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Abstract 
Despite the large number of successful commercial applications of chalcogenide glasses 

(ChGs) ranging from memory devices to photonics and medical imaging detectors, the 

understanding of a fundamental property – photo-induced structural metastability is not 

yet complete. The inherent trend of amorphous chalcogenides to convert to its crystalline 

counterpart, can on the one hand, be directly utilized in phase-change memories, while on 

the other hand can degrade glass properties for applications in sensing. Furthermore, 

because the structure of amorphous semiconductors is not fixed by thermodynamic 

equilibrium conditions, its transformation can be triggered by optical/X-ray excitation 

and influenced by thermal heating or applied electric field. Each case has its own 

peculiarities of transformation. Thus, to ensure effective application of a given ChG, a 

solid understanding of the causes for the structural transformation on the microscopic 

level has to be developed. 

This thesis is devoted to the study of photo-induced metastability of the most widely 

used ChG – amorphous selenium (a-Se), and archetypal a-GexSe100-x glass compounds 

relevant for applications in sensing. We focus on the research of defect creation and 

defect relaxation processes in these materials since it is hypothesized to be the root cause 

for structural transformations affecting stability. The detailed experimental and 

theoretical study is carried out to reveal the pathways from a micro-level, i.e. defect 

creation/relaxation, to the macro-level photo-induced effects formation, namely 

photodarkening (PD), photobleaching (PB) and photo-induced crystallization (PC) and 

their kinetics.  

The effects of temperature and energy of excitation on PD kinetics are studied in a-

Se. Distinctly different PD effects are observed in the case of sub-bandgap and above-

bandgap excitation. It is found that above-bandgap excitation causes only transient 

photodarkening with a temperature independent relaxation time and no significant 

structural rearrangements. In contrast, sub-bandgap excitation causes both transient and 

metastable PD effects. Whereas the mechanism responsible for transient PD for sub-

bandgap excitation is analogous to that in the case of above-bandgap excitation, 

metastable PD is controlled by the formation of self-trapped excitons resulting in 



ii 
 

structural transformations into configuration defects. Subsequent relaxation in the latter 

case is shown to be a thermally activated process at elevated temperatures; or 

configuration tunneling below the room temperature. It is confirmed that if left 

unrestored, metastable PD acts as a precursor for photo-induced crystallization.  

Detailed investigation of the effects of different substrates and temperature on photo-

induced crystallization in a-Se demonstrates that the onset of PC is suppressed by 

softening of the film-substrate interface and/or by operating at temperatures near the glass 

transition. 

Further, photodarkening and photobleaching effects are investigated in a-GexSe100-x as 

a function of composition across the glass forming region. The Ge:Se ratio is found to 

play a decisive role in the observed effects. The critical concentration of Ge ≈30% is 

highlighted to correspond to the crossover from transient PB to a mixture of transient PD 

and metastable PB. The underlying microscopic mechanism is governed by the 

availability of lone pair (LP) states at Se atoms. For low-Ge content films (x<20%) LPs 

are primarily involved in photoexcitation, causing a photodarkening effect (like in a-Se). 

As Ge concentration reaches 30%, Ge-Se bond breakage becomes prevalent under light 

exposure, which results in the generation of dangling bonds and the saturation of the 

available LP states. This is found to be responsible for the transient PB effect. With 

further increase of Ge %, the amount of homopolar Ge-Ge bonds starts to increase along 

with the obvious deficiency of lone pairs. This leads to Ge-Ge bond breakage upon 

excitation, which causes transient photodarkening. In the post-excitation period, however, 

it initiates transition to a more ordered state with the main feature of the formation of 3D 

nanostructures. This is reflected in a bandgap increase and an experimentally observed 

metastable photobleaching effect. 

Finally, our understanding of a-Se properties allowed us to extend its application in 

low-energy nuclear medicine devices. A novel fluence integrating gamma camera is 

proposed, which if commercialized, will be used to guide advanced breast cancer 

treatment that involves the placement of low-energy radioactive seeds. The feasibility of 

the proposed approach is confirmed in realistic breast phantom studies. Our results 

demonstrate the potential of the gamma camera to fulfill the clinical requirements of both 

spatial resolution and sensitivity. 
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CHAPTER 1 

Introduction and thesis scope 
1.1.   Chalcogenide glasses and their applications 

Chalcogenide glasses (ChGs) are glasses containing elements of the VI-A subgroup of 

the Periodic Table, namely sulphur, selenium and tellurium. GhGs hold a special place in 

the field of amorphous semiconductors, since they were the first non-crystalline solids, 

discovered to possess semiconductive properties in the mid-50s [1] and are extensively 

used today in a variety of fields including phase-change memories, sensors and photonics 

[2,3,4,5]. Like in any other disordered material, due to the lack of a long-range order or 

periodicity, Bloch’s theorem, which describes electrons and holes by wavefunctions 

extended in space with quantum states defined by the momentum [6], cannot be applied to 

ChG. For this reason, for many years after the development of modern band theory for 

crystalline structures, amorphous solids were not considered of practical use as 

semiconductors; and even after the discovery of their semiconductive properties the 

concept of density of states and forbidden energy gap in amorphous matter remained 

puzzling. The majority of ChGs exhibit p-type conductivity (holes are typically more 

mobile compared with electrons), and they cannot be doped due to the pinning of the 

Fermi level. Furthermore, ChGs possess a unique characteristic - intrinsic metastability, 

which can result in reversible and irreversible transformation between amorphous and 

crystalline phases. Despite these challenging but unique properties, ChGs are widely 

used. 

A prototype elemental ChG, amorphous selenium (a-Se), has been successfully 

utilized in number of commercial applications, ranging from xerography and 

xeroradiography in the 50s-70s, to the modern state-of-the-art flat panel X-ray images 

and ultrasensitive videotubes with high X-ray sensitivity and photoconductivity [5]. 

Other chalcogenide materials which exhibit reversible structural transformations, so-

called phase-change materials, have been used in memory applications, as was first 

proposed by Ovshinsky in 60s [7]. In fact, ChGs are still applied today in CD/DVD-RW 
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discs [8,9]. Finally, ChGs are also appealing for utilization in infrared-transmitting 

optical fibers and as waveguides for telecommunications due to their high intrinsic 

transparently in the 2-25µm infrared region [9]. 

The central material of this thesis is amorphous selenium. It possesses unique 

photoconductive properties which has resulted in various successful applications over the 

past half century. The first major application of ChGs utilizing a-Se was xerography 

(from the Greek meaning “dry writing”). The first successful copier, Xerox 914, was 

introduced to the public in 1959 [10]. The idea behind xerography was that a cylindrical 

metalized drum coated with a-Se was first uniformly charged positive in the absence of 

light, and second exposed to light to form an electrostatic latent image. Third, the image 

was read out and the photoconductive layer cleaned and restored for the future use. Image 

read out involved image development utilizing toner, image transfer onto a suitable 

media with the help of an electric field and finally image fixture onto a substrate to make 

it permanent [11]. Later on, a similar principal was used in the first commercial 

xeroradiography system, the Xerox 125 Medical Imaging System, where a thicker layer 

of a-Se on the order of hundreds µm (compared to tens in xerography) was deposited onto 

oxidized aluminum plates and exposed to X-ray radiation to form the image of the body 

parts [5]. Soon the xeroradiographic technique was applied in numerous fields, such as 

mammography, arteriography, venography, and also for the imaging of bones and joints 

[12]. Although it provided high quality images, with edge enhancement [12], the image 

development with toner remained inconvenient and resulted in the search for alternative 

solutions. An alternative technique eliminating toner and enabling digitization was an 

array of electrometers reading out the latent image. It was employed in a selenium-based 

digital chest X-ray detector, ThoraVision by Philips Medical Imaging Systems [5,13], 

that was soon replaced by a new generation solid state detectors [14]. The real boom in a-

Se imaging occurred in the late 90s, when the X-ray photoconductive layer was combined 

with new readout technology based on hydrogenated amorphous silicon thin film 

transistors (a-Si:H TFTs) forming, so-called active matrix arrays (AMAs) [15]. AMAs 

initially used in computer and domestic TV screens, were successfully utilized in digital 

x-ray detectors [14]. A detailed explanation of a-Se flat-panel AMA detectors will be 

presented in Chapter 6.  
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Several alternative a-Se based X-ray detector technologies have appeared on the 

market recently, one of them with a completely different readout method is called the X-

ray Light Valve (XLV) [16]. XLV combines an a-Se layer, a thin liquid crystal layer and 

an optical scanner, which results in cost reduction while preserving high image quality 

[17,18]. Once X-rays are converted to electronic charges in an a-Se layer, the charge 

image is formed at the a-Se-glass interface. An electric field induced by charges twists 

the liquid crystal thin layer which is positioned on the other side of the glass. The liquid 

crystal reflects light proportional to the local twist. When the optical scanner is employed 

to illuminate the liquid crystals, the reflected light is captured by a pixelated 

photodetector and digitized. 

Another distinct property of a-Se that has allowed its commercialization in optical 

imaging is impact ionization or avalanche multiplication. Impact ionization was first 

reported by Juska and Arlauskas in 1980 [19] and was demonstrated using 

metal/insulator/a-Se/insulator/metal structures at an electric field higher than 80V/µm. 

The collected number of holes per absorbed light photon was greater than one, and this 

number can be increased by increasing the applied electric field further (n.b. electrons do 

not undergo avalanche multiplication in a-Se). Following this discovery in the late 1980s 

high- gain avalanche rushing photoconductors (HARP) were developed in Japan and 

utilized in ultrasensitive vidicons, which are still used today. Due to the high 

photoconductive gain, HARP cameras are capable of producing high quality images at 

extremely low levels of light, e.g. filming at night, underwater, etc. Recently, there have 

been studies indicating that avalanche multiplication phenomenon in a-Se may be 

employed in low-dose radiation medical imaging detectors. It is proposed to replace 

vacuum photomultipliers or silicon photodiodes in indirect type X-ray detectors. In such 

devices, light emitted as the result of X-ray interaction with a scintillator will be captured 

and converted to an electrical signal by an a-Se avalanche photodetector. This would 

dramatically increase detector performance at low doses [20]. 

Finally, the potential of a-Se as a photoconductor can be extended to low-energy 

gamma-ray imaging, which will be proposed under the scope of this thesis in Chapter 6. 
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1.2.   Significance of photo-induced metastability for practical use of ChGs 

Despite of the number successful applications of ChGs, the major challenge is its 

fundamental metastability. There is always a tendency for conversion of the amorphous 

form to the thermodynamically more stable, crystalline phase of the material. 

Furthermore, because the structure of amorphous semiconductors is not 

thermodynamically stable, the transformation can be triggered by optical/X-ray 

excitation, thermal heating or applied electric field [21]. Each case has its own 

peculiarities and thus to ensure effective application of a given ChG, a solid 

understanding of the causes for structural transformations on the microscopic level has to 

be developed.  

This PhD thesis is devoted to the study of photo-induced metastability of the most 

widely used ChG – amorphous selenium (a-Se), and the archetypal a-GexSe100-x glass 

compounds. Although photo-induced metastability is generally linked to the promotion of 

photo-induced defects in the material structure, the underlying physics is not clear to 

date. There have been several approaches to combat the most undesirable photo-induced 

metastability effect in ChG-based sensors – photocrystallization. For example, in 

amorphous selenium based HARP cameras it is suppressed by keeping the structure at 

350C [22]. The a-Se structure used in flat panel X-ray detectors is stabilized by doping 

pure a-Se with 0.2-0.5% of arsenic (As) and 10-30ppm of chlorine (Cl), which prevents 

material crystallization on the timescale of years [5]. Doping also partially balances the 

inherent defects, called valance alternation pairs (VAPs) [23] which, if left non-

compensated, control deep trapping times and consequently degrade imaging 

performance by introducing “lag” and “ghost” effects [24]. Even in stabilized a-Se, 

photoexcitation is shown to enhance the concentration of the VAP defects [25] which 

may lead to deterioration of the photoconductor. Continued research into defect creation 

and defect relaxation processes and the link to photo-induced metastability in a-Se and its 

alloys is important to prevent adverse effects on the material stability and consequently 

on the performance of ChGs based devises.  

This thesis is focuses on the relevant processes for ChG photosensors: we study 

pathways from the micro-level, i.e. defect creation and relaxation, to macro-level photo-
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induced effects, namely photodarkening (PD), photobleaching (PB) and photo-induced 

crystallization (PC). This is done for two materials, a-Se and a-GexSe100-x, where these 

effects are most important for applications in sensing. We show the effects of temperature 

and the energy of excitation on PD kinetics in a-Se, and define the root cause for transient 

and metastable optical transmittance changes. A variety of effects in a-GexSe100-x are 

investigated as a function of composition across the glass forming region; and the 

mechanisms triggering transient and/or metastable PD and PB effects are revealed. In 

addition, we demonstrate that metastable photodarkening acts as a precursor for photo-

induced crystallization, which confirms previous findings [122]. We also investigate the 

effects of substrate and temperature on photo-induced crystallization in a-Se and 

demonstrate that onset of PC is enhanced by the rigidity of the film-substrate interface.  

Finally, our investigation of the physics of a-Se and the understanding of its 

properties has allowed us to extend the range of a-Se to a new type of device, namely a 

specialized direct conversion gamma-camera for low energy applications. With a 

laboratory prototype based on an a-Se flat panel X-ray detector outfitted with specially 

designed collimator, we demonstrate the potential of the proposed device to fulfill the 

clinical requirements for image-guidance of radioactive seed procedures. 

1.3.   Thesis scope 

Chapter 2 introduces basic properties of a-Se and a-GexSe100-x, i.e. atomic structure, 

density of states, defect classification, and characteristic Raman modes. An overview of 

light-induced effects is presented; in particular photodarkening and photo-induced 

crystallization in a-Se, and photodarkening and photobleaching in a-GexSe100-x. The 

major motivation for understanding the origin of these effects and associated photo-

induced metastability concludes the chapter. 

Chapter 3 develops a methodology for investigation of the light-induced phenomena. For 

the PD/PB effects study, an experimental two-laser beam technique and Raman 

spectroscopy used in conjunction with theoretical modeling are outlined. For the photo-

induced crystallization, co-localized Raman mapping and atomic-force microscopy 

(AFM), as well as temperature-dependent Raman spectroscopy techniques are described. 
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In Chapter 4 & 5 the major results on light-induced effects for both a-Se and a-GexSe100-x 

glasses are presented and discussed.  

Chapter 6 is devoted to the a-Se based gamma-camera that is proposed to facilitate image 

guidance for a novel, alternative breast cancer treatment options, i.e. Permanent Breast 

Seed Implantation and Radio Seed Localization procedures. The constructed fluence 

integrating gamma camera prototype is described and results of its imaging performance 

evaluation in realistic breast phantom studies are demonstrated. 

Concluding remarks summarize the thesis. 
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CHAPTER 2 

Properties of a-Se and its compounds 
2.1.   Basic properties of a-Se 

2.1.1.! a-Se atomic structure  

Selenium is a group VI element in the periodic table. Its electron configuration is 

[Ar]3d104s24p4, hence it has 6 valence electrons in the outer shell. In the “ideal” a-Se 

network every atom is covalently bonded with two nearest neighbors. Each of the Se 

atoms has two paired electrons deep in the valence band (VB) in the s-state, which do not 

participate in bonding. The two singly occupied p-states participate in the covalent bond 

formation, splitting into bonding (!) and anti-bonding (!*) molecular orbitals (Figure 1).  
 

!
!

Figure 1. Schematic representation of Se atom bonding configuration, in case of two 
covalent bond formation with another Se atom (arrows is grey correspond to electrons 
of the other Se atom). 

  

The remaining p-state is filled with two paired electrons, the so-called lone pair (LP), 

electrons which form the top of the VB, as shown in Figure 1. The LP electrons play an 
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important role in a-Se, to some extent defining the physical properties of the material as 

will be discussed later in this Chapter.  

Selenium exists in various forms, including crystalline (e.g. trigonal or hexagonal, 

#-, '- , &-monoclinic) and amorphous allotropes (e.g. red, brown, black Se) [26]. Whereas 

the structure of crystalline Se is well defined in the literature [27], the structure of a-Se is 

not. Like for any other amorphous material, the features of the atomic structure of a-Se 

are: short range order, long range disorder and coordination defects, thus over- or under- 

coordinated atoms may be incorporated in a random network [28]. It is important to note 

that crystalline and amorphous forms of the same material share similar local order, i.e. 

the average number of nearest neighbors, average bond length and average bond angles. 

For this reason, for many years the molecular structure of a-Se was represented as a 

mixture of fragments of the two main forms of crystalline Se, i.e. monoclinic Se8 rings 

and trigonal Sen polymer chains. 

Hexagonal or trigonal selenium (t-Se) is thermodynamically the most stable 

allotrope of crystalline Se, in which the crystal is composed of parallel helical chains, 

Sen, with the repeated unit of three atoms (Figure 2, left part). In this fashion, a lattice of 

!

Figure 2. Left: trigonal or hexagonal Se [29]; Right: monoclinic #-Se [30]. 
 

trigonal symmetry is formed and every atom has two intrachain covalent bonds with 

nearest neighbors. The interchain interactions are found to be of two types, weak van der 

Waals type interactions between chains [31] and strong covalent due to the partial 
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overlap of the LP and antibonding orbitals of neighboring Se atoms [32]. Monoclinic Se8 

has three forms α, β and γ (α-Se is presented in Figure 2, right part) constructed of eight-

member rings. Whereas the unit cell of α- and β- Se is composed of four Se8 molecules, 

γ-Se contains eight Se8 molecules [32]. Another form of crystalline Se which is 

composed of Se6 ring-like molecules is called rhombohedral selenium [33]. To have an 

idea of how the parameters of the crystalline structures differ from one to another, 

examples are provided. The Bond length and bond angles in the case of α-Se and β-Se are 

almost identical 2.32 and 2.34 Å and comparable to the 2.37Å for t-Se. The melting 

temperatures are reported to be 144oC, 100oC for α- and β- monoclinic Se respectively, 

which is much lower than 217oC for t-Se. Once the temperature reaches 140-160oC the 

monoclinic form spontaneously transforms to the more stable t-Se. Overall, the 

crystalline forms of Se are formed in a way that minimizes interatomic interactions of the 

LP electrons [25]. 

Amorphous selenium is typically two-fold coordinated with the purely covalent 

atomic bonds. The molecular structure of amorphous selenium, as mentioned earlier, was 

believed to be a mixture of ring-like and chain-like structures with no definite ratio, but 

predominantly Sen chains. Rings can be composed of 6 or 8 atoms [34]. Different 

techniques were used in 60s and 70s to probe and explain the a-Se molecular composition 

[35,36,37,38]. Today, the most widely accepted model of a-Se structure is the random 

chain model originally suggested by Lucovsky [34,39] and depicted in Figure 3. The 

model states that because the bond length, bond angles and magnitude of the dihedral 

angle (angle between two neighboring bonding planes) are approximately the same in 

both Se rings and Se polymer chains, the only difference between them is the sign of the 

dihedral angle, alternation of which determines cis- or trans- coupling configurations 

(Figure 4). In such a way, trans- coupling configuration allows for infinite extent of 

polymer chains, whereas cis-configuration leads to a linkage of “chain” onto itself 

causing the formation of ring fragments [39]. As the result the local order of a-Se 

depends on the sequence of dihedral angles.  
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Figure 3.Schematic representation of a-Se local molecular order, where chain-like 
segments are characterized by same phase of dihedral angle and ring-like fragments by 
the alternating one [34]. 
!

 

!

Figure 4. Cis- and trans- coupling configurations for molecular bonding in Se, re-
drawn from Ref. [39]. 

 

To the best of our knowledge, the generalized random chain model is still in favor today 

supported and enriched by a number of recent publications [21,25,34]. The prevalence of 

trans-coupling or chain-like structures compared to ring-like Se8 fragments was recently 

reported to be 90%-to-10% in a-Se, based on high-resolution off-resonant Raman 

scattering [32]. Another study explained the energetically favorable chain formation by 

calculating an energy gain of about -0.025eV per atom when a ring-like structure is 

transformed to a chain-like one [25]; and also it highlighted the special role of LP 

electrons in a-Se structure. By first-principles simulation it was demonstrated that the 
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bond angle and torsion angle in a-Se is essentially defined by a LP electron interaction 

which pushes the shared orbitals apart. Indeed, in Selenium the interchain distance is 

close to the intrachain second-nearest distance [40]. In contrast to t-Se, which minimizes 

the interatomic interactions of LP electrons, in a-Se, LPs are disoriented, resulting in 

tension along the chains. Thus, tension release via crystalline-like inclusions in a-Se 

structure is favourable [25]. An example of a simulated “ideal” structure with two 

adjacent chains is shown in Figure 5, where a combination of polymer-like and ring-like 

segments reduces the repulsion between LP orbitals.  

` 	

Figure 5. Two adjacent chains of a simulated a-Se structure [25]. 
 

In addition, linked rings can minimize the tension along the chains. When the tails of 

opened ring-like segments close enough to overlap, large repulsion takes place and the 

formation of closed rings can decrease the total energy by -0.49eV [25]. The average 

bond length of 2.37 Å for two-fold coordinated Se atoms is reported in the literature [41].  

The interatomic distance between the atoms that are not involved in covalent bond 

formation is reported to vary over a wide range with a lower limit of 2.80 Å (Figure 5). It 

should be noted that if the average bond length is enlarged to 2.80 Å, some atoms can be 

considered as three-fold coordinated. Indeed, over-coordinated atoms in valence 

alternation pairs (VAPs) are well-known structural defects in ChGs and a-Se in particular 

[42,43,44]. Whereas the entire subchapter 2.1.4 is dedicated to the discussion of defects 

and VAPs in a-Se, it is important to emphasize that coordination defects also help to 
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release tension due to the destabilizing interactions of LP orbitals [25]. This explains why 

in a well-relaxed a-Se structure over- and under- coordinated atoms are found.  

2.1.2. Raman spectra of a-Se 

Raman scattering is the most frequently used spectroscopic method to probe the 

symmetry of molecular structures, bonding and the degree of disorder in solids in a non-

destructive manner. From a quantum mechanical point of view, Raman scattering is the 

inelastic scattering of incident optical photons by phonons (lattice vibrations) within the 

material. When incident light (usually a monochromatic source with photon energies in 

the range 2-4eV) passes through the material, the spectra of the scattered light consists of 

several distinct features. The central, strongest signal is at the same frequency as the 

irradiation source 𝜔/, and occurs due to the elastic scattering (Rayleigh scattering) of the 

incident photons. Other spectral lines that are symmetrically spread on both sides of the 

central line with frequencies 𝜔0 = 𝜔/ ±
∆4
ℏ

 are due to the Raman scattering. The 

frequency shift to the left or to the right of the spectra depends on whether photon gave 

up a portion of energy, ∆𝐸, or gained it as the result of interaction with molecules of the 

probed matter. Raman bands with frequencies lower than that of incident light are called 

Stokes and higher ones are called anti-Stokes. When energy is transferred from incident 

photons to the material, it results in the Stokes lines or the redshift of scattered photons. 

When the energy is transferred from the material to the incident photons anti-Stokes 

spectral lines appear and a blue shift is observed. In typical Raman spectra the intensity 

of the scattered light is plotted vs. frequency difference of the incident and scattered 

photons. It is important to use low enough intensity of incident light not to cause 

overheating of the material, since the thermal excitation itself will result in different 

Stokes and anti-Stokes spectral line behavior. When the frequency of excitation does not 

correspond to the interband transition of the solid, the Raman effect is a second order 

virtual process. As such, photoexcitation brings the system to a virtual electronic state 

and during subsequent relaxation, the emitted photon can be shifted up in the spectra due 

to phonon absorption, or shifted down by phonon emission forming lines in the Raman 

emission spectra. The intensity of the lines is greatly enhanced when the frequency of 
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excitation is comparable to the interband transition frequency (this is called resonant 

enhancement). With increasing disorder of the material discrete spectral lines eventually 

form a broad spectrum. For structural analysis the Stokes-side of the Raman spectra is 

analyzed since it represents the equilibrium state of the material. The anti-Stokes part 

becomes more and more pronounced as atoms and molecules are excited, e.g. by heating. 

For this reason measurement of the Raman Stokes-to-anti-Stokes ratio is frequently 

performed to ensure that no significant heating takes place as Raman spectra is being 

recorded. The peak frequency of the Raman spectra is obtained by spectra deconvolution 

(frequently with Lorentzian or Gaussian shapes to distinguish the modes). 

Figure 6 shows the Raman spectra of a-Se in comparison with t-Se.  

	

Figure 6.Typical Raman spectra featuring main vibrational modes of amorphous or 
glassy Se (g-Se) (lower part) with corresponding vibrational density of states (VDoS) 
(upper part) [32]. 
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The amorphous selenium Raman spectra can be divided into three regions: low-frequency 

region up to ~70cm-1; intermediate region from ~70cm-1 to 150cm-1 and the main high-

frequency region from ~200cm-1 to 300cm-1. The main vibrational mode in a-Se spectra 

is characterized by a broad band around 250 cm-1 related to Se-Se bond stretching 

vibrations with A1-symmetry, for both chain-like and ring-like structures [45]. The peak 

broadening in the range from ~240cm-1 to ~260cm-1 is due to the high level of disorder. 

When crystalline inclusions are present in a-Se structures the sharp low-frequency peaks 

around 233cm-1 and 237cm-1 (usually unresolved) corresponding to t-Se are apparent in 

the spectra [46]. Weaker lower-frequency Raman peaks in the region 70-150cm-1, at 82, 

112, 138cm-1 are  attributed to the Se8 bond-bending vibrations of ring-like fragments 

[47,32], but due to their low intensity are often less analyzed in studies [46]. Finally, the 

lowest energy region, up to 70cm-1 is dominated by the asymmetrical, so-called Boson 

peak which is due to torsional intermolecular vibrations [32]. The Raman spectra of a-Se, 

with main vibrational frequencies around 250 cm-1 and lower intensity peak at 113 cm-1 

supports the validity of the random chain model, where cis-coupling permits both bond-

stretching and bond-bending motions at the corresponding frequencies, whilst trans-

coupling representing polymer fragments with only bond-stretching modes possible. In 

other words, the vibration of all atoms contributes to the peak around 250 cm-1 peak, but 

only vibrations from cis-configuration with alternating dihedral angle appear as a peak at 

113 cm-1 (Figure 7).  

!

Figure 7. Cis- and trans- coupling configurations for molecular bonding in Se with 
corresponding frequencies of atomic displacement [39] 

 

Due to its high sensitivity in probing bonding configurations, Raman scattering 

measurements are instrumental in studies of photo-induced structural transformations in 
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a-Se. Indeed, previously it was possible to monitor the kinetics of the photo-induced 

crystallization (Figure 8), as the growth of trigonal selenium was observed under a 17 

W/cm2 or 10 W/cm2 633nm light flux over the course of 7 hours [46].  

	

Figure 8. Raman spectra obtained in a-Se under illumination for various exposure times, 
from 1.3hrs to 7.4hrs [46]. 

 

As can be clearly seen from Figure 8, a crystalline Se band (233cm-1, 237cm-1) is 

becoming more and more pronounced while the a-Se band weakens (250cm1) as the 

continuous illumination time increases. This reflects structural transformation from 

amorphous to crystalline phase of Se, and full crystallization is reached in about 7.4hrs of 

continuous light illumination at 277K. The effect of temperature on the onset time of 

photo-crystallization is discussed later in this Chapter.  
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2.1.3. Density of states and role of the disorder 

In amorphous semiconductors, because of the loss of momentum conservation in 

electronic transitions, the energy-momentum band structure of a crystalline 

semiconductor is replaced by an energy-dependent density of states distribution. Since, 

short range order is preserved, the band gap energy of amorphous phase remains similar 

to the crystalline phase. Due to medium and long range disorder which originates from 

bond angles and bond length deviation, sharp band edges inherent to crystalline 

semiconductors are replaced by broad tails of states (of limited depth) extending into the 

forbidden gap (Figure 9). States within the tales are localized. The separation between the 

extended and localized states is called the mobility edge [6]. The energy gap between 

mobility edges is called the mobility gap (Figure 9). It is an analog of the forbidden gap 

in crystalline solids. Overall, there are three main energy ranges: valence band (VB), 

conduction band (CB), band tail region and defect states in the mobility gap. 
 

	

Figure 9. Schematic density of states (DOS) distribution in amorphous semiconductors. 
 

First proposed by Mott and Davis in 1979 [6], the mobility edge, Ec, derived its 

name from the fact that at zero temperature, the mobility of electrons is 0 below it and 
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has a non-zero value above it (T=0 electrons are mobile only above Ec and contribute to 

conduction). In other words, at zero temperature carriers conduct in extended states but 

do not conduct in localized states. The degree of disorder which is reflected in the 

“tailing” of the band edges influences not only the mobility edge energy but also the 

mobility of electrons and holes. For example, for trap controlled transport, called multiple 

trapping, the conduction of the charge carriers is characterized by frequent trapping in 

shallow localized states followed by excitation to extended states. The effective carrier 

mobility, called drift mobility, is lower than actual mobility in extended states and for the 

majority of disordered semiconductors is temperature dependent due to the thermal 

activation. The drift mobility is also time dependent in the majority of amorphous 

semiconductors which causes dispersive transport (consequence of trap release time 

distribution from the band tails) [6]. Another critical feature of the DOS in amorphous 

semiconductors is deep electronic states within the mobility gap due to the coordination 

defects. These effect trapping times and recombination rates in amorphous 

semiconductors.   

The similarity of covalent bonds in crystalline and amorphous Se leads to its 

similar electronic structure and comparable bandgaps. Amorphous selenium DOS has 

distinct peculiarities compared with crystalline Se. One of them is the formation of broad 

band tails due to lone pair electron interactions and disorientation. From the 1960s to the 

1990s a number of time-of-flight (TOF) and xerographic measurements were performed 

[48,49,50] allowing researchers to attain a good understanding of the electronic 

properties of a-Se. The most influential early work by Abkowitz [51] revealed the DOS 

for doped and undoped a-Se shown in Figure 10 that was later confirmed by others 

[52,53]. The DOS diagram defines a mobility gap of 2.22eV as well as the additional 

features of the mobility edges. The shallow traps for electrons and holes were reported to 

lie at 0.35eV and 0.26eV below the CB and above the VB respectively. Deep electron 

states had a broad distribution with mean energy of 1.22eV from the CB mobility edge 

and deep hole states at 0.87eV from the VB mobility edge. The Fermi level was 

determined to be pinned 0.045eV below the middle of the mobility gap. However, since 

Abkowitz’s publication other distinct peaks have been reported [54,55]. 
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Figure 10. a-Se DOS by M. Abkowitz (1988) [51]. 
 

 

Recently, S. Kasap and co-workers [56] clarified the DOS distribution by means 

of TOF measurements performed in a wide range of electric fields, temperatures and 

sample thicknesses. Amorphous selenuim DOS by Kasap et al. is shown in Figure 11.  
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Figure 11. Generalized DOS for pure and stabilized a-Se (stabilization refers to alloying 
with ≈0.5% of As and doping with Cl in ppm range). The central part indicates the total 
concentrations of deep traps for electrons and holes whose energy distributions were not 
resolved due to the limitations of applied methods [56]. 

	
 

Instead of the Gaussian peak at 0.35eV below the conduction band reported by 

Abkowitz, they proposed two Gaussian-like peaks below conduction band at 0.27-0.33eV 

and 0.38-0.48eV. These authors also found an exponential-like tail spreading above the 

Ev down to Ec-0.20eV (Figure 11) in complete agreement with Abkowitz model. In all 

models, the nature of DOS peaks below EC was attributed to the structural defects in the 

forbidden gap, namely valence alternation pairs.  

2.1.4. Defect classification in a-Se 

The defect classification of non-crystalline solids differs from that of crystalline ones. In 

crystalline materials any deviation from ideal network is considered as a defect. 

Commonly, there are three types of defects: point defects (vacancies and interstitials); 

extended defects (e.g. grain boundaries and dislocations) and chemical impurities 

(substitutional atoms or molecules) [57]. The primary defect in amorphous 

semiconductors is a bonding or a coordination defect. An important coordination defect is 
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a single unsatisfied bond incorporated into the network and is called dangling bond 

defect. Dangling bonds are known to drastically deteriorate the electronic properties (e.g. 

a-Si has poor photoconductivity and cannot be doped until its dangling bonds are 

passivated by hydrogen atoms creating hydrogenated amorphous silicon [58]). Another 

type of coordination defect is an over-coordinated atom or hypervalent defect. Lone pair 

amorphous semiconductors with non-bonding orbitals can possess specific bonding 

configurations, as e.g. described below in case of a-Se. 

 In selenium, due to its low-coordination (normally two-fold), the types of 

coordination defects are limited to: under-coordinated one-fold and over-coordinated 

three-fold or four-fold Se atoms. Whereas one-fold and three-fold coordination Se defects 

are commonly present in the bulk and on the surface, the four-fold coordinated Se atom is 

found to be a surface defect. The most studied defect in a-Se is a pair of charged under- 

and over- coordinated defects, the so-called valence alternation pair (VAP). It represents 

a case where two selenium atoms in close proximity are found as a combination of a 

positively charged three-fold coordinated and a negatively charged one-fold coordinated 

Se atom. The first research into VAP defects arose from the controversy around the 

pinned Fermi level in ChGs and absence of a signal in electron spin resonance (ESR) 

experiments [59,60]. Fermi Level pinning in non-crystalline chalcogenides is due to the 

superposition of band tail states extended in the mobility gap. Anderson [61] was first to 

suggest that due to the strong electron-lattice interaction all spins are paired which results 

in absence of ESR signal. Indeed, the energy difference between a center with paired 

spins and that with unpaired spins is due to the Coulomb repulsion between two 

electrons, the exchange interaction of the two electrons and the bond distortion caused by 

the additional electrons. This difference is called the correlation energy. In a-Se it turns 

negative and the center with paired spins is called a negative-U center. The proposed 

existence of the negative effective correlation energy in a-Se pointed to the instability of 

the neutral paramagnetic dangling-bond defect against the formation of VAP. Mott [62] 

proposed the exothermic reaction of defect states which resulted in the absence of 

unpaired spins, i.e. 2𝐷/ → 𝐷+ + 𝐷- , where D stands for dangling bond in three states, 

neutral, positively and negatively charged respectively. At the same time a VAP model 
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was developed based on carrier transport, luminescence, photo-induced ESR and other 

experimental data by several scientists, including Mott and Street [63], Kastner, Adler 

and Fritzsche [64] and Anderson [65]. They described VAP defect formation using Eq. 1	

 𝐶=/ = 𝐶,- + 𝐶*+, (1) 

 

where C represents a given atom, subscript indicates its coordination number and 

superscript its charge state, i.e. neutral, positive or negative. It is appropriate to describe 

the process of VAP creation in a-Se. When 2 normally-bonded Se atoms are transformed 

into a defect pair (three-fold over-coordinated and one-fold under-coordinated Se atoms) 

one electron is transferred to one-fold site to optimize the energy configuration. It has 

been shown that VAP defect production is energetically more favorable than any other 

defect configuration, e.g. dangling bond production or neutral over- and under-

coordinated atoms [64]. Figure 12 summarizes major bonding possibilities in ChG atoms 

with corresponding energetic positions, taking the energy of the LP orbital to be zero. 

When 𝐶,-and	𝐶*+ are in close proximity the intimate valence alternation pair (IVAP) is 

formed. Moreover, the presence of VAP and IVAP do not change the total number of 

bonds and the energy of formation is small enough to give rise to a high density of VAP 

in ChGs [64].  

Today VAP is considered to be a fundamental defect in non-crystalline 

chalcogenides. VAPs present in a significant quantity in well-relaxed structures (VAP 

defect density is about 1017 cm-3eV-1 in a-Se [57]), and is known to reduce the potential 

energy of the system due to a thermodynamically favorable formation. Similar to 

crystalline-like inclusions, VAPs help to resolve destabilizing interactions of LP orbitals 

along the Se chains. 
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Figure 12. Electronic configurations for possible bonding types in lone-pair 
semiconductors with corresponding energetic positions. On the left: straight lines 
correspond to σ orbitals, lobes to LP orbitals and circles to anti-bonding orbitals. On the 
right:	𝑬𝒃 is the bonding energy, Δ destabilization energy due to bonding/antibonding 
states splitting, 𝑼𝝈∗ and 𝑼𝑳𝑷 increase in energy when electron is placed on σ* or LP 
orbital due to electronic correlation [64]. 
 

VAP defects are reported to have different configurations and consequently can 

be classified into three different types with corresponding energy levels in the mobility 

gap (Figure 13, [56]). The following description of VAP defect types is rewritten from 

our recently published paper (Ref. 25).  

The first type (Figure 13(a)) represents VAP in which 𝐶,- and 𝐶*+ atoms belong to 

different chains and the energetic position of the 𝐶*+ is correlated with a DOS peak 0.27-
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0.33eV below the CB (Figure 11). This defect can appear as the result of chain 

discontinuation. When a-Se chain breaks, one of the 𝐶,/ sites remains separated, while 

another connects to a two-fold 𝐶=/ site of another chain, thus, becoming a three-fold 

𝐶*/coordinated. This process is followed by a charge exchange reaction 𝐶*/ + 𝐶,/ → 𝐶*+ +

𝐶,-  and formation of a two-chain VAP defect. The total energy in this case is reported to 

be lowered by -1.22eV compared to an ideal (two-fold) configuration. Thus, it confirms 

the efficiency of relieving tension with VAP defect formation, despite the strong dipole 

formed between the 𝐶,- and 𝐶*+ sites. In addition, the 𝐶,- and 𝐶*+ sites are separated by 

3.15 Å and the 𝐶*+ bond is  lengthened to 2.4–2.6 Å for this VAP defect [25].  

 

	

Figure 13. Different types of VAP defects: (a) two-chain VAP; (b) IVAP and (c) IVAP pair 
[56]. 

 

The second and third VAP types are based on the concept of intimately bonded 

valence alternation pairs (IVAPs), when 𝐶,- and 𝐶*+ Se atoms belong to the same chain 

and Coulomb and exchange forces act between IVAP partners. Whereas the second type 

(Figure 13 (b)) represents a single IVAP with the 𝐶*+ state 0.45eV below EC , the third 

type (Figure 13 (c)) is a combination of two IVAPs from different chains and is found to 

be the most effective in tension relief [25]. The IVAPs combination occupies the deepest 

localized state at 0.61eV below EC. In general, IVAP defects appear on a single chain of 

an ideal network and do not affect the electronic and structural configurations of the other 

chains. The mechanism of IVAP formation is the same as for the VAP: one broken end 

remains detached while a second attempts to convert into a threefold site denoted in 

Figure 13(b) as the 𝐶*+ site. Because the induced charge redistribution is restricted to a 

single chain, the strong dipole keeps apart the 𝐶*+ and 𝐶,- sites at a distance of 2.82Å, i.e., 
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the third bond associated with the 𝐶*+ is elongated. Moreover, the strong dipole moment 

masks the stress-relieving effect and as a result, no decrease in energy is detected with the 

formation of this defect. However, when two IVAP defects appear in a pair (see Figure 

13(c) showing two IVAP defects separated by a distance of approximately 3.8Å [25]), the 

interaction between the defects reduces the total dipole moment. The bond shortens to 

2.78Å, and the total energy decreases by −0.04eV per atom uncovering a stress-relieving 

effect. As a result, the IVAP pair is more stable than the single IVAP defect (the total 

energy difference is −1.08eV), and IVAP defects are expected to appear predominantly in 

pairs. It should be noted that the structural rearrangements of IVAP pair formation are 

restricted to the two involved chains and do not affect the rest of the network. The IVAP 

combination is believed to be responsible for deep trapping in a-Se with slow (on the 

order of hours, sometimes days) thermal excitation mechanisms. 

In surface layers of amorphous selenium pairs of four-fold and three-fold 

hypervalent coordination defects were recently reported by T. Scopigno et al. [43]. 

Surface atoms are no longer in equilibrium conditions due to the absence of nearest 

neighbours, consequently anisotropic fields of interatomic forces are exerted on them. 

This may result in normal relaxation with normal coordination or bond rearrangements if 

the normal coordination cannot be preserved. The surface of a-Se was shown to have 

increased stiffness due to the different topology compared with the bulk structure. 

Notably, hypervalent four-fold and three-fold coordination defects incorporated into an a-

Se surface network serve as strain release not only in the top-most layer, but within a few 

nanometers. Considering negligibility of surface-to-bulk ratio for the studies carried out 

in the aim of this thesis, surface defects are beyond the scope of this work. 

2.2.   Basic properties of Ge-Se glasses 

Germanium selenides (a-GexSe100-x) are the archetypal covalently bonded binary class of 

glasses with the unique feature of a transition from flexible to stress-rigid phases as the 

Ge content rises from 5% to 30% and above [66]. The interest in its physical properties, 

and light-induced effects in particular, is not only fundamental from the glass science 
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point of view [67,68,69] but also due to the potential they hold for applications in optics 

and optoelectronics [70,71,72]. 

2.2.1.! Ge-Se bonding configurations 

Germanium is a group IV element in the periodic table. Its electron configuration is 

[Ar]3d104s24p2, hence it has 4 valence electrons in the outer shell, consequently Ge atom 

has a tendency to form four bonds with its nearest neighbors. Over the past two decades a 

wide range of spectroscopic studies reveal the dominant character of the four-fold Ge 

atoms and the two-fold Se atoms in the Ge-Se glass forming system [73,74,75,76,77,78]. 

This is due to covalent heteropolar Ge-Se bond formation, usually in the form of GeSe4 

tetrahedra units (Figure 14).  

 

!

Figure 14. Schematic representation of GeSe4 tetrahedra unit and Se-Se fragments in 
germanium selenide amorphous network. 
 

The higher the concentration of Ge, the more the Se-Se chain/ring-like structures are 

replaced by GeSe4 tetrahedra. Various combinations of tetrahedra are possible in the 

glass. The most common are the so-called corner-sharing (CS) and edge-sharing (ES) 

configurations (Figure 15). As can be seen from Figure 15, in the corner-sharing 

combination, two neighboring tetrahedra share one Se atom. In edge-sharing two Se 

atoms are shared. Another important bonding configuration which becomes more and 
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more frequent as Ge content exceeds 33% is so-called ethylenelike (ETH or ET) Ge-Ge 

bond (Figure 15, bottom configuration).  

 

!

Figure 15.Illustration of corner-sharing (CS), edge-sharing (ES) configurations of GeSe4 
tetrahedra; and ethylenelike (ETH or ET) Ge-Ge homopolar bond configuration [79]. 
 

Naturally the more Ge atoms introduced into the flexible Se-Se matrix the stiffer 

the material network becomes due to the progressively increased mean coordination 

number [79]. This corresponds to transitions from the flexible phase with dominant Se-Se 

bonding configuration to an intermediate phase (IP) with a significant fraction of ES and 

CS configurations and eventually to a high rigidity phase rich in Ge-Ge ETH units 

[66,80] (Figure 16). This phenomena is of critical importance for both the fundamental 

understanding of the disordered states and promising technological applications of the 

Ge-Se class of glasses. 
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Figure 16. Elastic phases of GexSe100-x glasses showing evolution from flexible to rigid, 
nanoscale phase separation (NSPS) phase [66]. 

2.2.2. Raman spectra for a-GexSe100-x 

Classification of Raman-active modes of Ge-Se system is more complex than that of pure 

a-Se, since different concentrations of four-valence Ge atoms permits different bonding 

with Se or Ge atoms in the amorphous network. Raman spectra of GexSe100-x compounds 

typically have four main features: (1) 179cm-1peak is due to Ge-Ge homopolar 

ethylenelike (ETH) structural units; (2) and (3) 195cm-1 and 214cm-1 peaks are due to the 

symmetric stretching of all Ge-Se bonds of GeSe4 tetrahedra in corner-sharing (CS) and 

edge-sharing (ES) configurations respectively; (4) a wider frequency band centered at 

about 250cm-1 corresponding to the bond stretching in Se-Se ring-like and chain-like 

fragments. Sometimes, the asymmetrical stretching of ES bonds at 305cm-1 are 

mentioned as the 5th region [75]. Aforementioned, intensities of the bands, especially 

ETH and Se-Se vary depending on the Ge content, as shown in Figure 17 [81].  
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Figure 17. Raman spectra of GexSe100-x with glass compositions given alongside the 
spectra [78]. 
 

The Stokes part of the Raman spectra for different glass compositions demonstrates that 

as Ge concentration increases from 4% to 33%, the intensity of the ES (195cm-1) and CS 

(214cm-1) peaks increases, while bond stretching vibrations of Se-Se at ~250cm-1 

naturally fade out as more and more Ge atoms are introduced into the network and are 

making bonds with Se atoms. In addition, as Ge % reaches 33.3% the ETH units with 

corresponding vibrations start to appear (Figure 17).  

 Usually, the edge-sharing to corner-sharing ratio is monitored to probe the 

variation in glass bonding as a function of Ge content or as the result of light-induced 

transformations. Light-induced effects on this ratio will be discussed in Chapter 5 based 

on our experimental data [82], however an example of an increase of ES:CS ratio due to 

an increase in atomic fraction of Ge is demonstrated in Figure 18. The non-linear increase 

in ES:CS ratio as a function of germanium concentration is observed. The ratio reaches 
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its maximum at 33.3% of Ge, which corresponds to the maximum Ge % investigated 

under the scope of the study [81].  

 

	

Figure 18. Normalized fraction of ES:CS species vs. atomic % of Ge. Dots represent 
experimental data [81] and solid line represents theoretical prediction [76]. 

2.2.3. Density of states in Ge-Se glasses 

The most recent, comprehensive electronic density of states diagram for germanium 

selenide glasses for different % of Ge by Micoulaut et al. is shown in Figure 19. The 

black line represents computed DOS using Density Functional Theory (DFT) in 

comparison with other theoretical band theory work in red opened circles [83] and 

experimental data from x-ray photoemission spectroscopy (black opened circles [84] and 

red filled squares [85]. The valence band structure consists of two Ge and Se 4s bands 

deep in the valence band from -15eV to -5eV (C and B respectively), followed by 4p 

bands (A2-A3 for Se and A1 for Ge) from -5eV to -2eV the intensity of which varies with 

Ge content. The conduction band is characterized by α and β peaks from 2eV to 4eV. 

Whereas α peak is assigned to the Ge 4p electrons, Se 4s and 4p electrons contribute to 

both α and β peaks. The change in CB structure takes place when Ge concentration 

reaches 20% and one broad conduction band is transformed into two distinct peaks. 
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Figure 19. Electronic density of states for different Ge-Se compositions [79]. 
 

This transition also corresponds to the stiffness change from flexible to rigid phase 

through the intermediate phase [66]. However, at x=40%, the α peak is smeared out and β 

becomes dominant. In terms of energy gap (𝐸G), its width increases from 1.5eV to 1.8eV 

across the glass compositions, but one has to take into account the well-known error of 

DFT in 𝐸G underestimation [79]. For instance, other experimental studies reported optical 

energy gap varying in the range from 2.0 to 2.3eV when Ge % changes form 15% to 33% 

(Figure 20) depending on the sample preparation methods and ways to calculate optical 

band gap [66]. Bandgap estimation based on optical absorption measurements 

(corresponding to absorption coefficient of 5x103cm-1) resulted in an open circles data 

marked as E53 in Figure 20. The Tauc edge method revealed slightly different results ET 

shown as filled circles in Figure 20.  
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Figure 20. Compositional variation of optical band gap in Ge-Se glasses, reported by 
different research groups, where E53 corresponds to absorption coefficient 5x103cm-1 and 
ET to Tauc edge [66]. 

2.3.   Photo-induced metastability in ChGs 

Structural disorder of amorphous semiconductors permits alternative bonding 

configurations. This variation is thermodynamically driven due to the fundamental 

metastability of the amorphous phase with respect to the crystalline one and it can be 

further enhanced by excitation of different kinds, e.g. by means of optical and X-ray 

radiation, heat or electric field. On the microscopic level this is caused by electron 

excitation which destabilizes the bonding configuration of an atom. This change in the 

atom coordination can be adapted due to the amorphisity of the random network. Thus, 

an electron excitation from bonding to anti-bonding state can trigger structural 

rearrangement or metastable defect creation. Word metastable means that the lifetime of 

the change is relatively long but a more stable configuration (with respect to metastable 

one) exists. Thus, there is always a possibility for the system to come back to its initial or 

thermodynamically more stable form. In other words, metastability is a stable state which 

is higher in energy than lowest possible energy state, the so-called ground state of the 

system. 
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Structural transformations triggered by optical excitation, i.e. photo-induced 

structural metastability, is typical for chalcogenide glasses. It manifests itself in changes 

in the macroscopic properties of the glass under the action of strongly absorbed light. 

Photo-structural changes can involve creation of defects (e.g. dangling bonds and over-

coordinated atoms) as well as bond switching. Understanding photo-induced 

metastability is important for two major reasons; first, it has to be prevented when 

causing material instability and thus degradation in e.g. applications in sensing; second, it 

can be tamed for the direct application of light-induced metastability effects in e.g. 

memory devices. [86,87,88].  

The metastable nature of the photo-induced effects is usually subdivided into two 

types: reversible and irreversible. Reversible effects may occur on a time scale of less 

than a second to hundreds of hours, whereas irreversible are considered permanent. In 

addition to metastable photo-induced effects transient effects are observed. Transient 

changes are observed only when the photo-excitation occurs.   

Within the scope of this thesis, several unique light-induced effects, including 

photodarkening (PD), photobleaching (PB) and photo-induced crystallization (PC) are 

studied and discussed.  

2.3.1. Photodarkening and photo-induced crystallization in a-Se 

The photodarkening (PD) effect is the red shift of the absorption edge (or decrease of the 

bandgap) as the result of prolonged exposure to light is a well-known consequence of 

photo-induced metastability in chalcogenide glasses. Reported in the 60s-70s in films and 

bulk glasses of selenium and sulfur compounds [89,90] it is still studied today and not 

understood conclusively [21,91,92]. A distinction is made in the literature between the 

PD effects for freshly as-deposited films compared with well-annealed structures. On the 

one hand, in the annealed amorphous glasses, reversible photodarkening effect is usually 

observed, which is well repeatable and is independent of sample irradiation history. 

Freshly deposited films, on the other hand, are more prone to an irreversible red shift in 

absorption which is attributed to the non-settled structure after evaporation. This shift can 
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be partially restored after subsequent annealing near the glass transition temperature (Tg) 

[57]. Glass transition (occurs around Tg) is one of the three phases, namely glass 

transition, crystallization and melting, which a-Se exhibit as an inorganic polymer glass 

when heated at constant rate [34]. Tg marks the onset of softening or can be also defined 

as the transforming temperature below which viscosity grows exponentially and 

supercooled liquid possesses properties of glass [6]. It has to be noted that Tg in not 

strictly defined and depends on heating or cooling rate, in a-Se it is reported to be around 

42oC or 315 K [93,94]).  

There is a consensus in the scientific community that photodarkening is caused by 

band broadening due to increased local structural disorder and defect creation, including: 

bond switching phenomena [95], VAP creation [42] or homo- to hetero- polar bond 

conversion in multicomponent solids [96,97]. Several models have been proposed to 

explain the PD in terms of an exciton model by Street or an energy/configuration model 

by Tanaka. 

The exciton model hypothesizes that the photodarkening effect in ChGs is caused 

by the creation of a metastable state corresponding to a self-trapped exciton. When an 

optical photon is absorbed, an electron-hole pair is created which generates an exciton. 

Two scenarios are then plausible; the exciton can recombine or it can become self-

trapped. In the case of recombination, the original ground state configuration is restored 

with no distortion in the lattice. In the case of trapping, strong electron-phonon coupling 

diminishes the exciton energy and the radiative recombination is not possible. This 

results in strong distortion in the lattice [98]. Consequently, some photo-generated 

excitons become self-trapped forming metastable states within the band tails which 

causes the PD effect. In order for the system to relax back to the original ground state 

thermal excitation is necessary, since radiative recombination is not possible.  

Tanaka has proposed an energy/configuration diagram to explain and quantify the 

photodarkening effect (Figure 21) [99]. He characterized the ground state of the system 

by a double-well potential with the local minima X and Y separated by potential barrier 

EB. Illumination corresponds to excited electronic state characterized by a single-well 
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potential, with the single minimum Z. Excited state Z is exactly above the local minimum 

of ground state Y. 

!

Figure 21. Energy- configuration model for PD effect. X corresponds to the lowest 
energy initial ground state, Z to the excited state and Y to the metastable state responsible 
for the photodarkening effect. 
 

An electron from its ground state configuration X is photo-excited to Z) state. Following 

photoexcitation carriers can either recombine restoring the initial X-state or can 

thermalize to Z (Z)*Z) and become trapped in the upper potential well Y (Z*Y). Thus, 

the metastable state creation follows the path X*Z)*Z*Y. Accumulation of sites in the 

Y configuration enhances the density of deep states in the band tails causing the 

amorphous structure to become more disordered, thereby giving rise to a wide range of 

photo-induced phenomena, including the PD effect [22,99,100,101,102,103,104,105]. 

Subsequent thermal annealing provides energy to overcome the barrier EB and for the 

structure to relax back to its ground state X. This configuration-coordinate picture, or 

proposed variations that include a 3rd intermediate configuration [106], are quite general, 

and can encompass the formation of coordination defects [21,107], as well as the self-

trapped exciton model proposed by Street [98]. The barrier height can be quantified from 
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temperature dependent measurements assuming the photodarkening amplitude is 

proportional to the density of Y configuration defects.  

Tanaka’s phenomenological approach was clarified in our recent paper (Ref. 25). 

A diagram of the photo-excitation process extracted from this paper is presented in 

Figure 22 and can be explained as follows: excitation of electrons brings the system from 

a ground state A (an analog of X configuration in Tanaka’s model) to an excited state A*, 

assuming that an electron excited into the conduction band leaves behind a hole in the 

valence band tail. The state in the valence band tail is missing one or two electrons and 

thus induces lattice relaxation of the immediate neighbourhood needed for its 

stabilization. As a result, the excited A* state converts either into a B* or C* state. The B* 

state accounts for the insignificant lattice relaxation involving the bond shortening or 

elongation and as such is characterized by a small decrease in energy ΔUEB. When the 

missing electron returns, the B* state is able to relax into the original ground state A.  

	

Figure 22. Potential diagram describing an excitation of the A state and contribution of 
the photo-induced lattice relaxation into the stabilization of the excited state A*. The 
energy scale reflects the total energy of a system [25]. 
 

This mechanism is assumed to be responsible for transient photodarkening that exists 

only while the optical excitation lasts. In contrast, the C* state results in bond 
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rearrangement reflected in the large ΔUEC. The A* → C* transition requires overcoming 

the potential barrier ΔVB, and it is hypothesized that the former is responsible for 

metastable photo-induced effects since C* is not restored to the original A*. As a result C* 

relaxes to a fundamentally more stable configuration (an analog of the Y state in 

Tanaka’s model). 

All of the above mentioned models are focused on a metastable PD explanation. 

In contrast, the transient photo-induced effects are assumed to be caused by electron 

transitions between ground and photo-excited states, with no metastable states being 

involved [108]; or by dynamic bond formation and its almost immediate restoration. The 

latter was experimentally demonstrated by Kolobov et al. by their in situ EXAFS study, 

where the average coordination number of a-Se was shown to increase by 5% upon 

bandgap light irradiation at 30K [42]. This was explained as the formation of a threefold 

dynamic bond between excited atoms, which causes structural disorder. Overall, three 

pathways for relaxation were suggested after a threefold dynamic bond is created (Figure 

23). 

	

Figure 23. Schematics of local structural disordering and transformation as the result of 
light irradiation [42]. 
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Path I results in restoration of the initial bonding configurations; while in the path II a 

bond switching process occurs with no change in coordination of the participating atoms 

and in path III coordination defects are introduced, namely the combination of one-fold 

and three-fold coordination sites. Naturally the first two would be responsible for 

transient light-induced effects that are observed due to the structural disorder and 

disappear as the illumination is terminated.  

Photo-induced crystallization (PC) of a-Se is an irreversible relaxation phase 

change that occurs well below the amorphous selenium crystallization temperature when 

optical excitation enhances the transition from an amorphous phase to the 

thermodynamically preferred crystalline phase. The rate of PC is fast at temperatures 

above the glass transition. However, when a-Se layers are deposited on rigid substrates 

PC occurs even at temperatures well below the Tg [21]. This behavior is related to the 

substrate-generated shear strain which is known to promote the PC process [46]. In spite 

of studies by many researchers [109], a full understanding of factors that control PC in 

film structures, i.e. different substrates, growth conditions and temperature remains 

elusive. It has been established that: (1) crystallization is initiated preferentially at the 

substrate interface [110,111,112]; (2) strain is an important factor in this tendency 

[113,114] and (3) that crystallization is enhanced by light [111, 113, 112, 114]. 

 Several studies have employed Raman spectroscopy [46,115,116,117], X-ray 

diffraction, and atomic-force microscopy [118,119] to investigate aspects of the PC 

process related to the microscopic changes in structure that drive the primary nucleation 

of t-Se domains. There is a broad consensus that at the atomic level these changes are 

caused by a variety of bonding defects, such as dangling bonds and valence alternation 

pairs [120]. Surprising thermal behavior near the glass transition was reported by 

Tallman et. al.[46], showing a discontinuous increase in the PC onset time (time when t-

Se peak becomes detectable) as a function of temperature (Figure 24). This was observed 

by means of Raman spectroscopy when the crystal growth kinetics were monitored at 

different temperatures. As the result, distinct temperature regimes are defined [46]. 

Whereas no photo-induced crystallization was seen below 260K and around the glass 

transition, temperature-dependent PC is evident from 260K to 302K and above the glass 
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transition (Figure 24). Temperature dependent regimes are shown to exhibit Arrhenius 

behavior with activation energies of 0.8-1.0eV. Another study [121] of glass-deposited a-

Se structures found similar jumps in the PC onset times near Tg, but the temperature 

ranges varied widely.	

	

Figure 24. Thermal behavior of the PC onset times. On the left: comparison of typical 
and post-exposed a-Se Raman spectra at given temperatures and time of illumination. On 
the right: PC temperature regimes [46]. 
 

	 Historically, PC and PD were treated as independent processes, although as was 

discussed above, several studies suggest that structural changes are caused by an 

increased level of structural disorder and/or defect creation process. Recently Reznik et 

al. linked photo-induced crystallization and photodarkening [122]. They have estimated 

the height of the barrier EB in the energy-configuration model for photodarkening and 

showed that photo-induced crystallization is a thermally activated process with an 

activation energy identical to EB. Due to the similarity between the activation energies for 

both processes Reznik et al. suggested that PD and PC are of the same nature, and 
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agglomeration of states in Y configuration (Figure 21) can cause an increase in barrier 

height, thus making relaxation from Y to X state less probable. An additional argument to 

support the similarity between PD and PC was provided by an experiment at elevated 

temperature, just below the glass transition temperature for a-Se (350C). At this 

temperature both the irreversible component of PD and PC were not observed [46, 92]. 

Although elevated temperatures cannot prevent the appearance of Y states upon 

excitation (indeed a double-well configuration is a fundamental feature for a-Se), 

structural relaxation at temperatures close to Tg does prevent agglomeration of Y states 

and as such restricts transformation to a crystalline phase. Indeed, direct Raman 

measurements of PC at 350C, does not show an appearance of a t-Se peak, although this 

peak appears at other temperatures after several hours of continuous illumination (Figure 

24). 

The majority of studies on PD have been done using sub-bandgap illumination 

(which was shown to be effective in causing the pronounced effects). The effect of 

above-bandgap illumination on PD has been studied far less, particularly for a-Se, 

although it was reported that the photodarkening amplitude levels off or decreases for 

short wavelength excitation [103]. This finding is quite encouraging since it suggests that 

the resistance of a-Se to photo-induced structural changes at higher energies of excitation 

is enhanced, which is particularly important for applications of a-Se in optical and X-ray 

sensors. As such it deserves further analysis and theoretical support. 

A comprehensive study of different PD components under sub-bandgap and 

above-bandgap illumination is carried out over a wide temperature range as a part of this 

PhD work. Our experimental results demonstrate dramatically different PD kinetics for 

above-bandgap and sub-bandgap excitation and allow us to define different relaxation 

mechanisms responsible for transient and metastable photodarkening in different energy 

regimes [123]. Chapter 4 is dedicated to the results, discussion and conclusions of our 

findings. 

Due to the obvious need for clarification and explanation of the connection 

between strain and the thermal aspects of the observed PC effects we explore the 

influence of different substrates (Si and glass), and different film-layer-substrate 
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combinations, for a variety of a-Se films and multi-structures. Intermediate layers 

(indium tin oxide and polyimide) are chosen to promote conductivity and/or to buffer 

against interface strain in the structures of interest for digital imaging applications. The 

PC characteristics in these samples are evaluated and analyzed using optical microscopy, 

atomic-force microscopy, Raman mapping, and temperature-dependent Raman 

spectroscopy. Our findings and conclusions are published in Ref. 124 and presented in 

Chapter 4. 

2.3.2. Photodarkening and Photobleaching in a-GexSe100-x 

A short overview of PD/PB effects in a-GexSe100-x glasses is reproduced here from our 

recent publication [82]. 

The reverse process of photodarkening is the photobleaching (PB) effect. 

Photobleaching is a blue shift of the absorption edge or an increase of the bandgap under 

light irradiation commonly observed for Ge-containing chalcogenides [70]. In Ge-Se 

glasses two types of light-induced effects are observed, namely photodarkening and 

photobleaching.  Similar to other ChGs, PD and PB arise from unique electronic and 

atomic structural peculiarities and the lack of periodicity in Ge-Se systems, as well as 

from a special feature, the availability of lone pair states [125]. The former allows 

structural reorganization with or without bond breaking [25,126], including a 

combination of inter-molecular and intra-molecular bond scission or weakening under 

light irradiation [127]. Thus, both PD and PB effects are predominantly related to 

structural transformations [128,129]. While the PD mechanism is better understood in a-

Se due to extensive study and explained using the models described in section 2.3.1, the 

underlying mechanism for photobleaching is still the subject of controversy. Two 

different causes have been reported in the literature. One explanation assigns PB to the 

local structural reordering as the result of excitation-triggered conversion of homo-polar 

Ge-Ge bonds to hetero-polar Ge-Se ones [67,130]. The second attributes the phenomena 

to the photo-oxidation process which involves Ge-O bond formation [68,131]. The latter 

effect is difficult to observe directly with available methods of structural analysis such as 

Raman spectroscopy because of the limited oxygen and low vibration intensity of the 
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oxygen-containing bonds. For oxide-containing compounds, the key methods used to 

investigate the structural changes are indirect, such as infrared (IR) spectroscopy. Tichy 

et al. [132,133] ascribe the increase in the amount of oxygen to a shift in the IR spectra to 

smaller wavenumbers associated with an increase in local electronegativity. Controversial 

results about weight and thickness loss in obliquely deposited films are reported by 

Rajagopalan et al. [134] and Harshavardhan et al. [135], which were related to the 

formation of volatile, chalcogen-based oxides. They do not describe such effects for 

normally evaporated films however. One investigation of photo-oxidation suggests that 

an oxide film is formed on the surface, thus producing strain at the interface that in turn 

induces states in the band gap [131]. Bearing in mind the basic relationship between 

structure and optical performance, this contradicts the general view that oxidation is 

identified with bleaching of the glass [136]. In addition, both metastable and transient 

PB/PD effects in Ge-based glasses are reported in the literature [67,68].  

Recent results have demonstrated that in a-GexSe1-x, glass composition plays a key 

role in the observed photo-induced transformations [137]. A few groups published the 

results showing that as Ge content increases, the crossover from PD to PB is seen 

experimentally [67,138]. In particular, for x<20% only photodarkening was observed and 

further Raman analysis revealed that the effect is caused by structural rearrangements, i.e. 

photocrystallization of Se [138]. As the Ge content is increased photo-induced 

crystallization is suppressed and around x=20% is no longer present. Beyond 20% 

experimental data showed a mixture of PD and PB effects. It is important to emphasize 

that one of the main challenges of revealing the nature of PD/PB effects is the inherent 

alteration of the glass topology in Ge-Se glasses [79]. With the increasing number of Ge 

atoms in the glass network, the mean coordination number increases, and this results in 

an evolution from flexible (x<20%) to a stress-rigid network (x>30%), separated by an 

intermediate phase (IP) (20%<x<30%) [66].  

While, there are many studies dedicated to the flexible phase, not much 

investigation has been done for the stress-rigid phase, including GeSe2. In addition, most 

of the photo-induced effects data available is on its fast kinetics (time intervals of fs and 

ns)	due to the high priority of short response times for practical applications. Very limited 
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data has been reported on slow kinetics (time intervals of seconds), although it has been 

recently shown that by increasing the exposure time the transition between PD and PB 

effects becomes apparent, which demonstrates the dual role of light for the occurrence of 

photo-induced effects in ChGs [67,138,139]. 

 To reveal the microscopic nature of the light-induced effects in a-GexSe100-x we 

have conducted a comprehensive study of transient and metastable PD and PB effects  

across the glass-forming region, with a special emphasis on high-rigidity compositions 

(x~>30%). Our findings are presented in Chapter 5.  
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CHAPTER 3 

Experimental techniques and setup details 
 

Two optical techniques were utilized to study photodarkening and photobleaching effects 

in a-Se and a-GexSe100-x glasses. (1) A two-laser beam technique was employed to 

introduce photodarkening and photobleaching effects by generation of defects and to 

simultaneously monitor PD/PB kinetics. (2) Raman spectroscopy was chosen as a 

nondestructive method to probe the structural changes associated with photo-induced 

effects.  

The photo-crystallization study was performed by means of temperature dependent 

Raman Spectroscopy and co-localized Raman - atomic-force microscopy (AFM) 

mapping. 

3.1.   Two-laser beam technique for PD/PB study 

The two-laser beam technique is based on the idea of monitoring changes in sample 

transmission with a non-destructive low-intensity laser beam (probing beam), while 

another high-intensity laser (pumping beam) induces photodarkening/photobleaching 

effects. This provides several advantages over conventional one-laser beam methods, 

where one illumination source is employed to introduce photo-induced effects and to 

record changes in transmission [21]. The two-laser beam method allows us to study both 

defect creation and subsequent defect relaxation kinetics, and it can distinguish between 

metastable and transient light-induced effects.  

The schematics and photo of the experimental setup that was built and utilized over 

the course of the PhD studies is shown in Figure 25. The pumping laser of the high 

intensity worked in an on/off regime, introducing the light-induced changes when it is 

“on” and allowing the structure to relax when it is “off”. Low-intensity probing light was 

used to continuously monitor changes in the transmission (T), so that relative changes in 

the transmission (T/T0) as a function of time were collected.  
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Figure 25. Experimental apparatus for PD temperature-dependent measurements carried 
out on a-Se samples. 
 

In our setup the probing light was first chopped at 100Hz frequency and then guided by 

fibre optic cables and series of lens to pass through the sample and to be collected by Si 

photodiode (Thorlabs 201/579-7227). A mechanical chopper and lock-in amplifier 

(Stanford Research Systems SR830 DSP) were used to completely eliminate the effects 

of ambient light. Lenses and additional attenuator glasses were used to provide low 

intensity probing light. The on/off cycling of the pump was produced by a function 

generator (Stanford Research Systems DS345). To ensure complete overlap between 

pump and probe beams, the beams diameters were set to 4.4mm and 1.6mm respectively. 

A temperature controlled stage Linkam Box (LINKAM LTS350) was employed for 

heating/cooling control and temperature stabilization. Liquid Nitrogen was used as a 

cooling agent allowing for a wide temperature range of measurements. The 

heating/cooling rate was set to 0.50C/min. Data was gathered with an oscilloscope 

(Tektronix TDS 754A).  
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In the beginning of each experiment the initial transmittance of the sample (T0) 

was measured with weak probing beam for 30 min to ensure that the probing beam did 

not cause changes in transmission. 

For the photodarkening study in a-Se, a probe beam of 655nm wavelength and 

0.29mW/cm2 intensity was utilized. The pump beam was chosen to be either 150mW/cm2 

at 655nm for sub-bandgap excitation or 200mW/cm2 at 405nm for above-bandgap 

excitation. Both were found to be high enough to produce the PD effect but low enough 

not to cause sample overheating. The pump cycling period was set to intervals of 200s 

separated by 200s periods of rest. The intervals were found to be optimal for our 

investigation. Amorphous selenium samples were annealed after each photodarkening 

experiment at 350C (slightly below the glass transition temperature Tg~420C [123]) for a 

period in the range 24-48hrs until the initial transmittance level was restored. It was 

empirically found that depending on the magnitude of metastable PD component that was 

produced during the experiment, if the sample was not annealed at 350C, transmittance 

would take from 4 days to weeks at room temperature to recover to the initial level. 

Different areas of the same sample as well as samples from different deposition runs (see 

Appendix A for samples details) were tested to confirm the reproducibility of the results. 

In the case of photodarkening/photobleaching study of a-GexSe100-x films, the 

probe beam was the same 0.29mW/cm2 at 655nm and a high-intensity 200mW/cm2 pump 

laser of 405nm was used to produce PD/PB effects. The pump laser worked in an on/off 

regime with a period of 400s.  

3.2.   Raman spectroscopy 

3.2.1. Setup details for Ge-Se light-induced effects study 

Raman analysis for a-GexSe100-x was performed on pre- and post-exposed samples to 

track the structural changes linked to the metastable photodarkening and/or 

photobleaching effects, or to confirm that the observed transient PD/PB effects did not 

cause any structural transformations. Raman spectra were obtained in backscattering 

geometry in macro mode using a Horiba Jobin Yvon T64000 triple monochromator with 
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a liquid-nitrogen-cooled, multichannel coupled charge device detector. Films (for the 

preparation details see Appendix A) were excited with the 441.6nm blue line from a He-

Cd laser at a power of 25mW and with a circular area of ~0.2mm. This light intensity did 

not cause any structural changes itself. In addition, to avoid photo-induced changes by 

the laser light of the Raman system in the studied glasses, we conducted measurements at 

liquid-nitrogen temperature and at a pressure of 10−5Torr. Each Raman spectrum was 

collected over a period of 60 seconds and normalized to the corner-sharing (CS) peak 

centered at 195cm−1. Deconvolution of the Raman vibrational modes with a Gaussian 

shape distinguished each of the peaks. After fitting the areas under the individual peaks, 

integration of the bands centered at 195cm−1 and 219cm−1 revealed the fractional 

quantities of CS and edge-sharing (ES) structural units [81]. The accuracy of the fitting 

procedure is represented by the error bars on respective graphs in Chapter 5. 

3.2.2. Setup details for a-Se photo-induced crystallization study 

Co-localized Raman–AFM maps were recorded with a Horiba J-Y LabRam model 

HR800 spectrometer linked to an AIST-NT SmartSPM 1000 AFM unit. PC was induced 

using 632nm laser light at a power of 1mW focused (numerical aperture 0.7 lens) through 

the film at the film-substrate interface. The flux at the focus was ~ 0.15µW/µm2 

(decreased from 0.5µW/µm2 at the surface, including absorption and refractive index 

corrections). The Raman mapping was performed using 632nm or 671nm laser lines at 

10-2 lower power focused at the film-air surface to allow for comparison with the AFM 

surface profiles. The Raman maps were recorded with a 0.5µm step size (~1/3 the 

focused beam waist), and the resolution of the AFM profiles was 25nm. The sharp focus 

of the Raman mapping system and the film absorption reduced the flux by ~ 10-4 at the 

film-substrate interface where the PC initiated. 

A different apparatus was used to study the onset-time of PC as a function of 

temperature. We employed conventional Raman spectroscopy recorded with the 647nm 

line of a Kr+-laser at a flux of 1.3µW/µm2. The same laser beam was used to induce the 

PC and to monitor the changes in Raman spectra; the exposure was continuous until the 

PC onset (the detectable peak) was observed (durations of ~ 5-500min.). For temperature 
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measurements samples were mounted in an optical cryostat that allowed precise 

temperature stabilization (+/-1K) over a wide temperature range. For each temperature a 

different sample spot was illuminated through the substrate side. The Stokes to anti-

Stokes Raman ratio was calculated to determine the actual local temperature at this spot. 

The local temperature exceeded the cryostat set temperature by 32+/-5K and varied 

between 285-345K. The local temperatures are used in the discussion of the onset-time 

results in Chapter 4, i.e. the exposure time for the onset of crystallization. The recorded 

Raman spectra allowed us to monitor the frequency region 200cm-1 – 300cm-1, containing 

the strong A1-symmetry peaks of t-Se (237cm-1) and a-Se (256cm-1) [38,140]. PC was 

detected by an increase in strength (from zero intensity) of the t-Se peak and a 

simultaneous decrease of the a-Se peak.  
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CHAPTER 4 

Photodarkening and Photocrystallization    
in a-Se 

4.1.   Photodarkenig in a-Se 

To investigate the effects of above-bandgap and sub-bandgap illumination in a-Se and get 

insight into the microscopic nature of the effect, the photodarkening kinetics were studied 

experimentally by means of a two-laser beam technique on a high quality amorphous 

selenium (a-Se) layers (see Appendix A for sample preparation details). Throughout the 

experiment relative changes in the transmittance, T/T0, are monitored. T/T0 were 

measured in a wide T-range from -400C to 500C for different optical excitations: 655nm 

and 405nm. Distinctly different PD relaxation mechanisms are shown to be responsible 

for the above-bandgap excitation versus sub-bandgap excitation. In the case of above-

bandgap only transient PD is observed, while in case of sub-bandgap, both transient and 

metastable PD are present. 

The difference in PD behavior under above- and sub- bandgap excitations is 

confirmed by first-principle simulation. A so-called “double-electron” excitation is found 

to trigger the bond rearrangements and structural transformations responsible for the 

metastable PD. In contrast, a so-called “single-electron” excitation causes very weak 

lattice relaxation with no structural changes and is shown to be responsible for the 

transient PD.  

These results have been published in Applied Physics Letters 105, 2014 (Ref. 

123) and Physical Review Applied 1, 2014 (Ref. 25) and are presented in the next two 

subsections.  
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4.1.1.! Experimental results and discussion on PD in a-Se 

The collected data is presented in Figure 26 and Figure 27 for sub-bandgap and above-

bandgap excitation respectively. It is clear that the kinetics and magnitude of PD are 

temperature and wavelength dependent, and there is a distinct qualitative difference in the 

observed behavior for sub- vs. above- bandgap illumination. 

 

!

Figure 26. PD for selected temperatures: -200C, 200C, 450C in the case of 655nm 
excitation. 

 

The results of the PD measurements with sub-bandgap illumination at three selected 

temperatures are shown in Figure 26 for five pump/rest cycles. Each cycle consists of 

200s of pumping period followed by 200s of rest. It was found that, at all temperatures 

below the glass transition (Tg ~ 42oC or 315K [93]), the transmittance drops during the 

200s pump period followed by partial restoration during the subsequent 200s rest period 

(the results for -20oC and 20oC are shown in Figure 26 are the most illustrative). The 

lower the temperature, the larger the overall decrease in transmittance, which is 
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consistent with previously reported results [99]. Indeed, for T=-200C, T/T0  drops by 

~33% during the first pumping period, while for T=200C the corresponding decrease is 

~25% only. During first rest period transmittance recovers partially at both temperatures. 

Partial recovery indicates the presence of both transient PD and metastable PD 

components at these temperatures [22]. For the transient component, full recovery is 

almost immediate on the time scale of our experiments. For the metastable component, 

the transmittance can be restored, but thermal annealing near Tg is required to reverse the 

decrease in T/T0.This decomposition of the PD kinetics is supported by the noticeably 

different PD response measured at 45oC (i.e., close to the glass transition temperature). 

For this temperature, T/T0 is completely recovered at the end of each 200s rest period, 

and the required time of restoration is short, showing that the metastable component of 

PD has vanished, and only transient PD is present (Figure 26). This agrees well with 

 

!

Figure 27. PD for selected temperatures: -400C, 00C, 300C in the case of 405nm 
excitation. 
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the kinetics of PD reported previously for a-Se samples that were not As-stabilized [92]. 

For 405 nm pump excitation the temperature behavior is markedly different. Only 

transient PD is observed in the wide temperature range from -400C to 300C: once the 

pump light is turned off the initial transparency is completely recovered (Figure 27).  

To describe the observed relaxation kinetics of the PD we assume that the 

amplitude of darkening is linearly proportional to the number of excited electron-hole 

pairs (whether or not correlated), as has been shown in Ref. 92. Consider first the 

situation for above-bandgap excitation. When the pumping light is switched off the time 

dependence of the transmission can be described by the equation: 

 

 
𝑇
𝑇/

𝑡 = 1 − 𝐴exp −
𝑡
𝜏,

, (2) 

 

where τ1 is the characteristic time constant of relaxation, and A is the maximum PD 

amplitude. From the experimental data in Figure 27, we determine the characteristic time 

constant for each recovery cycle at different temperatures. It is found that for 405 nm 

wavelength excitation, T/T0 recovers with τ1 = 2.5s, identical for all temperatures under 

investigation here (example of fitting of one restoration cycle at 300C is shown in Figure 

28(a) with the respective single-exponential fitting equation displayed on the graph). In 

fact, from the experimental data, averaging τ1 for 32 cycles at every temperature gives a 

standard deviation of only + 0.2s, showing that τ1 has essentially no temperature 

dependence over a wide temperature range.  
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Figure 28. (a) Single-exponential fit of the 3rd restoration cycle in case of above-bandgap 
excitation. (b) Double-exponential fit of the 3rd restoration cycle in case of sub-bandgap 
excitation; equations of the respective fitting curves with characteristic times %1 and %2 are 
displayed.  
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In contrast, the single exponential decay fails for the longer wavelength (655nm) 

sub-bandgap excitation, and a double-exponential decay is needed to fit the experimental 

results shown in Figure 26: 

 

 
𝑇
𝑇/

𝑡 = 𝐴/ − 𝐴, exp −
𝑡
𝜏,

− 𝐴= exp −
𝑡
𝜏=

 (3) 

 

Here A0 (<1) is an offset needed to compensate for incomplete restoration of the initial 

transparency within the duration of the experiment. Indeed, complete restoration at room 

temperature (RT) requires up to 3 days of rest, due to the formation of irreversible defects 

that need much longer time to relax. The lower the temperature, the longer the restoration 

time of the irreversible defects. Thus, for the study of short (a few seconds) and 

intermediate (tens of seconds) characteristic time constants, pump/rest periods are limited 

to 200s which allows for the accurate tracking of  relaxation times of interest The double-

exponential law (Eq. 3) indicates that two distinct relaxation processes are present.  

Least-square-fitting of Eq.(3) to the data for 655nm excitation reveals that one process 

again can be described by a temperature independent relaxation time τ1 equal to 2.5s (the 

same as for the case of above-bandgap pumping light). However the second process has a 

longer characteristic relaxation time τ2 that is strongly temperature-dependent (example 

of fitting of one restoration cycle at 200C is shown in Figure 28 (b) with the respective 

double-exponential fitting equation displayed on the graph). 

The measured dependence on temperature of τ2 is shown in Figure 29. With 

decreasing temperature, τ2 first increases sharply from 12s to 85s in the region of Tg, and 

then levels off at 85s for temperatures below 250C. 

The temperature independence of the time constant τ1 suggests that the 

corresponding relaxation process does not involve thermal activation over a large 

potential barrier. Our results show that τ1 alone is needed to describe the relaxation of PD 

excited by the absorption of above-bandgap 405nm photons, whereas PD triggered by 

band-tail absorption exhibits, in addition to τ1, a slower temperature-dependent relaxation 
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characterized by longer "2. We believe that the formation of self-trapped excitons in the 

latter case accounts for the difference between these observations.  

!

Figure 29. Characteristic relaxation time %2 vs. temperature. The dotted curve gives the 
best fit to Eq.4. 

 

For 405nm excitation, the incident photon energy is high enough to excite 

electrons from lone-pair (LP) states at the top of the valence band into extended states. 

Thermalization to the mobility edge produces non-correlated electron-hole pairs (EHPs). 

Recombination then proceeds by relaxation of the carriers through band tail states, whose 

density is enhanced under pump excitation by the electronic and strain changes that 

induce the PD effect. This process involves small steps to progressively lower energies 

via multi-phonon emission. As a result, one does not expect to observe thermally 

activated behavior as long as the distortions produced by excitation of the LP-states do 

not give rise to bond rearrangements. As a result, the system relaxes back to its initial 

configuration without forming the metastable Y-state proposed in the model of Tanaka 
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(see Chapter 2). The proposed idea that the formation of non-correlated EHPs does not 

trigger metastable structural changes is consistent with the model of photo-induced 

anisotropy (PAN) in chalcogenide glasses presented in Ref.106. In the latter the authors 

suggest that nongeminate recombination as the result of above-bandgap illumination does 

not cause structural rearrangements and is not effective in producing photo-induced 

anisotropy. 

In contrast, the co-existence of two characteristics time constants (temperature 

independent τ1 and temperature dependent τ2) for sub-bandgap (655nm) irradiation 

suggests that we are dealing with an interplay between two mechanisms: i) The 

restoration of the initial ground state by the preceding τ1 - controlled process, and ii) the τ2 

- controlled relaxation of a metastable configuration due to self-trapping of geminate 

electron-hole pairs in localized band-tail states (e.g. valence alternation pairs (VAPs) and 

intimate valence-alternation pairs (IVAPs)). The probability of forming such self-trapped 

excitons is enhanced for band-tail excitation because the absorption transition creates 

localized geminate electron-hole pairs that are more likely to remain correlated by 

Coulomb attraction than carriers excited into extended states. Similar considerations have 

been useful in accounting for the fast-time dynamics of exciton recombination processes 

in a-Si:H and a-As2Se3-xSx [141,142].  

The PD relaxation process governed by τ2, has an intriguing temperature 

dependence that exhibits thermally activated behavior over a barrier EB in the narrow 

temperature range between 25oC and 45oC. By fitting the data in Figure 29 we find that τ2 

obeys the temperature-dependence:  

 𝜏= 𝑇 = 𝜈/-, exp( 𝐸T/𝑘T𝑇), (4) 

 

where 𝑘T is Boltzmann’s constant, and ν0 is a characteristic attempt-to-escape frequency. 

The obtained best-fit values are EB=0.78±0.02eV and ν0=(3±2)x1011s-1. These values are 

quite reasonable. The attempt-to-escape frequency is typical of low-frequency 

intermolecular vibrations between Se chain fragments in the amorphous matrix, and EB 

agrees well with independent estimates of the configuration barrier energy that separates 
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the ground state X and the metastable state Y in the Tanaka model. These values are also 

in good agreement with the activation energy found in a-Se for the photo-induced 

anisotropy effect in the same temperature range [101]. In particular, temperature 

dependent relaxation kinetics of PAN in a-Se was characterized by Arrhenius law with 

the activation energy of 0.7eV in the T-region from room temperature to just below the 

glass transition.  

For sub-bandgap excitation, we find that the relaxation of the PD back to the 

ground-state configuration (i.e, Y to X) at elevated temperatures involves activation over 

a potential barrier. However, for temperatures below room temperature, this process 

becomes less efficient, and the observed relaxation of the PD component due to self-

trapped excitons requires consideration of configurational tunneling through the Y-X 

barrier. We note that for T << Tg the PAN in a-Se was proposed to relax by tunneling 

between mirror-image IVAP configurations whose density can be biased by polarized 

light [101]. In the latter case, threefold Se atom tunnels into its mirror configuration 

causing the flip of the IVAP pyramid 𝐶*+𝐶,-𝐶=/𝐶=/ centered at 𝐶*+	 and as such the low-

temperature tunneling process takes place with no thermal activation energy required. In 

our case, for PD the Y-X relaxation is between the extra IVAPs or other defects (of any 

polarization bias) produced by photo-pumping (Y-state) and the 2-fold Se ground state 

(X-state). Within this picture, the release of strain for temperatures around the glass 

transition tends to anneal out the metastable Y configuration, decreasing the energy 

barrier to this state. As a result, with increasing temperature above Tg the PD relaxation 

approaches a situation where only its rapid transient τ1 component is observed. 

4.1.2. First-principle simulation of photo-excitation and subsequent relaxation 

The first-principle simulation that models our PD experiments with the special attention 

given to the VAP and IVAP defects was published in Ref. 25. Below we extract the 

simulation conditions from the reference. 

For the study, model compounds of amorphous Se consisting of 25 and 50 atoms 

are created. For the atomistic simulations, the WIEN2K package [143] with 
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implementation of the Perdew-Burke-Ernzerhof parametrization of the generalized 

gradient approximation [144] is used. The optimization procedure is carried out using a 

minimization of forces for which the product of atomic sphere radius (1.8 bohr centered 

at the nucleus of the individual atoms) and the plane-wave cutoff in k space is set to 7. 

The Brillouin zone of a supercell of 25 atoms is covered by the 4 × 4 × 4 Monkhorst-

Pack mesh. The size of the Monkhorst-Pack mesh is adjusted to the supercell size; i.e., 

the mesh is appropriately reduced as the supercell is enlarged. The energy separating the 

core and valence electrons is set to −6.0 Ry (the cut-off energy is taken by default in 

WIEN2K package and is found to be satisfactory for the case of a-Se). The force 

tolerance 0.5 mRy/ bohr in combination with tight convergence limits (energy 

convergence 0.0001 Ry, force convergence 0.1 mRy/bohr,and charge convergence 

0.001e) are applied. To study the fundamental properties of a-Se including the formation 

of the VAP defects and photo-induced structural transformations, the well-amorphized 

structure of a-Se placed in a cubic supercell (α =90°, β =90°, γ =90°) and the size of the 

cubic supercell containing 25 atoms is 8.7 Å×8.7 Å×9.9 Å. Periodic boundary conditions 

are applied to the supercell. For the simulation of the photo-induced crystallization, a 

system of increased crystalline order is created, and it is assigned to recognize the 

symmetry of trigonal Se (t-Se) through application of the hexagonal lattice parameters to 

the supercell (α =90°, β =90°, γ =120°). In order to ensure that the adjacent replicas of the 

supercell do not interact, the results achieved for a supercell of 25 atoms is reexamined 

with a bigger supercell of 50 atoms. The main focus is on the effect of the supercell size 

on the interaction between the VAP defects (it is known that charged centers are 

responsible for intercell interactions). It is found that due to the strong localization of the 

defect states, their intercell interactions are negligibly small. Indeed, the localization 

length of a photogenerated hole at the VAP defect does not exceed 10Å, as a hole is 

delocalized over four to five sites only. As such, a localized state at the VAP defect is 

confined within the boundaries of a supercell of 25 atoms, and supercell enlargement 

does not affect our simulations. 

First, the photoexcitation process of an “ideal” a-Se system (consisting of two-

fold coordination Se atoms only) and “real” a-Se system containing VAP defects was 

carried out [25]. The results demonstrated that sub-band-gap excitation occurs primarily 
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from the top of the valence band formed by the LP electrons: for an ideal system, an 

excitation involves the partially charged <=- sites, while for the VAP defects, the <,- sites 

are those who participate. Upon excitation, the LP occupancy is reduced by one electron 

(WX=! L N- : WX,!), and the WX,!state with an unpaired electron is shifted deeper into the 

band gap by approximately 0.2 eV due to an alteration in the exchange interaction upon 

removal of an electron. The WX,! states are detected experimentally due to a presence of 

the unpaired electrons [145] and are known to induce the PD effect and are now 

confirmed by first-principle simulations. 

The WX,! state is delocalized over several sites: calculations show that it involves 

up to five sites for the two-chain VAP defect. The relaxation of the immediate 

neighbourhood around the WX,! state, which is required for its stabilization, is 

accompanied by the bond shortening or elongation occurring with characteristic energy 

-UEB "-0.1eV that corresponds to the B* state (Figure 22). The bond shortening is 

observed for the IVAP defects (Figure 30(c)).  
 

!

Figure 30. The VAP defects with a distribution of a net charge (a) two-chain VAP defect. 
(b) Single IVAP defect; the <*+ site corresponds to the threefold coordinated site for 
which the third bond between the <,*-  and <*+sites is elongated (denoted by the dashed 
line) due to the strong dipole moment. (c) Pair of IVAP defects; the bond between the <,*-  
and <*+ sites is shortened as the defect dipoles are partially compensated due to defect 
pairing. 
!

The dS<,*- L <*+H bond shortens by 0.1 Å, which agrees with the previous findings [41]. 

In contrast, the double-chain VAP defect (Figure 30 (b)) shows a significant increase in 

distance between the <*+ and <,-  sites by 0.25 Å. Because the double-chain VAP defects 

should dominate over other defects, an increase in a separation between the <*+ and <,- 

sites will govern the volume expansion observed experimentally [146]. Since the bond 

elongation occurs with the characteristic energy -UEB, it is not an immediate process. 
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Therefore, the volume expansion caused by the LP,	states at the double-chain VAP defect 

(Figure 30 (a)) is expected to be delayed from the PD onset, which agrees with the 

experimental observations [146]. When the missing electron returns (LP,	 + e- → LP=	), 

we find that all systems come back to the original state A (Figure 22). The single-electron 

excitation described above does not produce any bond rearrangements (causing only 

either bond elongation or shortening). In order to induce formation of the robust dynamic 

bond known as the 𝐶* −	𝐶* defect [42], an excitation of two electrons in the vicinity of a 

single site is required. This is simulated as a LP=	 + 2e- → LP/	process (LP/	 appears 

above the LP,	 position in the band gap). Because the excitation of two electrons is 

unlikely to occur simultaneously, two possible scenarios are considered. i.	LP,	 − e- →

LP/	: inequality in the charge distribution generated by LP,	 promotes the excitation of 

the second electron from the vicinity of the same site. ii. LP,	 + LP,	 → LP/	 + LP=	: two 

interacting LP,	 states undergo charge exchange. The latter process is feasible when the 

energy lowering due to the stabilization of the LP/	 state is greater than 2∆UEB needed to 

stabilize two interacting LP,	 states. 

The double-electron excitation is simulated by the successive removal of two 

electrons from the system. For an ideal twofold coordinated system and the IVAP pair 

defect (Figure 30(c)), the significant lattice relaxation with the characteristic energy 

∆UEC= -0.9±0.3eV is followed by the bond rearrangements (the C* state in Figure 22). In 

an ideal twofold coordinated system, the 𝐶* −	𝐶* dynamic bond occurs through cross-

linking between two chains [42]. The defect state induced by the 𝐶* −	𝐶*	dynamic bond 

appears close to the midgap. Following lattice relaxation, two unequally populated LP,	 

sites formed upon excitation are converted into the LP/	 and LP=	 states; i.e., the charge 

transfer reaction LP,	 + LP,	 → LP/	 + LP=	is initiated since the system meets the 

requirement ∆UYZ > 2 ∆UY\ . For the IVAP pair defect, the double excitation is found 

to induce bond rearrangements followed by the formation of the single 𝐶*	defect with 

three equivalent bonds of 2.4–2.5 Å in length (the defect state appears closer to the 

conduction band). To reach the final configuration, the lattice relaxation requires 

overcoming the potential barrier ∆VB ~ 0.8eV. It correlates well with the potential 

diagram presented in Figure 22 for the A*→ C*transition as well as it perfectly matches 
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the experimental results for 𝜏=, demonstrated in 4.1.1 subsection of this Chapter. 

Interestingly, an amorphous network can be resistant to the double-electron excitation if 

destabilization induced by a hole localized in the valence band tails is not enough to 

overcome the potential barrier ∆VB. This is exactly the case for the two-chain VAP and 

single IVAP defects for which the B* states with characteristic relaxation energy ∆UEB ≥-

0.1eV  occur. 

When the two missing electrons are returned into the system, the C* state becomes 

unstable, and its stabilization requires breaking the dynamic or other bonds that depend 

on whether or not the dynamic bond is strongly stabilized at the excited state. The process 

of bond breaking and switching in the post-excitation regime occurs with the 

characteristic energy -0.9±0.3eV, which is similar to ∆UEC. In this case, the final 

configuration is different from the original ground state A (Figure 22) and is not 

necessarily the lowest in energy. The ideal system is converted into a system that 

contains a Se7 ring, and the decrease in the total energy compared with the initial 

configuration is found to be -0.49eV. The IVAP pair (Figure 30(c)) is converted into the 

double-chain VAP defect (Figure 30 (a)) accompanied by a lowering in energy by -

0.28eV. The achieved decrease in energy in both cases is larger than what the ringlike to 

helixlike transformations can provide (approximately -0.025eV per atom [47]). This 

explains the predominant formation of the equilibrium centers such as the VAP defects 

upon excitation of the LP electrons.  

In addition, the simulation results show that ring-like to chain-like 

transformations require a nucleation embryo, which is needed to recognize the symmetry 

of t-Se and, as such, facilitate chain straightening. To confirm this, double-electron 

excitation is simulated in a system with increased crystalline order (Figure 31). It is found 

to induce formation of the standard 𝐶* −	𝐶*	defect followed by chain straightening (see 

the excited state in Figure 31), i.e. by ring-like to chain-like transformations. Because of 

the increased crystalline order of the initial system, the characteristic energies describing 

lattice relaxation during excitation ∆UEC= -0.5±0.3eV are lower than that in the well-

amorphized system.  
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Figure 31. Photoinduced crystallization of the increased crystalline order system. The 
final state is t-Se containing the IVAP defect. 

 

In the postexcitation regime, the system with increased crystalline order completely 

converts to trigonal Se. A decrease in the total energy due to photocrystallization is found 

to be -0.08eV, which agrees with the gain in energy provided by the ring-like to chain-

like transformations involving up to five atoms (approximately -0.025eV per atom). 

Therefore, we suggest that experimentally observed crystallization of the a-Se samples 

under sub-bandgap illumination [22, 122] should be linked to the double-electron 

excitation process. 

The PD kinetics in a wide T-range with the characteristic times of relaxation 𝜏, 

and 𝜏= (Figure 26) verifies both single- and double- electron excitations. The difference 

in the 𝜏, and 𝜏=	behaviors indicates that the relaxation of PD involves two distinct 

processes: one that has the lattice relaxation in its origin and requires activation over a 

potential barrier with characteristic time 𝜏=, and another process which does not involve 

the lattice relaxation and occurs much faster with 𝜏,. The remarkable similarities between 

the magnitude of the activation energy EB=0.78±0.02eV are found in the PD experiment 

and ∆UEC= -0.9±0.3eV required for the bond rearrangements leads us to believe that the 

slow PD component (characterized by 𝜏= at elevated temperatures) describes the process 

of structural relaxation with the bond rearrangements. Therefore, the feasibility of 
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double-electron excitation process accompanied by the formation of the LP0 states is 

confirmed by the slow component of the PD relaxation.  

In contrast, the temperature independence of the fast component (𝜏, is about 2.5s) 

is a direct evidence of the relaxation process that does not involve bond rearrangements. 

It is consistent with very weak lattice relaxation ∆UEB≥ -0.1eV involved in the 

stabilization of the LP,	 states generated by the single-electron excitation.  

4.1.3. Conclusion 

In conclusion, our study demonstrates two essentially different mechanisms involved in 

the relaxation of PD in a-Se for the cases of above-bandgap and sub-bandgap 

illumination. We provide experimental evidence that for above-bandgap excitation only 

transient PD is observed: the relaxation time constant is short and found to be 

temperature independent in a wide temperature range. This suggests that above-bandgap 

excitation does not cause the formation of self-trapped excitons [98], and so does not lead 

to occupation of metastable Y-states [22, 99]. Consequently, relaxation to the initial 

ground state (X configuration) does not require substantial bond rearrangement, 

otherwise thermal activation would be involved. Instead, recombination can occur by 

relaxation of carriers through the band tails to lower energy states reached by multi-

phonon emission, restoring the ground state configuration. As the result it does not 

trigger a transformation to the crystalline state. In contrast, sub-bandgap excitation causes 

both transient and metastable PD, the latter relaxing with a comparatively long 

characteristic time constant. The quantitative analysis of the temperature dependence of 

this time constant suggests that the reversible PD is controlled by the formation of self-

trapped excitons whose relaxation requires overcoming an energy barrier of 0.78±0.02eV 

either by thermal activation (at elevated temperatures) or by configurational tunneling 

(for temperatures below RT). In addition, self-trapped excitons act as a precursor for 

either VAP or IVAP states that once agglomerate can cause a collapse to the crystalline 

phase. 

 Further, the first-principles simulation results suggest that on a microscopic level 

two distinct mechanisms of photoexcitation, namely single-electron and double-electron 
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excitation can cause transient and metastable PD respectively. The excitation of a single 

electron from LP=	 leaves behind an unpaired electron and shifts the nonbonding LP,	 

state towards the midgap, thus, inducing the photodarkening effect. This process 

manifests itself in the fast component of the relaxation of the photodarkening which is 

characterized by a short and temperature independent characteristic time constant 𝜏,= 

2.5s. The fact that 𝜏, is temperature independent suggests that no bond rearrangement is 

involved in lattice relaxation. We find that to trigger structural transformation in an a-Se 

network, excitation of two electrons from the vicinity of the same LP site is required. The 

characteristic energy of the lattice relaxation following the formation of the 𝐶* −	𝐶* 

defect is calculated to be ∆UEC= -0.9±0.3eV. This process is reflected in the slower 

component of the PD relaxation described by temperature-dependent time constant 

𝜏==85s yielding the activation energy EB=0.78±0.02eV. The similarity between the 

characteristic energy ∆UEC, which describes lattice transformation, and the activation 

energy EB in the PD kinetics, suggests an identical origin. In addition, application of the 

double-electron excitation to a system of increased crystalline order is found to induce 

photocrystallization. This agrees well with previous findings of the respective barriers of 

the irreversible PD and PC [122]. 

4.2.   Photocrystallization in a-Se layers 

The following subsection is from our publication in the Journal of Applied Physics 116, 

2014 (Ref. 124). 

To study the strain and thermal effects on PC in great detail we employ co-localized 

Raman mapping and atomic-force microscopy (AFM), Raman spectroscopy, and optical 

microscopy to probe the spatial profile of PC-spots (crystallized spots created by laser 

exposure) and the temperature dependence of the PC onset time in a-Se films deposited 

on glass and Si substrates with or without intermediate coatings of indium-tin oxide 

(ITO) and/or polyimide (see Appendix A for samples details). 
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4.2.1. Spatial mapping of PC profiles  

Figure 32 shows optical micrographs, taken in transmission and reflection, of PC-spots 

produced in two different samples, both having the film structure a-Se/ITO/glass. In 

Figure 32(a) the microscope is focused on the sample’s top surface (i.e., the a-Se-air 

surface). The left-hand (LH) and right-hand (RH) spots are created by exposing the film 

to focused laser light directly through the glass substrate and through the film’s top 

surface, respectively. Both exposures give the same spot morphology, an oval shape on 

the top surface and “wing” like lateral shadows that extend up from the a-Se film’s 

bottom surface (i.e., the a-Se/ITO interface). This morphology is confirmed by the 

reflection micrographs in Figure 32(b) and Figure 32(c), recorded, respectively, for the 

RH spot in Figure 32(a) and for a PC-spot produced in another a-Se/ITO/glass sample.  

Additional examination of the latter spot under transmitted light at low and high 

magnification (Figure 32(d) and Figure 32(e)) reveals individual t-Se domains. Previous 

work has shown that these domains are generally in the shape of pyramidal cylindrites 

[110,111,112,113,114,147], with the apex growing toward the top surface of the a-Se 

film and the base at the films bottom surface (i.e., here, the a-Se/ITO interface). The 

driving mechanism for this geometry is thought to be substrate-induced strain transmitted 

to the Se layer, which causes the lateral growth of t-Se near the substrate to be faster than 

the growth normal to the substrate. The shapes of the crystallites in Figure 32(e) are 

consistent with this habit of growth. 
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Figure 32. Microphotographs of PC-spots in two a-Se/ITO/Glass samples: a)spots created 
by laser-light incident on the glass (LH) and film (RH) sides; b) reflection image of RH 
spot; c) and d) analogous images of a PC-spot in another a-Se/ITO/Glass sample; and e) 
high-power view of t-Se cylindrites in latter spot. 
 

In Figure 33 we show a Raman mapping profile of a PC-spot in a film of a-Se 

deposited on a device-grade silicon substrate. This profile charts the intensities of the     

a-Se and t-Se A1 Raman modes as a function of the surface position of the probing laser.  
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Figure 33. Raman map of PC-spot in an a-Se film on Si, profiling the intensities of the t-
Se (green) and a-Se (red) Raman peaks. RH inset shows a y-axis scan at x=17.5µm 
(white line) giving the fraction of the total intensity contributed by each peak. LH inset is 
a blow-up of a-Se/t-Se boundary. Probing laser was focused at the film-air interface. 
 

A typical scan across the center of the spot, showing the fractional contributions of each 

peak to the total intensity, is illustrated in the RH inset. The central region is strongly 

dominated by the t-Se peak (at 237 cm-1), whereas around the spot the a-Se peak (at 256 

cm-1) becomes dominant. The boundary region of mixed a-Se and t-Se is ~2 +m wide 

(LH inset). The Raman intensities indicate that the central volume under the laser spot 

contains ] 90% t-Se. A co-localized AFM map of the same PC-spot (Figure 34) reveals 

the areal and depth topologies in greater detail. Figure 34(a) and (b) show three 

dimensional views of the spot from two different angles. Figure 34(c) is a cut away 

showing the height difference across the center of the spot. There are two depressions 

surrounding the oval shaped raised center. Comparing to the Raman map in Figure 33, we 

establish that the raised region consists mainly of t-Se (] 90% within the dashed circles), 

and the fraction of a-Se in the depressions increases rapidly as one moves outward. The 

total change in height is ~3 +m. The PC results in this a-Se/Si sample suggest that a 

focused laser beam incident through the film tends to draw the growth of t-Se domains 
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toward the film surface. Shear stress due to laser-tweezing, and local heating, are two 

factors that may promote this behavior in the presence of a tightly focused pump beam. 

The depth profile most likely reflects the reaction of the film to the 12% density increase 

in the central t-Se component compared to the density of the surrounding a-Se. As PC 

initiates and crystallites grow and agglomerate to saturation under the focused laser 

beam, this density increase causes an anisotropic growth-induced material flow that acts 

to pull Se in from the surrounding matrix. The radial asymmetry in the spot is probably 

due to light polarization effects [116,148]. 

 

!
!

Figure 34. AFM maps of same PC-spot shown in Figure 33(a) and (b) 3d-views from two 
angles; dashed black circles outline t-Se high-content region in Figure 33(c) Depth profile 
across spot center. 
 

Figure 35 is a schematic representation of the change in film morphology observed in the 

Raman and AFM maps of Figure 33 and Figure 34. 
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Figure 35. Model of change in morphology under the focused laser spot for saturated 
growth of PC in an a-Se film on a rigid Si substrate. A boundary through forms due to the 
density increase in t-Se. 
 

Figure 36 documents an attempt to create PC in an early a-Se/ITO/glass film that 

was shelf-aged for two years under room light conditions. This film showed signs of 

appreciable changes including flaking, areas that had crystalized, as well as regions that 

were still amorphous, as confirmed by low-power Raman mapping. We found it difficult 

to induce PC in the a-Se regions of this sample without also producing physical damage, 

in contrast to our results on the other samples (which were not older than 4 months). The 

AFM profile in Figure 36(a) shows a raised spot created by a 0.5µW/µm2 flux of 671nm 

light. A Raman map of the 10µm2 area centered on the swelling detects only a-Se in the 

entire square (Figure 36(b) map and insert). Subsequently another AFM scan of this 

square (Figure 36(c)) reveals that wherever the probing laser has been incident, the a-Se 

film becomes raised by ~0.5 µm without being crystallized and without forming sunken 

regions. The most likely explanation is that film-substrate adhesion has degraded in this 

film during its two year storage. This might happen through changes in the a-Se network 

that favor photo-expansion instead of PC, as is sometimes found [149,150]. If the film-

substrate adhesion degrades, the substrate strain which tends to promote PC is weakened, 

consistent with the observed difficulty in crystallizing this film. 
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Figure 36. Results of attempt to produce PC in an aged a-Se/ITO/Glass sample. (a) 3d-
AFM profile of a laser-induced spot; (b) Raman map of 10µm2 area around spot. Only 
a-Se (in red) is found. Inset is y-axis scan at x=4.2µm of a-Se and t-Se A1 intensities; 
(c) 3d-AFM map of subsequent swelling in a-Se phase caused by Raman probe. 
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Besides the aged a-Se/ITO/glass film just discussed, we find that freshly grown 

structures containing a polyimide layer between the a-Se and the substrate exhibit greatly 

enhanced stability against PC. In fact, our Raman spectroscopy results on a-

Se/polyimide/glass and the a-Se/polyimide/ITO/glass samples observe no onset of PC 

whatsoever in the temperature range investigated, 280K - 345K. Weak adhesion is again 

a possibility. We however, discount this since these samples exhibited good electronic 

response in feasibility tests for photo-sensor applications [151]. Rather we attribute the 

observed stabilization against PC to the mechanical softness of the polyimide layer, 

which is able to buffer the a-Se from the effects of substrate strain. 

4.2.2. Temperature dependence of PC onset 

The onset-time of PC in the a-Se films is determined by monitoring changes in the 

Raman spectrum. A reference Raman line-shape is established for a given location on the 

film by fitting the Raman spectrum recorded on initial (< 5min.) laser exposure at that 

spot. We assume this line-shape reflects the zero-time state of the film, and has no (or 

minimal) t-Se component. This reference is subtracted from each subsequent spectrum 

after scaling to match the observed height of the a-Se A1 peak. As the PC progresses, this 

difference of spectra gives a peak at 237cm-1, whose intensity reflects the amount of t-Se 

that is present under the laser spot. The onset of PC is taken as the minimum laser-

exposure time for this intensity to exceed twice the RMS noise in the measured spectra.  

Figure 37 compares the observed onset time for PC as a function of temperature 

in three films. The error bars reflect the uncertainty that result from a ±25% variation of 

the RMS spectral noise. In Figure 37 (a) and (b) the film structures are 16 µm a-Se on 

ITO/glass, and in Figure 37(c) the structure is 16 µm a-Se on uncoated glass. The onset 

times for the latter film do not exceed 30 min., which is short compared to those found 

for the films grown on ITO/glass (up to 400min.) This indicates that films deposited on 

plain glass substrates are more prone to PC than those deposited on ITO-coated glass 

substrates. 
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Figure 37. Comparison of the effect of T on the Raman-observed PC onset times in (a) an 
a-Se/ITO/Glass sample, (b) a similar sample fabricated in a different laboratory, and (c) 
an a-Se/Glass sample. Note jump in the onset time on heating through Tg in each sample. 
Data in (a) and (c) are taken from prior experiments after revised analysis by the more 
accurate method described in the text. 
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The results in Figure 37 reveal that a discontinuous increase in the PC onset-time 

occurs with increasing temperature near the a-Se glass transition (Tg ~313K). At other 

temperatures the expected behavior is seen – shorter onset-times at higher temperatures. 

The discontinuities, which are ~300min. in Figure 37(a) and ~15min. in Figure 37(b) and 

(c), exceed the uncertainty in each case, although the Figure 37(c) result is perhaps 

borderline. This variation of the jump in PC onset-time near Tg for different glass-

deposited a-Se film structures is consistent with the preliminary results in Ref 121.  

The discontinuities in the PC onset-time as a function of temperature strongly 

indicate that the PC growth kinetics are mediated by competing mechanisms near to the 

a-Se glass transition. This was suggested in Ref. 46 to explain the HARP target results, 

and the present findings provide further confirmation for a more diverse range of a-Se 

film samples. The competing mechanisms can be understood in terms of a model 

proposed by Stephens [114], which will be discussed further in the next section. We point 

out that some of the observed differences in the PC behavior of our a-Se films may be 

due to their preparation in different laboratories with different surface cleaning 

procedures prior to a-Se deposition. However, our results for both the mapping and onset-

time experiments provide convincing evidence that the rigidity of the interface between 

an a-Se film and its substrate can mediate the onset of PC. 

4.2.3. Discussion and summary  

Our experiments on PC in a-Se films reveal a number of interesting substrate-related 

effects that operate via complex mechanisms. The underlying physics however, is 

straightforward, and it is instructive to present a brief summary. 

At the atomic scale, PC in a-Se proceeds by bonding-defect reactions, in which 

the chain fragments and rings of the a-Se matrix linkup to form the ordered t-Se structure 

– triad spiral c-axis-chains set on a hexagonal basal array [105, 109]. The defect 

configurations of the Se lone-pair electrons are generally thought to mediate these 

reactions. The bond changes enable the nucleation of t-Se embryos large enough (~few 
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nm) to sustain further growth [113], and also act at the t-Se/a-Se interface to drive the 

secondary growth to µm-size t-Se domains.  

The Stephens model [114] addresses the secondary growth process. It treats a-Se as a 

disordered array of polymer chain segments and 8-fold rings (~4%) [152], in which the 

mean number P of Se8 units in the chain segments depends on temperature and internal 

stress. A thermodynamic approach [153] is used that does not require knowledge of the 

specific defect reactions. The internal stress arises from the 12% density increase in t-Se 

relative to a-Se. The stress is tensile in the a-Se matrix around a t-Se domain, and for 

good adhesion the stress is enhanced near a rigid substrate by the latter’s stiffness. 

Additional chain segments link to the t-Se domains by a processes that involves viscous 

flow or chain-end rotation (vector connecting the chain end can rotate), and a smaller P

increases the probability for segments to find geometries that favor t-Se. The kinetic 

energy needed to drive these bonding changes can be supplied by temperature and/or 

photons. The tensile stress around a t-Se domain acts to decrease P  in the nearby a-Se 

matrix, and so provides another driving potential for t-Se growth according to [114], 
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The effective hydrostatic portion of the stress is ℴ_, ΔV is the local volume increase on 

creating two chain ends, K and K’ are T-dependent rate constants, and Mo is the density 

of Se8 units. Similar thermodynamic considerations could be applied to calculate P for 

more recent structural models, in which, e.g., a-Se is viewed as a collection of chain 

fragments with a balance of t-Se-like and ring-Se-like second nearest neighbor 

configurations [154]. The Raman detection limit is such that the onset time observed here 

should correspond to ~1-2% t-Se in the film-volume under the laser beam. For 

temperatures T < Tg the film is rigid and can support ℴ_. At the t-Se/a-Se boundary of a 

domain that lies near the substrate,P is decreased by ℴ_, thereby  promoting t-Se growth. 

As T is raised, thermal energy drives the growth faster. We observe shorter onset times, 

providing the a-Se matrix continues to support ℴ_. This drastically changes at the glass 
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transition with softening of the a-Se matrix. The resulting decrease in ℴ_	competes with 

increasing T for the overall effect on P . One expects a sudden increase in the onset time 

as T is raised from below to above Tg, in agreement with our findings. At still higher 

temperatures the effect of ℴ_  vanishes. Crystallization becomes primarily a thermally 

driven process that is only assisted by light. The onset time for crystallization should 

again fall, as is observed. 

Our results for the two a-Se film structures that contain a soft intermediate layer 

of polyimide, and for the film with degraded adhesion, support the validity of this model, 

since the rigidity of the film-substrate interface is greatly reduced in these samples. In 

particular, the former samples show that it is possible to exploit the use of intermediate 

polymer layers to control the transmission of strain from a substrate into an a-Se film 

device. There are many applications where this is desirable. Here it is employed to 

stabilize the a-Se against PC while preserving the electrical contact characteristics needed 

for a device to operate as a sensitive photodetector [155]. 

 

To summarize this subsection, Raman scattering, AFM, and optical microscopy 

were used to investigate PC in a-Se film structures deposited on glass and Si substrates 

with or without intermediate ITO and/or polyimide coatings, in geometries of 

technological interest. We study the occurrence, growth morphology, and onset time of 

the PC in a-Se for different film-substrate interfaces, and for temperatures that span the 

glass transition. Our AFM profiles show a distinct trough around PC-spots, reflecting the 

action of tensile strain arising from the 12% densification in t-Se regions. The 

temperature dependence of the PC onset time near Tg (+3K) exhibits discontinuity in 

which a small rise in temperature causes a slower onset of PC. Thus, there is a 

temperature regime in which supplying more thermal energy has the counter-intuitive 

effect of enhancing stability against PC. Our results demonstrate the generality of this 

effect for films subject to strain from a rigid film-substrate interface. In contrast, we find 

that no PC occurs in three samples where either weak adhesion, or a soft polyimide 

intermediate layer, relieves this interface-strain. Our results are in accord with the theory 

of Ref. [114] for PC in a-Se films, a polymerization model that has been successful in 

explaining the ability of tensile strain to promote PC. Competition between the effects of 
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strain and temperature as the a-Se softens on heating above Tg causes the discontinuity in 

the PC onset time. The problematic occurrence of PC in a-Se film devices might be 

avoided by engineering structures without a rigid film-substrate interface – as is found 

here by introducing a soft polyimide layer at the interface region. Further investigations 

along these lines should be undertaken.  
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CHAPTER 5  

Photodarkening and Photobleaching           
in a-GexSe100-x 

 

The microscopic nature of the light-induced effects in a-GexSe100-x, i.e. photodarkening 

and photobleaching, is revealed across the glass-forming region, with a special emphasis 

on high-rigidity transition (x≈30%). The study is carried out by combining optical and 

structural analysis and first-principles simulations. Transient and metastable 

photodarkening and photobleaching kinetics are first recorded on the time-scale of 

seconds by means of a two-laser beam technique for various Ge-content films (x=29.2%, 

32.1% and 39.5%). Then direct confirmation of structural transformations is performed 

by Raman analysis. First principle simulations are employed to provide fundamental 

insights into the changes associated with photo-excitation and subsequent relaxation 

processes . 

This study has been published in Optical Materials Express 5(2), 2015 (Ref.82), and 

the sections below are extracted from it.	

5.1.   Experimental results on two-laser beam technique combined with Raman 
analysis  

For the experimental study, amorphous GexSe100-x films with various compositions, 

x=29.2%, 32.1% and 39.5% deposited onto ITO-coated glass substrates from a previously 

synthesized ChGs are used (for sample preparation details refer to Appendix A). 

Experimental data on optical transmission changes is acquired using apparatus described 

in section 3.1. Figure 38 presents the results obtained with the two-laser beam technique. 

Distinctly different photo-induced effects are observed for a-GexSe100-x glasses depending 

on the compositional variation.  
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Figure 38. Time evolution of (a) Ge29.2Se70.8 film transparency shows transient PB; (b) 
Ge32.1Se67.9 and Ge39.5Se60.5 demonstrate mixture of: transient PD (during pump cycle) and 
metastable PB (during rest period). 
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A concentration of Ge x≈30% is found to be critical. Below this content, i.e. for x=29.2%, 

only a transient effect is present. Above this content, i.e. for x=32.1% and x=39.5%, 

metastable effects emerge. Thereby, when Ge29.2Se70.8 is illuminated with a pump beam 

for 400s, its relative transmittance rapidly increases by 3% and saturates (Figure 38 (a)). 

During the follow up 400s rest period, the effect disappears completely. Even on 

repeating on/off cycles, this tendency remains unchanged and exceptionally transient PB 

is seen.  

When the critical concentration of Ge is exceeded, both transient photodarkening 

(during the pump period) and metastable photobleaching (during the rest period) are 

observed (Figure 38(b)). Moreover, the higher the Ge content, the more pronounced the 

magnitude of both the transient and metastable changes. In case of Ge32.1Se67.9, a decrease 

in transmittance of 2.5% is observed upon light irradiation (Figure 38(b), black circles). 

Once the film is allowed to rest, the quick rise of the film transparency that continues to 

increase gradually leads to a metastable PB effect. In subsequent “on/off” series, transient 

photodarkening is followed by build-up of metastable photobleaching, with enhanced 

amplitude of the PB during each next resting cycle. Consequently, at the end of the 

experiment, an overall bleached film is produced with transparency of 1.5% above its 

initial level. Furthermore, an identical trend of crossover from transient PD to metastable 

PB is seen for Ge39.5Se60.5 composition, with a much more pronounced effect (Figure 

38(b), blue triangles). Overall metastable PB reaches ~7% over the initial level of 

transmittance for the x=39.5% Ge-Se compound. 

Subsequent comparative Raman analysis of as-deposited with light-exposed films 

reveals the following: (1) for Ge29.2Se70.8, no changes within an error in the ES:CS ratio 

are observed and (2) the amount of the Se-Se and ETH-type bonding remains constant 

with illumination time (Figure 39 (a)). No change between the Raman spectra of virgin 

and light-illuminated spectra for the composition of Ge29.2Se70.8, showing no bond 

rearrangement (for which only transient PB has been seen on the optical transmission 

spectra as a function of time (Figure 38(a)). The Raman results for the films with 

composition Ge32.1Se67.9 suggest marginal changes in the structural organization of this 

film as a result of the light interaction; this is in good agreement with the optically 

recorded data, implying weakly mixed PD and PB effects (Figure 38(b)). 
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Figure 39. Raman spectra of the virgin and post-illuminated films with the following 
compositions: (a) Ge29.2Se70.8 and (b) Ge32.1Se67.9. 
 

In contrast, significant changes in Raman spectra are observed in Figure 40 between post-

exposed and pre-exposed, Ge39.5Se60.5 film. This can be related to the occurrence of a 

metastable PB that has been observed experimentally (Figure 38(b)). According to 

Raman analysis, the ES:CS ratio increases from 0.42 to 0.91. The concentration of ETH 

and Se-Se structures decreases from 9.8 to 7.9 and from 14.6 to 10.2, respectively (Figure 

40 and Figure 41). 
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Figure 40. Raman spectra of the virgin and post-illuminated Ge39.5Se60.5. 
 

The increase in ES:CS ratio, together with simultaneous decrease in ETH and Se-Se 

structures, suggest that a large quantity of Ge-Ge bonds and Se-Se bonds are broken and 

converted (predominantly to ES tetrahedral units) as a result of relaxation in the post-

light-exposed period. The reversibility of the PB effect also supports the hypothesis that 

its nature is mainly a function of structural reorganization and not of oxidation. Figure 41 

presents the extracted data from the Raman spectra of the studied films, related to the 

quantitative evolution of the areal intensity of the structural units represented in the 

studied films.  

 

!

Figure 41. Observed structural changes in Ge29.2Se70.8, Ge32.1Se67.9 and Ge39.5Se60.5 films 
before and after light exposure, as determined through integration of deconvoluted bands 
in Raman spectra with curve-fitting error: (a) ES/CS ratio; (b) ETH bonds; (c) Se-Se. 



 
	

	

81 
 
	

	

5.2.First-principles simulation results and Discussion 

The following section deals with the structural interpretation of the physical properties of 

the a-GexSe100-x class of glasses, with a focus on the implications of the compositional 

variation over the studied effects. We attempt to connect the experimentally observed 

light-induced transmittance changes (Figure 38) with the structural transformations 

evident from Raman analysis and the first-principal simulations. Based on the appearance 

of a metastable photo-induced effect in a-GexSe100-x films, this section is divided into two 

parts: films containing Ge below x=30% and films containing Ge above x=30%. 

Following the classification suggested in Boolchand et al. [66], there is a threshold in the 

Raman signatures of the CS and ES units at around 31.5% of Ge, above which 

nanoseparation or formation of a layered structure occurs. The latter releases stress 

arising from the high coordination of Ge in this concentration region. 

 

To understand the nature of the photo-induced structural development in the a-

GexSe100-x network, first-principles simulations are applied. A model system of a-Se 

composed of 25 atoms is first generated. The required Ge content is achieved through 

replacement of some Se atoms with Ge, obeying the fourfold coordination of Ge. We 

used the WIEN2k package [143], with implementation of the Perdew-Burke-Ernzerhof 

parametrization of the generalized gradient approximation [144]. The periodic boundary 

conditions (infinite system) were applied to the model systems and the optimization 

procedure with finest optimization parameters were performed for each a-GexSe100-x 

composition. The optimization was carried out based on minimization of forces: the force 

tolerance of 0.5mRyd/Bohr in combination with tight convergence limits on the energy 

0.0001Ryd, force 0.1mRyd/Bohr and charge 0.001e. The product of atomic-sphere radius 

and plane-wave cutoff in k-space was set to 7, while the Brillouin zone of a supercell was 

covered by the 4 × 4 × 4 Monkhorst-Pack mesh. The energy-separating core and valence 

electrons were set to -6.0Ryd. The photo-excitation was simulated through removal of an 

electron from the valence band. The delocalized nature of the hole left in the valence 

band tails was set to induce lattice relaxation of the immediate neighborhood. This 

allowed tracking of the photo-induced structural changes and revealed their effect on 



 
	

	

82 
 
	

	

electronic properties. By returning the missing electron, the post-excitation regime was 

reestablished.  

5.2.1. a-GexSe100-x structural evolution up to 30% of Ge content and respective light-
induced effects 

The photo-induced effects in a-GexSe100-x with Ge content x<30% range from 

photodarkening to photobleaching (Figure 38(a)), [138,156]. The variety of these effects 

come from the high flexibility of the glassy matrix due to the low (twofold) Se 

coordination, which becomes more and more restricted with an increase in Ge content. 

Boolchand et. al. demonstrated that 19.5% concentration of Ge represents the limit of the 

floppy phase in the Ge-Se system [66]. The flexibility of high-Se-content glasses 

suggests that the photoexcitation follows the pathway well-known in a-Se - namely, it 

involves the lone pair electrons of Se atoms [25]. Because of the flexibility of this 

compositional region, one can expect photo-induced structural changes, e.g., flipping of 

the Se chains or intermolecular reactions, changes in the van der Waals distances due to 

Coulomb interactions of photogenerated defects, and even crystallization of the Se 

content [21,138]. These effects can be superimposed and their experimental identification 

is difficult, but not impossible. In order to interpret our experimental results and reveal a 

mechanism of the photo-induced transformations, the photo-excitation in the floppy part 

of the Ge-Se system with composition Ge19Se81 is modeled first. Because 

photocrystallization should be suppressed at x=19% [138], we expect to observe only 

transient effects.  

We present the structure of the modeled Ge19Se81 compound in Figure 42(a). 

Apparent excess of Se atoms arranges into short elemental chains. With respect to Ge-

containing bond types, the CS and ES tetrahedral units are found in the bonding pattern, 

with preference given to CS. The obtained bonding configurations are consistent with the 

Raman analysis [78]. At this high Se concentration, Ge atoms usually undergo sp3 

hybridization and bond to four Se neighboring atoms using two of the Se p-electrons (the 

other two p-electrons in Se are LP). In this manner, Ge is fourfold coordinated and Se is 

twofold coordinated in their most natural state. Except for stretching of one of the bonds 
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at the fourfold Ge site to 2.8Å (see details in Ref. 25), the average length of the Se-Ge 

bonds is 2.55Å. The Se-Se bond length varies from 2.37 to 2.45Å, which correlates well 

with the average bond length in a-Se.  

!

Figure 42. (a) The Ge19Se81 structure possesses high amorphicity with almost uniform 
distribution of the atoms. (b) The Ge28Se72 system is distinguished by the well-defined 
layered structure and appearance of the Ge-Ge bond. 
 

The simulation reveals that photoexcitation in low-Ge content films is governed by the 

LP states of the Se atoms. Removal of an electron from the valence band occurs from the 

LP state, which enables a formation of the dynamic Se-Se bond (likewise in a-Se). The 

lone-pair-state missing electron is shifted deeper into the gap. It induces band gap 

shrinkage by around 0.05eV, which manifests itself in the transient PD component. With 

respect to the post-excitation regime, reappearance of the missing electron activates 

breakage of the light-induced bond and, therefore, the size of the band gap restores to its 

original value. Alternatively to the dynamic bond, any other Se-Se bond can be broken, 

which introduces an effect of bond switching. Because the quantity of bonds before and 

after photo-excitation remains unchanged, the total energy of the Ge19Se81 compound is 

unaffected. The above suggests that the observed structural stability of the Ge19Se81 

compound against photoexcitation may be linked to the well-known weak-aging property 

of the intermediate phase (IP) in a-GexSe100-x glasses [66], because this composition is 

just at the compositional edge of the IP. 



 
	

	

84 
 
	

	

For the Ge29.2Se70.8 films referred to the stressed rigid phase, transient PB, instead 

of PD, has been found (see Figure 38(a)). The transient character of the light-induced 

effects suggests that this thin film still possesses properties typical for the IP. Because the 

Raman analysis cannot recognize the difference between pre- and post-exposed samples 

(see Section III), we modeled the photoexcitation in the Ge28Se72 system (Figure 42 (b)) 

to investigate the nature of the transient changes.  

The Ge28Se72 system is characterized by a well-defined, three-dimensional 

structure due to an overall increase in cross-linking tendency. In addition to the CS and 

the increased amount of ES structural units, we observed formation of Ge-Ge 

ethylenelike bonding configurations. The Ge28Se72 structural model suggests that Ge 

atoms create a skeleton of the layers surrounded by the Se atoms. The former gather into 

Se chains and form the outrigger raft structure, as proposed by Bridenbaugh and co-

workers [157]. The length of the Ge-Ge bond is 2.63Å, and the accompanying Se-Se 

bond is stretched to 2.80 Å, whereas the rest of the Se-Se bonds range in length from 2.35 

to 2.55Å. The length of the Ge-Se bonds randomly varies from 2.32 to 2.60Å. This 

inhomogeneity is reflected in electronic properties by an ~0.02eV increase in the size of 

the band gap (in comparison with the Ge19Se81 structure). The same trend is observed in 

data published by Micoulaut et. al. [79]. 

The structural development in the Ge28Se72 system alters the excitation pathway. 

Instead of LP involvement, excitation causes breakage of the covalent Ge-Se bonds, 

preferably in the ES configuration. As a result, a dangling bond defect is formed at the Ge 

atom, whereas the Se atom reestablishes its normal valence to two. Remarkably, the 

defect state appears at the top of the valence band due to the partial saturation of the 

dangling bonds through charge exchange with the available LP states. Therefore, the 

dangling bond is accommodated through the bond elongation in the immediate 

neighborhood—i.e., without much lattice perturbation. The size of the band gap remains 

almost unchanged, except that it increases slightly when the Ge-Se bond breaks next to 

the ETH configuration. In the post-excitation regime, the dangling bond attaches to any 

two-fold Se atoms. The induced bond switching does not alter the homopolar/heteropolar 

bond ratio and therefore it has no effect on the total energy of the system or the size of 
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the band gap. For this reason, no perceptible changes are seen in post-exposed samples on 

the Raman spectra for Ge29.2Se70.8 and Ge32.1Se67.9 in Figure 39 and Figure 41. 

5.2.2. a-GexSe100-x network peculiarities for x≥30%. Insights into the mechanism of 
the metastable changes 

When the Ge content is x≥30%, the experimental data (see Figure 38(b)) demonstrate a 

mixture of the transient PD and metastable PB effects. The Raman analysis provides 

some insight into the metastable changes: the homopolar bonds—i.e., ETH and Se-Se—

are converted into the tetrahedral Ge-Se bonding units. However, the Raman results are 

not sufficient to gain an understanding about the origin of the transient PD and changes in 

the topology. To establish a complete picture of the photo-induced effects in the stressed-

rigid networks, the Ge36Se64 system is modeled. Taking into account that the amplitudes 

of the transient PD and metastable PB grow with increasing Ge content (Figure 38(b)), at 

a chosen concentration x=36%, we expect metastable changes to be well pronounced. 

In the Ge36Se64 system, the tendency of Ge atoms to gather into the ETH bonds 

becomes more apparent (Figure 43(a)). It has a quite different molecular origin because 

in this structure, the valence saturation is achieved through simple sigma-type bonding on 

the Ge site with the two p electrons of Se. In this manner, the LP electrons of Se are 

involved in formation of a dative bond by which they orbit around both atoms, creating a 

negative charge around the Se atom. In such instances, both Ge and Se atoms appear as 

threefold coordinated because the length of the dative bond is the same (within a decimal) 

to the covalent bonds formation. Subsequently, in this composition, Se sites give up lone 

pairs; i.e., Ge36Se64 possesses a deficiency of LP states.  

The photoexcitation applied to the model Ge36Se64 system is found to induce 

breakage of Ge-Ge chains and as a result, many dangling bonds at Ge atoms are 

generated. Because of the deficiency of LP states at the Se atoms, the dangling bonds 

cannot be saturated. Therefore, the defect states appear in the band gap causing a band-

gap shrinkage of ~0.2eV that manifests itself in the transient PD during light exposure 

(see Figure 38(b)). The increase in PD amplitude with growing Ge content is related to 

further suppression of the concentration of Se lone pair states. With respect to the 
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positions of atoms, the unsaturated dangling bonds induce significant lattice perturbation 

due to displacement of the Ge atoms carrying the dangling bonds towards the Se atoms, 

which might be in a position to share their electrons. 

 

!

Figure 43. The photo-induced transition of the Ge36Se64 system to a more ordered state. 
(a) Pre- excitation regime: the layered structure with weakly defined molecular cages.   
(b) Post- excitation regime: clustering of the molecular cages into 3D nanostructures. 
 

 In the post-excitation regime, we observed an appearance of the newly formed 

heteropolar CS and ES bonds and subsequently, a reduction in the homopolar ETH and 

Se-Se bonds. The heteropolar bonds are assumed to be more energetically favored 

compared to the homopolar ones [154]. The bond conversion induces ordering in 

structure defined by the development of the dative bonds, with a pronounced effect of 

clustering into 3D nanostructures. Due to clustering, the length of the Ge-Se bond 

deviates over a shorter range; it is 2.4–2.6Å after excitation compared to 2.36–2.76Å in 

the pre-exposed regime, while the Se-Se bonds are stretched by approximately 10%. The 

photo-induced segregation of clusters is reflected in the electronic properties by an 

increase in the band-gap size of 0.22eV. It is plausible to assume that experimentally 

observed metastable PB effect (Figure 38 (b)) reflects the increase in the bandgap size. 
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The increase of the PB amplitude with Ge content is related to the increase in 

concentration of the ETH bonds and the subsequent growth of the conversion rate. The 

total energy of the pre-excited and post-excited structures was found to be in the same 

range. Therefore, stability of the systems with respect to each other suggests the existence 

of a potential barrier between them. Additionally, recent studies by neutron scattering of 

GeSe2 reported the existence of two forms of ordering on a nanoscale [158] and were 

later confirmed by wider study of Ge-Se compositions by fluctuation transmission 

electron microscopy [159]. The simulations could not distinguish the forms of ordering as 

depicted by these methods; however, the confirmation of ordering on a short scale 

verifies the accuracy of our simulation. 

 The findings in the simulation of the photo-induced conversion of bonds 

completely agree with our Raman analysis. To the best of our knowledge, this is the first 

direct evidence of the conversion of homopolar to heteropolar bonds being responsible 

for the metastable PB in a-GexSe100-x films. The only other previously reported direct 

evidence of the light-induced bond conversion was observed on ternary Ge-based glasses 

such as a-GexAs35-xSe65 [160].  

5.3.   Conclusion 

By means of the two-beam transmission technique, a critical concentration of Ge x≈ 30% 

was found, which corresponds to the crossover from transient PB to the mixture of 

transient PD and metastable PB and that can be linked to the transition from the close-to-

intermediate phase to the stress-rigid phase. As the result of photoexcitation and 

relaxation mechanisms modeled with first-principles simulations the correlation with 

local order and topology became evident. The topology analysis of a-GexSe100-x 

demonstrated an evolution from homogeneous flexible phase to a layered structure 

inherent to the stress-rigid phase. A successive study of the excitation mechanism and 

subsequent light-induced alteration in topology suggests that Ge:Se ratio, rather than 

network rigidity, plays a decisive role in the manifestation of photo-induced effects. 

According to the results, alteration in the observed effects is governed by availability of 

the lone pair states at the Se atoms that are sensitive to the Ge:Se ratio. However, it does 
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not correlate strictly with the boundaries of the phase transition (x=19.5%, 26%, 31.5% 

[66]). The secondary role of network rigidity has also been found in a recent study of 

PIEs in the ternary Ge-containing glasses [160] which supports our findings.  

At low Ge content (x<20%), the photo-excitation mechanism follows that of a-Se 

and involves the lone pair electrons and induces defect states in the band gap, giving rise 

to the PD [25]. As Ge concentration grows, the number of LP decreases, reaching the 

critical limit at x≈30%. At this point, the excitation starts to cause Ge-Se bond breakage, 

thus forming the dangling bonds. These dangling bonds tend to saturate available LP 

states, resulting in the transient PB (Figure 38(a)). At the same time, the bond switching 

does not cause changes in the homopolar/heteropolar bond ratio. This is also confirmed 

by Raman analysis performed on pre- and post- exposed Ge29.2Se70.8 samples, where no 

detectable changes are observed (Figure 39, Figure 41). As Ge content exceeds 30%, 

nucleation of the Ge atoms into ETH-like structures along with the lone pair deficiency 

starts to favor the breakage of the Ge-Ge bonds during photoexcitation. The simulations 

indicate that the unsaturated dangling bonds generate defect states in the band gap, which 

are responsible for the transient PD in both Ge32.1Se67.9 and Ge39.5Se60.5 (Figure 38(b)), 

and which also induces significant lattice perturbation. In the post-excitation period, the 

latter is found to trigger a conversion of the homo- to hetero-polar bonds that are directly 

verified by the Raman analysis (Figure 41), i.e., an increase in the edge-sharing to corner-

sharing ratio with a simultaneous decrease in ETH. Ultimately, the bond conversion 

activates transition to the more ordered structure, whose main feature is a clustering 

effect into 3D nanostructures. It increases the band gap, which can be linked to the 

experimentally observed metastable PB effect, which becomes more and more 

pronounced in a post-excitation period with each successive light exposure. However, to 

validate the changes in the band-gap as the result of formation of light-induced 3D 

nanostructures, further investigation is required and can be done by absorption 

spectroscopy methods. The established light-induced clustering is anticipated to be the 

underlying mechanism responsible for the phase-change memory phenomena in the 

Ge50Se50 films [161]. 
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CHAPTER 6 

Application of a-Se in a novel gamma 
camera for low-energy imaging 

 

This chapter is focused on the application of amorphous selenium in a novel gamma 

camera for low-energy nuclear medicine imaging. Namely, we propose a first prototype 

amorphous selenium direct conversion X-ray detector outfitted with a specially designed 

lead collimator. This device represents a novel fluence integrating gamma camera, which 

can be used to provide real-time image guidance for interventional breast procedures, e.g. 

Radioactive Seed Localization (RSL) and Permanent Breast Seed Implantation (PBSI). 

Its imaging performance is assessed experimentally in realistic breast phantom studies. 

Promising results are demonstrated. 

6.1.   a-Se FPXI for digital mammography 

X-ray medical images are formed as projections of the body parts onto photographic plate 

or digital recorder when electromagnetic radiation passes through it. The energy of 

radiation ranges from 10 to 150keV depending on the clinical task. The very first x-ray 

images were taken on a film. Then, in the beginning of 20th century, a scintillator screen 

was introduced in between X-rays and film, substantially boosting the sensitivity [162]. 

The traditional procedure with this kind of technology, i.e. loading the film/screen 

cassette, inserting it into x-ray station, carrying it back and developing the film following 

the exposure, etc. [163], was far from perfect. The technology has continued to evolve 

utilizing the coupling of X-ray image intensifiers and TV cameras for the real-time 

fluoroscopy application; digital X-ray imaging, when the irradiated storage phosphor was 

read out by a laser scanner, etc. [162]. A major advancement in digital X-ray imaging 

happened with the application of flat panel displays, so-called active matrix arrays 

(AMAs), originally utilized in laptop computers, as large area integrated circuits. This 

has led to the development of flat panel X-ray imagers (FPXI) in state-of-the-art X-ray 
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detector technology used today [164]. The basis of FPXI is the coupling of X-ray sensing 

material to an AMA which allows generation, storage and readout of an X-ray signal in a 

real-time. Practical advantages of such systems are in patient management, image 

handling, viewing and storing, the capability for computer-aided diagnosis, but even 

more importantly, improved image quality and a possible decrease in radiation exposure. 

The FPXI can be of two types: direct or indirect depending on the X-ray-to-signal 

conversion mechanism. Indirect type includes two steps: first, X-rays are absorbed in a 

scintillator material (e.g. Thallium doped Cesium Iodide) and converted into visible light. 

Second, the emitted light is converted into electrical charges in a-Si photodiodes 

integrated into each pixel of the imaging matrix. In contrast, direct type is a single step 

approach, where the key component is the X-ray photoconductor (e.g. amorphous 

Selenium). The photoconductor acts as X-ray-to-charge transducer, converting X-rays 

directly to the electric charge in a single step. In both approaches the resulting electric 

signal is proportional to X-ray beam intensity. As such, the magnitude of the signal read 

out from each pixel contains imaging information brought by the intensity variation of 

incident X-rays through the imaging object. The choice of the detector is application-

driven and depends on the specifics of the organ details to be imaged. The indirect 

technology will be ignored in the scope of this work and we will focus on direct 

conversion imaging in the low energy range. 

The X-ray photoconductive material is the key component for a successful direct 

conversion detector and must exhibit several characteristics, such as the ability to be 

readily deposited over large area, high X-ray sensitivity and charge collection efficiency, 

relatively low dark current and suitable resolution and detective quantum efficiency 

(DQE). In addition, the photoconductor of choice must be relatively low cost and show 

good reliability to endure numerous cycles of charging and discharging. Although there 

are number of polycrystalline materials that have shown potential to be utilized in FPXI 

(e.g. PbO [165,166], CdZnTe [167,168], HgI2 [169,170]), they still suffer from large dark 

currents or low charge collection efficiency [171]. The only commercially viable 

photoconductor in direct conversion X-ray detectors to date is stabilized amorphous 

selenium.  
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Stabilization of a-Se structure for FPXI application requires special attention. This is 

due to the inherent metastability of a-Se, as discussed in great detail in Chapters 2 and 4. 

If not controlled, this can cause a-Se crystallization, and degradation of its imaging 

performance. The recipe which was found to be effective in preventing crystallization for 

FPXI is alloying of pure a-Se with 0.2-0.5% of arsenic (As) and doping it with chlorine 

(Cl) in the ppm range [23]. Addition of As atoms to a-Se matrix links some of the 

selenium chains and as such increases viscosity. Although it helps to release strain and 

prevent crystallization, it also introduces traps for holes (main charge carrier type in a-

Se). To restore hole lifetime, Cl in added, and completes the stabilization recipe [34]. 

Stabilized a-Se has proven to exhibit good reliability [5]. 

Several other reasons make a-Se the best-known photoconductor for FPXI, especially 

for mammography, where low energies are used for imaging (≈20keV). The X-ray 

sensitivity is outstanding, i.e. an 150-200µm photoconductive layer absorbs almost 100% 

of ≈20keV X-rays [171] with the reasonably high electron-hole pair creation efficiency 

[172]. Amorphous selenium can be readily deposited over large area electronics 

preserving good uniformity by conventional vacuum deposition techniques at reasonable 

substrate temperatures with no harm to the sensitive electronic components (such as 

AMAs). In terms of transport properties, because both electrons and holes are mobile in 

a-Se, both charge carriers can drift and contribute to the photoconductivity. By design, 

holes are usually collected on the pixel since its mobility is much higher, 0.13-0.14 cm2V-

1s-1 versus 5-7 x 10-3 cm2V-1s-1 for electrons [5]. The latter is very important because X-

rays are absorbed throughout the bulk of the material and if only one carrier type is 

mobile, the other is trapped which can result in significant loss of device sensitivity and 

potential lag and ghosting problems. In addition, the dark current (a leakage of current 

after the material is charged and kept in the dark) levels at room temperature are 

relatively small in a-Se (less than 1pAmm-1) compared with many other photoconductors 

[5,173]. This is due to the invention of so-called blocking layers which have enabled 

switching from metal-a-Se-metal structures to a special multilayered n-i-p structure to 

prevent high dark current at high electric fields and therefore ensure high X-ray 

sensitivity [171].  
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 In the state-of-the-art a-Se mammography imagers, the a-Se layer is combined 

with an active matrix array. Figure 44 schematically shows an AMA in combination with 

other system components (on the left) and an individual pixel diagram (on the right). 

AMA is a two-dimensional array of pixels each of which incorporates thin film 

transistors (TFT). TFTs are usually large-area deposited hydrogenated amorphous silicon 

based, which can be externally addressed through gate lines enabling pixel read out 

through data lines [171]. An a-Se layer with respective blocking layers forming the n-i-p 

structure are deposited over the pixel electrode (bottom electrode). On top of the blocking 

layer surface continuous electrode (top electrode) is applied. This structure allows 

application of high electric field to sustain an internal field in the photoconductive layer 

of ~10V/µm with reasonably low dark current, and provides efficient X-rays-to-charge 

conversion and subsequent collection. Generated electric charges in the a-Se layer are 

collected by the sensing element, a storage capacitor electrically connected to the 

photoconductive layer through the pixel electrode.  

!

Figure 44. Left: schematics of AMA in combination with a-Se layer, peripheral electronics 
and computer enabling sensor operation. Right: individual pixel schematics, including: top 
and bottom electrodes and n-i-p a-Se structure, TFT, storage capacitor and glass substrate. 
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As generated charge carriers are drifting through the photoconductive layer, a current is 

induced which is integrated on the storage capacitor depositing an amount of charge 

corresponding to amount of X-ray generated carriers. Next, signal readout is enabled 

through the TFT. The TFT is incorporated in each pixel and acts as a switch controlled by 

the voltage applied to the gate. When the TFT is in its “off” state the resistance between 

source and drain contacts is infinitely high and generated charge is collected on the 

storage capacitor. When the TFT is in its “on” state the resistance between source and 

drain is significantly lowered allowing for the stored charge to be transferred to the 

feedback capacitor of the amplifier through the data lines. The feedback capacitor 

determines the gain of the signal, but the output analog signal is always proportional to 

the amount of integrated charge and therefore intensity of incident X-rays. Then analog-

to-digital conversion takes place and usually requires a resolution of 12-16 bit for 

mammography. After the digitization, sophisticated image correction algorithms are 

applied to deliver perfect looking images. An example of two typical images of breast 

and a hand obtained by a-Se flat panel imagers developed and marketed by Analogic 

Canada Corporation (former name Anrad) are presented on Figure 45. 

!

Figure 45. X-ray images of the breast and hand acquired by Analogic a-Se flat panel X-
ray imagers [171]. 
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The big advantage of this type of technology is the relatively short times for image 

formation and processing or the high frame rate which allows for digital breast 

tomosynthesis, a novel technology when several X-ray images taken at different angles 

enable three-dimensional image visualization [174]. 

 The basics of Analogic a-Se FPXI was described in detail, as an understanding is 

needed to introduce the concept of a novel gamma camera. Nevertheless it has to be 

noted that other companies i.e. Hologic, and Fuji are producing commercial a-Se based 

X-ray detectors incorporating different pixel designs and/or readout techniques [175]. 

This section has demonstrated successful application of amorphous selenium in 

diagnostic imaging. We believe that its application can be extended further to guide 

therapeutic procedures. In particular, breast cancer treatment with Radio Seed 

Localization and Low Energy Breast Brachytherapy procedures. 

6.2.    Radioactive seeds procedures in breast cancer management  

At present, the primary treatment option for breast cancer patients diagnosed at the early 

stage of the disease is breast conserving therapy (BCT). Conventional BCT includes two 

major steps. First is lumpectomy - surgery for tumor and safety margin removal; and 

second is post-operative whole-breast irradiation (WBI) by means of external beam 

radiotherapy to prevent local recurrence.  

Currently, the standard method to localize and remove a non-palpable breast 

lesion is wire-guided surgical biopsy (WGSB). WGSB involves the insertion of a hooked 

wire into center of the lesion on the day of surgery, followed by excision of the tissue 

surrounding the wire. Although, WGSB is utilized in about 75% of treatments of non-

palpable breast cancers [176], it has several disadvantages and in particular high rates for 

positive margins, where the cancerous cells are found at the cut edge of the excised 

volume after evaluation following excision. Other issues associated with WGSB can be 

found in Refs.  [177, 178,179, 180,181,182,183]. As the result of WGSB a re-operation or 

even surgical removal of breast is often required [184]. These incidents could potentially 

be reduced with a novel Radioactive Seed Localization procedure focused on complete 
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excision of all disease, while minimizing the amount of unnecessarily excised normal 

breast tissue. 

6.2.1. Radioactive Seed Localization, requirements for image guidance. 

Radioactive seed localization (RSL) was introduced in 1999 as an alternative to WGSB 

[185]. The RSL procedure involves implantation of a titanium seed containing low-

activity iodine-125 (125I) in the center of the tumor under radiographic or ultrasound 

guidance allowing for intraoperative lesion localization using a hand-held gamma probe. 

This is usually done up to 5 days prior to surgery which notably improves patient 

convenience and surgical scheduling. The other major benefit is lower incidence of 

positive margins and therefore fewer reoperations [186]. During the surgery, continuous 

measurement of 125I gamma emission is carried out to locate the seed, the maximum 

counts are marked on the skin followed by removal of the lesion and seed from the 

patient. The gamma probe is further used to examine the signal from the removed 

specimen and from the wound to confirm successful tumor removal. As a result the RSL 

technique is currently gaining popularity worldwide and it is already used as standard 

clinical care in a number of hospitals [187]. 

The current systems used for detecting the radioactive seeds for RSL are non-

imaging gamma probes (e.g. Neoprobe or RMD Navigator GPS); however, the spatial 

resolution of the probe is poor (~15–26 mm). As a result of poor spatial resolution, 

optimal tumor bracketing is not always possible. In addition, the use of non-imaging 

probes limits RSL to a single seed that may be insufficient to ensure a reliable and 

guaranteed resection of the tumor leaving clear surgical margins. It is reasonable to 

assume that cancer removal with more precision and “comfort” for a surgeon can be 

performed using multiple seeds. Ideally, at the time of surgery, the entire tumor extent 

would be bracketed by a number of radioactive seeds with an imaging system available to 

identify their positions. Given that multiple radioactive seeds will be used to mark the 

perimeter of a 1 cm diameter lesion and that they could be as close as ~ 5 mm apart, the 

required imaging system to guide RSL must have a spatial resolution of at least 5 mm. 
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Additionally, since the system would be used for intraoperative guidance, image 

acquisition must be on the order of ~ 5 minutes. 

 A novel gamma-camera proposed under the scope of this thesis can be used for 

real-time guidance for the RSL procedure as will be shown. 

6.2.2. Permanent Breast Seed Implantation, requirements for image guidance. 

The current treatment paradigm of breast cancer involves post-operative irradiation of the 

entire breast (WBI). However, over the past decade new radio therapeutic options such as 

Accelerated Partial Breast Irradiation (APBI) have emerged to offer alternative post-

lumpectomy treatment. APBI offers i) decreased overall treatment time (5 days compared 

to 3.5 to 7 weeks with WBI) and ii) a possible decease in the dose delivered to 

uninvolved portions of breast as well as to the adjacent organs (e.g. heart, lung, rib 

tissues). This results in a potential to provide patients with more suitable post-operative 

therapy option. APBI includes multiple techniques in different stages of development and 

acceptance [188,189].  

Among the different ways to deliver APBI, Permanent Breast Seed Implantation 

(PBSI), a novel technique that has been recently pioneered in Sunnybrook Health Science 

Centre (Toronto, Canada) [190] and is currently being adopted by more cancer centers 

(e.g. British Columbia Cancer Agency, Tom Baker Cancer Centre in Alberta and others). 

Using the same principle as low-energy prostate brachytherapy, PBSI involves permanent 

implantation of low-energy radioactive Palladium- 103 (103Pd), stranded seeds under 

ultrasound guidance into the lumpectomy cavity to deliver precisely calculated dose to 

the target volume within the safety margins. The distinct advantage of the procedure is 

that it lasts only about one hour with same day patient discharge. This dramatically 

improves the patient’s quality of life compared to conventional WBI and even other 

APBI approaches with 5-day daily treatment. Reduction of the acute skin reactions 

compared with WBI is also reported [191]. PBSI has already shown a strong potential in 

clinical trials, however, the current limitation is the inability to visualize brachytherapy 

seeds as they are being implanted.  
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To understand this problem, let’s look at the PBSI procedure more in details. The 

treatment planning is done prior to the procedure to define the target volume and plan 

actual seed implantation (Figure 46). Once the patient is anaesthetised, a fiducial needle 

is inserted under ultrasound guidance to hook the surgical cavity, after, it is attached to a 

specially designed template which guides the insertion of needles loaded with seeds 

according to the treatment plan (Figure 46). 

!

Figure 46. PBSI procedure, showing treatment planning on the right and illustration of 
the actual procedure on the left. 

 

Presently, the only on-line imaging device that helps guide the procedure is 

ultrasound, which successfully guides the needle insertion, but once seeds are released 

they are no longer distinguishable due to the speckle in the ultrasound images. The air 

bubbles present in ultrasound images, as well as presence of seroma and fibrotic tissue 

make is difficult to distinguish seeds, so real-time correction cannot be performed. 

Furthermore, if the mismatch in seed position (from treatment plan) is greater than 5 mm 

the creation of undesirable “hot” or “cold” spots may occur in the target volume. For this 

reason the implementation of PBSI into routine clinical practice requires a specialized on-

line imaging device which will enable intraoperative guidance. The main requirements 

for such a device are: high sensitivity for low-energy imaging, since the principle 

energies of Pd-103 seeds are 20keV (65.6%), 23keV (12.5%) [192]; image acquisition no 
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longer than 2 minutes per image, so that correction can be performed while patient is still 

anesthetized; spatial resolution at least 5mm, so that misplaced seeds can be detected and 

corrected if necessary; and the dedicated camera must be readily available to guide and 

evaluate dose distribution during and at the end of the implantation without interfering 

with the surgical procedure. 

6.3.   Novel a-Se based gamma-camera  

An amorphous selenium (a-Se) direct conversion X-ray detector outfitted with a specially 

designed hexagonal lead collimator, that can provide image guidance for PBSI and RSL 

procedures, is proposed. The following reasoning has led us to this idea. 

A dedicated gamma camera provides the most straightforward approach to guide both 

RSL and PBSI procedures because the radioactivity of the implanted seeds can be 

detected and as such the radioactive sources localized. Requirements for the dedicated 

imager were previously identified by Ravi et al. [193]. These are: 

1. Capability to image low energy sources with the primary photon energies of the 
125I and 103Pd seeds being 20, 23, 27, 31 and 35keV. 

2. Time available to image the seed distribution must be kept between 1 to 2 minutes 

per image. 

3. The required spatial resolution must be at least 5 mm. 

4. Imaging must be carried out with no interference with the surgical procedure. 

Although gamma cameras are widely used for various applications in nuclear 

medicine, none that are currently available fit the requirements for both PBSI and RSL. 

The majority of commercially available gamma cameras use sodium iodide (NaI) 

scintillation crystals in conjunction with photomultiplier tubes. The problem with these 

designs is that the aluminum casing, which is needed to seal the hygroscopic NaI crystal, 

absorb most of the low energy (21–35keV) photons emitted by the seeds, preventing 

them from being imaged. An alternative approach is a direct-conversion gamma camera 

based on a Cadmium Zinc Telluride (CZT) photoconductor, which does not require an 

aluminum seal [194]. However, the read-out electronics (including an Application 
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Specific Integration Circuit) for all available CZT gamma cameras are designed for 

imaging at the Thallium-201 (201Tl) and Technetium-99m (99mTc) energy range—i.e., at 

energies much higher than required for PBSI and RSL. Therefore, commercially 

available gamma cameras and imaging probes cannot image either 125I or 103Pd seeds, 

since their signals are outside of the supported energy range.  

It is important to emphasize that all conventional gamma cameras for nuclear 

medicine use energy-discrimination and photon-counting technologies to discard 

scattered photons and to acquire “true” images using non-scattered primary photons 

emitted from the source of radioactivity. Energy discrimination is needed for “high 

energy” (>60keV) applications to reject photons that undergo Compton scattering in the 

patient’s body. In contrast, for low-energy applications (<35keV), energy discrimination 

is not efficient because the probability of scattering events is significantly reduced and 

photon-energy changes due to Compton scattering are too small to discriminate. To 

demonstrate this statement, consider that the average photon energy of 103Pd seeds is 

~21keV, the energy of photons reduced due to the Compton scattering 𝐸`a , can be 

calculated by the Eq.6 [195] 

 𝐸`a =
𝐸b

1 + 𝐸b(1 − cos 𝜃) 0.5111
, (6) 

where 𝜃 is the scattered angle and 𝐸b is the energy of incident gamma photon in eV. 

Thus, for the 103Pd seeds, maximum reduction of the energy due to the Compton 

scattering is due to the backscattered photons (𝜃 =1800) and is around 19.4keV, which 

means that in principle energy discrimination for low energy imaging is useless. 

Since no energy discrimination is required for low-energy imaging this leads us to 

the idea that a charge integrating readout mode can be utilized, in the same way it is 

currently realized in mammography detectors based on AMAs technology (Figure 44). 

Furthermore, understanding the perfect suitability of a-Se as a photoconductor in the low-

energy range makes it the logical material of choice for gamma-ray-to-charge conversion 

for imaging of 125I or 103Pd radioactive sources. In addition, since the radioactive seeds 

emit radiation in all directions it is obvious that a dedicated collimator must be used to 
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maximize spatial resolution of the proposed gamma camera. For the latter, sensitivity 

must be also taken into account (e.g. improving resolution by increasing the hole length 

of the collimator results in decrease of sensitivity or increase in imaging time, which 

must not exceed 2min). 

To demonstrate the feasibility of an a-Se direct conversion gamma camera for 

radioactive seeds localization we built a prototype and tested it in realistic breast 

phantoms mimicking dense breast tissue and fatty breast tissue. A first laboratory 

prototype of an a-Se gamma camera is based on the Large Field of View Analogic AXS-

2430 flat panel mammography detector [196] outfitted with a lead collimator specially 

designed for low energy applications.   

6.4.   Proof of concept studies 

6.4.1.! Experimental setup   

The experimental setup simulating interventional radioactive seed procedures is shown in 

Figure 47. Experiments were performed using two separate phantoms made of paraffin 

wax and Lucite layers, mimicking fatty breast tissue and dense breast tissue respectively. 

!

Figure 47. Experimental setup: (a) schematic representation of all setup components;     
(b) example of the phantom mimicking dense breast tissue with the implanted radioactive 
Palladium-103 seeds at different depth and separation distance. 

 

The breast phantom thickness varied from 3 to 6 cm. From 1 to 5 brachytherapy 

Palladium-103 radioactive sources were implanted at the separation distance 0.5, 1 and 
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1.5 cm (see example with Lucite phantom in Figure 47(b)). A laboratory prototype of a 

gamma camera dedicated to imaging in 20-35keV energy range was constructed of an 

Analogic Large Field of View a-Se direct conversion x-ray mammography plat panel 

detector outfitted with a specially designed hexagonal lead collimator (Figure 48). The 

collimator parameters were determined based on a Monte Carlo simulation, optimizing 

spatial resolution and acquisition times against clinical requirements and taking into 

account current manufacturing limitations. The collimator shown in Figure 48 utilized 

over the course of experiments is a custom-made lead collimator manufactured by 

Nuclear Fields [197] with 10 j 10 cm field-of-view, hole diameter of 1.5mm, hole length 

of 25.3mm and septa size of 0.23mm. To quantify the camera response, the breast 

phantom with implanted 103-Pd seeds was placed in front of the collimator face and the 

seed radioactivity was imaged. Phantom-to-detector distances varied from 3 to 20cm by 

bringing phantoms closer to the camera. Image acquisition time was tuned to 1 minute 

and the radioactive sources were imaged over a time of up to two minutes for each set of 

parameters. 

!

Figure 48. Left: Analogic Large Field of View AXS-2430 a-Se digital X-ray sensor [198]. 
Right: specially designed lead collimator enclosed in aluminum ring for safety 
considerations. 

6.4.2.! Results and discussion 

In Figure 49 we present an example of images obtained with the fluence integrating 

gamma camera prototype. Four 103Pd radioactive seeds at separation distances 5, 10 and 
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15mm embedded in a wax phantom were imaged in a less than 2 minutes with a 

phantom-to-detector distance of 7cm. Different amounts of wax layers, 4, 2, 1 and 0cm 

were mimicked different thicknesses of fatty breast tissue. It is evident from Figure 49 

that the four seeds are clearly distinguishable visually, although the signal is fading out as 

the thickness of wax layers increases. This is not unexpected due to the higher attenuation 

in the thicker material. One may suggest that the quality of the images in cases of in 

excess of 2cm of wax are poor. However, we would like to emphasize that in order to 

locate seeds and provide sufficient image guidance for PBSI and RSL, the detection of 

seeds position rather than high resolution images of the radioactive sources themselves is 

required. In other words, to fulfill the clinical requirements for radioactive seed 

procedures, seed location in the target volume is the main interest, not an actual image of 

the seed. 

	

Figure 49. Images of 4 seeds separated by 5, 10, 15mm in a phantom mimicking 1cm, 
2cm and 4cm of fatty breast tissue, phantom-to-detector distance is 7cm. 
 

The presented images are satisfactory as long as the coordinates of the seeds can be 

resolved from image profiles, e.g. with Gaussian fitting (Figure 50). Figure 50 

demonstrates that with simplest Gaussian fit, positions of seeds from the experiment 

depicted in Figure 49 can be derived. It is clear from Figure 50 that even in the extreme 
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case of 4cm of wax and 5mm seed separation, seeds positions can be easily resolved with 

2 minutes of imaging time. Once the seed coordinates are obtained, using a priori 

knowledge of the approximate position of the seeds based on the treatment planning, a 

3D reconstruction of seed distribution with respect to the imager reference frame can be 

carried out.  
 

	

Figure 50. An example of Gaussian fit of the imaging profiles from Figure 49:  four seeds 
separated by 5, 10 and 15mm in a phantom mimicking 0, 1, 2 and 4cm of fatty breast 
tissue with phantom-to-camera distance of 7cm. Imaging time is less than 2 min. 

6.5.   Conclusion and future work 

To the best of our knowledge the proposed fluence integrating gamma camera is the first 

of its kind to enable low-energy gamma imaging and which fulfills all clinical 

requirements for radioactive seed procedures. It is a novel (although very practical) 

imaging device capable of imaging radioactive 125I and 103Pd seeds with adequate spatial 

resolution and short acquisition time, thus meeting the requirements for Radioactive 

Seeds Localization and Permanent Breast Seed Implantation which both significantly 

improve breast cancer treatment. The approach to use a flat panel mammographic 
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detector with charge integration readout as a gamma camera eliminates the expensive 

components inherent in existing gamma cameras designed for high-energy applications 

(i.e., photon counting readout electronics and energy discriminator), and it enables fast 

image acquisition of low-energy radioisotopes used in PBSI and RSL. Despite the 

unusual design of the gamma camera, experimental results prove that the concept of a 

fluence integrating gamma camera without an energy discriminator can work for low 

energy applications and confirms the validity of the proposed approach. Indeed, such a 

system is able to resolve radioactive seed positions with accuracy adequate for RSL and 

PBSI (<5mm) within the specified imaging time of 2min. Further optimization of the 

camera may include modification of the system form factor, e.g. the combination of two 

detector heads which would allow acquisition of two views simultaneously, so that the 

imaging time would be decreased by a factor of two and the degree of seed overlap in 

each projection would be also minimized.  

Although the proposed gamma camera proved its capability to locate the seeds 

and as such predict dose distribution, it does not provide anatomical information of the 

target volume. In the future, we propose to merge a fluence integrating gamma camera 

with a 3D ultrasound system to address this issue. Thus, emission images from the seeds 

acquired by the gamma camera can be co-registered with anatomical landmarks to 

ultimately provide dose distribution with respect to anatomy. To achieve this for RSL, 

optical images of the breast surface can be imaged in real-time and simultaneously an 

infrared camera can be used to track infrared markers placed on the outer edge of the 

surgical field and placed on the gamma camera system. In this fashion we can relate the 

position of the radioactive seeds to a real time image of the breast surface. This approach 

can be also adapted to PBSI, instead of optical imaging, the position of the radioactive 

sources can be related to real-time superficial ultrasound images of the surgical cavity.  
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CONCLUDING REMARKS 
 

This thesis contributes to the both: (1) fundamental understanding of the nature of light-

induced effects, namely photodarkening (PD), photobleaching (PB) and photo-induced 

crystallization (PC) in amorphous selenium (a-Se) and in germanium selenide (a-

GexSe100-x) ChGs; and (2) applications of a-Se in medical imaging, as it introduces the 

idea of a-Se based fluence integrating gamma camera for low-energy applications to 

facilitate image guidance for emerging breast cancer treatment procedures.  

Our findings on photo-induced effects in a-Se can be summarized as follows: 

distinctly different photodarkening effects were shown to be caused by above-bandgap 

and sub-bandgap optical excitations. This was studied by monitoring the kinetics of PD 

build-up and relaxation. For the above-bandgap illumination, only transient PD was 

observed and its relaxation kinetics was characterized by one time constant of 2.5s, which 

is essentially temperature independent. This time is required to restore a-Se to the ground 

state configuration, which involves relaxation of the photoexcited electron through multi-

phonon emission, with no bond rearrangements involved. For the sub-bandgap 

illumination, both transient and metastable PD were observed, with two characteristic 

time constants: a temperature independent 2.5s and temperature dependent longer time 

constant (85s at room temperature (RT)). Whereas transient PD is concluded to be of the 

same nature as in the above-bandgap excitation case, the metastable PD requires longer 

relaxation to overcome an energy barrier of around 0.8eV, either by thermal activation 

above RT or by configurational tunneling below RT. Furthermore, if the formation of 

metastable structural configuration is left unrestored this can lead to irreversible 

structural transformation (crystallization). To summarize, if a-Se photodetectors are 

designed to work in the blue light or UV range, their lifetime would be prolonged since 

above-bandgap excitation is not an efficient trigger of phase transition.  

Our detailed investigation of the effect of substrate rigidity on photo-induced 

crystallization in a-Se allows us to conclude that a softer film-substrate interface can 

suppress the photo-induced crystallization effect. The same occurs by operation near the 

glass transition, Tg. Thus, flexible substrates, soft intermediate layers and operation at 
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temperatures close to Tg can enhance resistivity of a-Se structures against the undesirable 

PC effect.  

Our investigation of light-induced effects, i.e. photodarkening and 

photobleaching, across the glass forming region of a-GexSe100-x systems by a combination 

of experimental study and theoretical modeling has allowed us to reveal the microscopic 

nature of the observed effects. We found that Ge:Se ratio plays a decisive role in the 

pathway for photoexcitation as well as in subsequent relaxation. Indeed, the availability 

of lone pair electrons at Se atoms, whose concentration strictly depends on the Ge:Se 

ratio, governs different photo-induced effects for different glass compositions. At low-Ge 

content (x<20%) the photoexcitation follows the same path as for a-Se, causing a PD 

effect. As the Ge content reaches 30%, the Ge-Se bond breakage becomes a dominant 

process during photoexcitation, which results in dangling bonds generation which 

saturates available LP states and thereby causes the transient PB effect. Concentration 

x=30% was found to be critical, as lone pair deficiency along with the formation of 

ethylenelike (ETH) Ge-Ge bonds results in ETH bond breakage during photoexcitation. 

On the macroscopic level this results in transient photodarkening due to unsaturated 

dangling bonds in the band gap (during photoexcitation) and subsequent homopolar to 

heteropolar bonds conversion in the post-excitation period causing metastable 

photobleaching effect. The amplitude of metastable PB becomes more pronounced as the 

Ge content further increases. Interestingly enough, the homo- to hetero- polar bond 

conversion in the post-excitation period triggers a transition to the more ordered state 

characterized by the formation of 3D nanostructures (clustering effect), which in turn 

increase the bandgap. This was observed experimentally as the metastable PB effect. In 

the future, validation of the light-induced 3D nanostructures can be done using absorption 

spectroscopy methods.  

Finally, the results of a-Se gamma camera project can be outlined as follows: we 

proposed a novel, but very practical solution to use a flat panel a-Se mammographic 

detector outfitted with the specially designed collimator as a gamma camera for low-

energy imaging. Such a fluence integrating gamma camera eliminates the expensive 

components inherent to conventional gamma cameras designed for high-energy 
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applications, namely, photon counting readout electronics and an energy discriminator. 

This in turn provides a low-cost solution that can enable real-time image guidance for 

emerging breast cancer treatment procedures that involve radioactive seeds implantations. 

We demonstrated the potential of the proposed device to fulfill the clinical requirements 

for localizing radioactive seeds in realistic breast phantom studies. Although our lab 

prototype was not fully optimized, it was able to resolve radioactive seed positions with 

an accuracy less than 5mm within a specified imaging time of 2min. The next steps in 

this project may include: i. optimizing the camera form factor (e.g. the combination of 

two detector heads which would allow acquisition of two views simultaneously), ii. the 

development of an automated algorithm for the precise localization of the radioactive 

sources from the gamma camera images; and iii. co-registration of this information with 

3D ultrasound images to ultimately provide surgeons with dose distribution with respect 

to anatomical target. 
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APPENDIX 
APPENDIX A. Samples preparation 

Amorphous materials are usually produced in two forms: bulk glassy samples and thin 

films. Bulk samples are commonly prepared through melt-quenching process, when the 

material molten is rapidly cooled down and pressed; or sometimes from solution, i.e. 

chemical precipitation process. Thin films can be made by various evaporation methods, 

e.g. thermal or chemical evaporation, radio-frequency discharge, cathode sputtering or 

glow discharge [199]. The most common method to prepare thin films, however, is the 

vacuum thermal evaporation, as the result of which vapor containing atoms and/or 

molecules of the material are condensed onto a suitable substrate forming the film.  

A.1.    a-Se deposition 

Amorphous Se films are normally vapor-grown. Selenium has a relatively low melting 

temperature, around 220oC [26] and can be relatively quickly prepared exhibiting good 

uniformity. It is important to note that parameters such as substrate temperature, purity of 

the substrate surface and boat temperature are of critical importance for the optical and 

electrical properties of the material. Boat temperature affects the rate of deposition as 

well as the material structure, since evaporation may result in film formation by 

individual atoms, molecules or from clusters of different size. Another important property 

for a-Se films is aging, reported for the samples deposited on the cold substrates [200]. It 

occurs at room temperature and is attributed to structural relaxation which results in an 

atomic concentration increase and a thickness decrease [201]. This also affects electronic 

transport properties [202]. Aging has not been found to affect the optical properties of the 

samples deposited on heated substrates and annealed close to glass transition after the 

deposition. 

Substrate surface impurities as well as insufficient temperature can cause a crystallization 

process in the amorphous film, e.g. crystallization which starts from nucleation centers on 
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the surface can spread through the entire film depending on the temperature and the 

nature of the contaminated centers. 

We have deposited high quality pure and stabilized amorphous selenium layers 

(stabilized refers to alloying with 0.5% of arsenic to prevent crystallization together with 

added chlorine doping in the ppm range to compensate for hole traps introduced through 

the addition of As [23]) onto glass coated with indium tin oxide (ITO) substrates in the 

Thunder Bay Regional Research Institute clean room facilities (Figure 51). Standard ITO 

coated corning glass of 0.7mm thickness was chosen, since some samples are used for 

electrical measurements, which are not discussed within the scope of this thesis. 
 

 

	
 

 

Figure 51. Vacuum deposition system utilized for a-Se deposition in Thunder Bay 
Regional Research Institute clean rooms facilities. 
 

For one typical deposition run 7.5g of Se pellets of 99.9999% purity were loaded in 

molybdenum crucible. The chamber was then closed and the system pumped down to 

around 10-6Torr. Next, the crucible was heated to 250-280oC so that Se pellets start to 

evaporate. The substrate temperature was set to 55-60oC and once the deposition rate 

stabilized at about 1µm per minute the shutter was opened and a 15µm-think a-Se layer 

was produced in about 15-20min. The a-Se samples were then left at substrate 

temperature until the chamber was cooled down and the films were removed. Sample 
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thickness was measured directly using a Dektak-150 on one of the samples form a given 

deposition run. The thickness of the samples used for PD and PC studies was 15.5µm. 

The structure of deposited a-Se was examined by means of Raman Spectroscopy to make 

sure that crystallization did not occur and that indeed a typical amorphous network was 

formed.  

A.2.   a-GexSe100-x deposition 

Amorphous GexSe100-x films for the PD/PB study were deposited in Boise State 

University onto ITO-coated glass substrates from a previously synthesized ChGs. 

Various compositions of bulk GexSe100-x glasses were synthesized by first combining raw 

Ge and Se martials in chosen amounts. The raw materials were sealed inside a fused 

silica ampoule under vacuum. The sealed ampoule was loaded into a furnace and the 

temperature was slowly increased to the melting temperature of the raw materials. While 

the furnace was heating up, the ampoule was agitated frequently to ensure good 

uniformity. After the material had been melted it was quenched in water to preserve the 

amorphous state of the ChG. Later, a-GexSe100-x films were deposited using a Cressington 

308R thermal evaporation system at a pressure of 10-6Torr with a semi-Knudsen cell 

crucible to increase the homogeneity across the film. Previous studies have shown 

compositional and structural homogeneity throughout the films’ depth [203]. The 

composition of the films was determined at five locations of each sample by Energy 

Dispersion X-ray Spectroscopy using a Hitachi S-3400N-II scanning electron microscope 

equipped with an Oxford Instruments Energy + X-ray detector. It has been established 

that the pure Ge-Se films contain 29.2, 32.1, 39.5 atomic percent of Ge, with Se adding to 

100 atomic percent for each particular composition. Film thickness ranged from 1.0 to 

1.5µm. 
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APPENDIX B. List of Publications and Presentations from Thesis Research 

B.1.   Journal publications 

• A. Mishchenko, J. Berashevich, K. Wolf, A. Reznik, D. A. Tenne and M. Mitkova, 
“Dynamic variations of the light-induced effects in a-GexSe100-x films: Experiment and 
Simulation”, Optical Materials Express 5(2), 295-306 (2015). 

• A. Mishchenko, G. P. Lindberg, B. A. Weinstein, and A. Reznik, “Comparative study 
of the photodarkening relaxation-kinetics in amorphous selenium for above-bandgap 
and sub-bandgap illumination”, Appl. Phys. Lett. 105, 051912 (2014). 

• J. Berashevich, A. Mishchenko, and A. Reznik, “Two-Step Photoexcitation 
Mechanism in Amorphous Se”, Phys. Rev. Appl. 1, 034008 (2014). 

• G. P. Lindberg, T. O'Loughlin, N. Gross, A. Mishchenko, A. Reznik, S. Abbaszadeh, 
K. S. Karim, G. Belev, and B. A. Weinstein, "Photo-crystallization in a-Se layer 
structures: Effects of film-substrate interface-rigidity", J. of Appl. Phys. 116, 193511 
(2014). 

B.2.   Conference presentations 

• A. Mishchenko, O. Tousignant, A. Teymurazyan, A. Ravi, A. Reznik, “Gamma-
Camera for Image-guided Low-energy Breast Brachytherapy”, 100th Annual 
Meeting of Radiological Society of North America, Oral Presentation, Presenting 
Author (USA, Chicago 2014). 

• A. Mishchenko, O. Tousignant, A. Teymurazyan, A. Ravi, J-P. Pignol, J. A. 
Rowlands, A. Reznik   “Gamma-camera for Image-guided Low-energy Breast 
Brachytherapy”, the 12th International Workshop on Breast Imaging, Poster 
presentation, Presenting author (Gifu, Japan 2014). 

• A. Mishchenko “Photodarkening kinetics in amorphous selenium”, Graduate Student 
Conference, Lakehead University, Oral Presentation, Presenting author (Thunder Bay, 
Canada 2014). 

• A. Mishchenko, J. Berashevich, A. Reznik, “Temperature dependence of  
photodarkening in stabilized a-Se”, the 25th International Conference on Amorphous 
and Nano-crystalline Semiconductors, Oral Presentation, Presenting Author (Toronto, 
Canada 2013). 

• A. Mishchenko, K. Wolf, M. Mitkova, A. Reznik, “Photodarkening vs. photobleaching 
in amorphous GexSe1-x films”, the 25th International Conference on Amorphous and 
Nano-crystalline Semiconductors, Poster presentation, Presenting author (Toronto, 
Canada 2013). 
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