanical microhardness 

 

4.2.1 Introduction 

 

 In chalcogenide glasses, the glass transition temperature Tg is one of the most 

important parameters for characterization of the glassy state.  Some efforts have been 

done in order to explain the origin of Tg and its correlation to other physical or 

chemical properties of glasses (see for example, [9,10]). In chalcogenide glasses the 

correlation of Tg and other physical parameters are mostly based on the explicit or 

implicit assumption that, to reach Tg or the onset of fluidity, one must overcome the 

cohesive forces responsible for the solid behavior of a glass [10]. Note that the well-

known empirical relation of the glass transition temperature of  [8], suggest 

that Tg  is related to the cohesive energy since  should be related to the bond 

strength.  

  In covalent bonding materials such as the most chalcogenide glasses, the 

cohesive energy should correspond to the bond energy, since van der Waals force 

between layers are not strong compared with intra-layer interaction (covalent 

bonding). At T Tg, glassy network is macroscopically movable due to a sharp 

decrease in the viscosity. The sharp decrease in the viscosity above Tg is expected to 

be due to collapse of glassy network in some extent, while underlying physics is still 

not clear.  

 In the following section (Section 4.2.2), we will discuss the experimental 

physical parameter of cohesive energy which correlated to the glass transition 

temperature instead of theoretical predicted parameter such as the mean coordination 

number Z . Mechanical hardness (micorhardness) from mechanical point of view 

should be related microscopically to the bond strength [11,12].  We hence propose 

that mechanical hardness H may be a candidate of such parameter which can be 

closely related to the mean bond energy E . 
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4.2.2 Empirical relations between the mean coordination number Z  and The 

 mean bond energy E     

  

 First, we first briefly discuss some empirical relations on Tg, which were 

proposed so far. It is known that at T Tg, the entities of glassy matrix are 

macroscopically movable. We then expect that  Tg correlates with the network rigidity 

which should be directly related to the mean coordination number Z . It is reported 

that the molecular glasses can be characterized by the number Z [13].  For examples, 

Z  = 2 is assigned for glassy Se, whose structure consists of two-fold coordinated 

atoms forming chain molecules. For As2S3, Z  = 2.4 (Z = 3 and 2 for As and S), 

which is assumed to be constructed with distorted layer molecules [13]. Furthermore, 

it was suggested that the Tg and Z  are correlated with a simple relationship [9]: 

 

ln Tg = 1.6 Z  + 2.3.      (4-1) 

 

As shown in Figure 4-2, the above relationship is known for wide class of molecular 

glasses, including chalcogenides and organic materials [9].   
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Figure 4-2 Dependence of the glass transition temperature Tg of various  

   materials on the average coordination number Z  of constituent  

   atoms [9]. 

 

 Alternatively, Tichý and Tichá [10] suggested that the bond energy for each bond 

should be taken into account for overall network. Then, as shown in Figure 4-3, a 

covalent bond approach in chalcogenide glasses produces a good correlation between 

Tg and the overall mean bond energy E  (= ciEiZi), where ci, Ei, and Zi are the ith 

component of the atomic fraction, the bond energy, and the coordination number, 

respectively [10]. This model therefore contains the factors of bond arrangement 

(coordination number Z) and magnitude of bond strength (bond energy E). Tg is 

empirically given as Tg(K)  311( E  - 0.9) for 186 binary and ternary chalcogenide 

glasses.  
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Figure 4-3 Correlation between Tg (K) and E  (eV) in chalcogenide glasses  

   (data from ref. [10]). Solid line is the least-square fit to the data,  

   which has been given as Tg = 311( E  - 0.9). 

 

 It should be noted, however, that E  or Z  itself is not an experimentally 

measurable value and hence we should look for experimentally accessible physical 

parameters instead of E  (or also Z ) to confirm its validity. 

 

4.2.3 Microhardness: An experimentally accessible physical parameter to Tg 

  

 We now know the relation of Tg vs. E  is a good indicator that Tg is highly 

related to the bond strength. As pointed out by the end of Section 4.2.2, previous 

section E  is not experimentally accessible parameter. When we turn into the 

mechanical point of view, it is easy to expect that the mechanical strength, for 

example, the hardness of the materials is proportional to the microhardness [11,12]. 

It is thus proposed that mechanical hardness H may be a candidate of such 

parameter which can be closely related to the mean bond energy E . To show this 

correlation, we collected the experimental data of hardness H (Vickers hardness) from 

the excellent data book on chalcogenide glasses. Figure 4-4 shows a linear correlation 

between H and Tg for 190 binary and ternary chalcogenide glasses (P-Se, As-Se, As-

Se-Sb, As-Se-Te, Ge-Se-Te, Ge-Se-S, P-Ge-Se, Sb-Ge-Se, Bi-Ge-Se, As-Te-Ietc.) 

[15].   
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Figure 4-4 Correlation between Tg (K) and H (kg/mm2) in chalcogenide glasses. 

   Solid line is the least-square fit to the data, producing  

   Tg = 1.6H + 211. 

 

The correlation between H and Tg is good as well as the correlation between E  and 

Tg in Figure 4-3, suggesting that H is a good physical parameter instead of 

theoretically predicted E . Hence, H can be used as a measure of the average bond 

strength in chalcogenide glasses. Note that glassy components reported in Tg vs. E  

given by Tichý and Tichá[10] are not completely the same as the present glassy 

systems. 

 The microhardness of materials, on the other hand, may correlate with some other 

parameters, such as density  (g/cm3) or atomic number density na (Å-3), since the 

macroscopic mechanical parameters of materials are expected intuitively to depend on 

these values. Furthermore, when the density of atoms is high, it will shorten the 

interatomic distances and consequently increase the level of hardness. Let us examine 

the relationships between these parameters and microhardness in which the 

experimental data were again replotted from reference [14]. Figures 4-5 and 4-6 show 

the relations between H vs.  and H vs. na , respectively.  
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Figure 4-5 Correlation between H (kg/mm2) and  (g/cm3) in chalcogenide  

   glasses. 

 

 

 
 

     Figure 4-6 Correlation between H (kg/mm2) and na (Å-3) in chalcogenide glasses. 

 

It can be seen from the above figures that the data are scattered, indicating that H does 

not have any correlation with  and na in most chalcogenide glasses, in contrary to an 

intuitive prediction.  

It makes clear now that H, as a measure of average bond strength, dominates the glass 

transition. We also know that Z  is primary important factor for determining Tg, since 
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it roughly gives the average number of covalent bonds.  It is therefore of interest to 

show a correlation between Z  and H which has not yet been discussed so far, we 

present the correlation as shown in Figure 4-7. 

 

 

 
Figure 4-7 Correlation between H (kg/mm2) and Z  in chalcogenide   

   glasses. Solid line is the least-square fit to the data, producing  

   H = 204 Z  - 360 = 204 ( Z  - 1.76). 

 

H can be weakly correlated with Z  and is similar to the correlation between Z  and 

Tg. This correlation indicates that the short-range order chemical bond arrangement is 

a primary important factor to determine the glass-transition temperature, since Z itself 

directly related to a short-range order bond arrangement.  

 We should now also discuss the temperature-dependent viscosity. Viscosity is a 

macroscopic property and is dominated by cooperative process of network, which 

should be involved an inter-molecular interaction. The glass-transition temperature is 

often defined as the temperature-dependent viscosity which reaches around 1013 Poise 

(= 1012 Pa s).  Rapid decrease of viscosity above Tg can be attributed to a decrease of 

inter-molecular interaction, which can be accelerated by destroying short-range 

structure (bond breaking): A rapid decrease of the viscosity should accompany with 

intra-layer bond breaking. This may be the reason why Tg has the good relationship 

with E  and hence the value of Tg depends on a feasible parameter of H as a measure 

of E .  
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4.3 Conclusions 

 

The glass transition temperature in amorphous chalcogenides was discussed. An 

experimentally accessible physical parameter which correlated to the glass transition 

temperature is proposed. It is shown that the glass-transition temperature strongly 

correlates with the microhardness in covalent chalcogenide glasses. This result 

suggests that the microhardness, from the mechanical point of view, is also a measure 

of the magnitude of Tg. It is clear from the fact that H is a measure of E  and hence a 

factor influencing Tg in chalcogenide glasses is primary a short-range order chemical-

bond arrangement but not an inter-molecular interaction.  This point should be very 

important on the glass science. 
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SUMMARY 

 

 Three main topics were studied in this thesis. Former two topics are explained by 

a common manner from the view of dispersive reaction kinetics whose physical origin 

is not clear in long time (more than 10 decades). First, the dynamics of photoinduced 

defect creation (PDC) in amorphous chalcogenides was analyzed in CHAPTER 2. 

Second, the origin of the persistent photocurrent (PPC) after stopping the illumination 

was also analyzed in photoconductive semiconductors as the case examples for 

amorphous semiconductor and crystalline GaN (representative for III-V 

semiconducting compound) in CHAPTER 3. Third, the glass transition temperature, 

which is the most important physical parameter in glass sciences, was discussed in 

CHAPTER 4.  

 The time-dependent PDC occurrence was empirically given by the stretched 

exponential function (SEF) which is a direct consequence of the dispersive reaction 

kinetics. The author proposed that the PDC dynamics presented by the SEF was 

dominated by a presence of exponential distribution of thermal barrier in the PDC 

process. 

 There were two types of the PPC decay kinetics in photoconductive 

semiconductors. One was expressed by the power-law in a-Si:H and the other was 

SEF in a-Chs and III-V semiconductors. These different origins were attributed to the 

different natures of these defect structures.   

 In CHAPTERS 2 and 3, the modified Poisson probability-distribution function 

was newly proposed and introduced in the evaluation of the waiting time on the 

reactions, and this new function interpreted well the characteristic features of the 

power low and the stretched exponential function.  The proposed physical models 

suggest the origins of the dispersive reactions we concerned. 

 A new rule on the glass transition temperature by taking experimentally 

accessible physical parameter, i.e., the microhardness, was proposed in a-Chs. The 

author presented that the glass-transition temperature was strongly correlates with the 

cohesion energy (covalent bond strength). The idea proposed here might be useful for 

applying to the other glassy system such as oxides.  

 . 
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APPENDIX I 

On the reaction rate under the uniform distribution 

 
  The uniform distribution (so called the Box Approximation) was not discussed 

through the chapters. The uniform distribution can be the extreme case on the 

exponential and the Gaussian distributions. It is of interest to discuss what happen on the 

reaction rate under the uniform distribution.   

 
I. An exponential distribution function as given by Equation (2-11) is  

  . If  (β → 0) (see Figure A-1), then 

  . .                                                                                  (A-1) 

This is called a uniform distribution, since  is a constant (independent of U). 

 

 

 

 

 

 

 

 

Figure A-1    Schematic drawing of the extreme case of the exponential distribution. 

 

II. A Gaussian distribution function as given by Equation (3-12) is 

. 

Here we discuss the case that R is replaced by U and then 

.                                                       (A-2) 

As  corresponds to  , when   (β → 0) (see Figure A-2), then 

we get 

 (uniform distribution). 
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Figure A-2  Schematic drawing of the extreme case of the Gaussian distribution. 

 

III. The above two extreme cases can be equivalent to the Box approximation 

(uniform distribution) as shown in Figure A-3. It looks like “BOX”. 

 

 

 

 

 

Figure A-3   Schematic drawing of a uniform distribution. 

 

This is just given by 

 

  .                                                                              (A-3) 

 

In conclusion, If  in Exponential and Gaussian distributions (i.e., broad 

distribution), these become uniform distribution. In other term, Box approximation is the 

same as β → 0 in Exponential and Gaussian distributions. 

 

Let us discuss now how the reaction rate K(t) is modified under the box 

approximation, and how the bimolecular and monomolecular reactions are altered.  

Remember that the reaction rate given by Equation (1-1) is given as:  

 

,    

and when β  → 0, 

 .                                                                              (A-4)      

 

 
 

0 
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For bimolecular reaction, 

    

 , 

   , 

  , 

    n =   .                                                                                     (A-5) 

 

Note that n is inversely proportional to ln t. 

 

For monomolecular reaction,  

,     

  , 

  , 

          

   .                                                                                             (A-6) 

 

It should be noted that Equations (A-5) and (A-6) are completely different from  < 1.0 

in Equations (1-4) and (1-5). We cannot use 0 in the final solution of n.  
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APPENDIX II 

On the temperature dependence of the dispersion parameter β 
 

Temperature dependence of β was not clearly stated neither in photinduced defect 

creation (PDC) nor persistent photocurrent (PPC) of the thesis chapters.  Hence, followings 

are some additional explanations where the validity of β value from the theoretical 

prediction is also included. First, we should reply to the following question. Why β is 

temperature dependent in the model of the PDC and the PPC in a-Chs, and is temperature 

independent in the model of the PPC in a-Si:H and GaN ?  

The answers are following: The most important factor whether or not β depends on 

temperature is its physical origin. If the reaction rate itself needs THERMAL ENERGY 

(PDC in a-Chs) or involving TEMPEARATURE factor (PPC in a-Chs: see Equation (3-27), 

β should depends on temperature. It should be stated, however, that the experimental results 

for PDC used in the thesis (reference 16 in CHAPTER 2) have been reported only at room 

temperature and hence we cannot say  is TEMPERATURE DEPENDENT experimentally. 

However, in the model by using exponential distribution,   is given by: 

 

      .      (B-1) 

 

Hence,  should be temperature dependent. The broadening of the potential barrier 

distribution U0 is deduced from the experimental β (0.55): 

 =45 meV. 

 The above result of  cannot be unreasonable value for thermal barrier distribution on the 

PDC.  

As already stated, experimentally, β of the PPC in a-Chs shows temperature-

independent, while it depends on temperature theoretically. This is because of involving the 

Coulomb term ((Equation (3-27)). This inconsistency may be attributed to the assumption 

that N is independent of temperature. More detailed discussion can be required on this issue, 

which will be presented in a future work. Probably, a similar discussion on the PPC in III-V 

semiconductors may be useful for the PPC in a-Chs. On the other hand in a-Si:H, β is 
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predicted to be independent of temperature from the model (see Equations (3-11)-(3-13)), 

since T is not involved.  

In the last, the reason why β (=0.35) for c-GaN is independent of temperature should be 

shortly discussed. Based on the model,   is given by (see Equation (3-40)): 

 

 .      (B-2) 

It is shown that β theoretically consistent with the experimental results. By taking a 

reasonable value for single phonon energy  to be 40 meV and using the experimentally 

observed β (=0.35), the extent of broadening of potential energy distribution, U0  is  

estimated to be 0.11 eV, which may be a reasonable value for the DX center in c-GaN (see 

Chapter 3). 
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