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Abstract 

Silicon is the mainstream material for many nanoelectronic and photovoltaic 

applications.  The understanding of oxygen related defects at a fundamental level is 

essential to further improve devices, as vacancy-oxygen defects can have a negative 

impact on the properties of silicon. In the present review we mainly focus on the 

influence of isovalent doping on the properties of A-centers in silicon. Wherever 

possible, we make comparisons with related materials such as silicon germanium 

alloys and germanium. Recent advanced density functional theory studies that provide 

further insights on the charge state of the A-centers and the impact of isovalent doping 

are also discussed in detail.   
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1. Introduction 

Silicon (Si) pervades modern society in a number of ways due to its seemingly   

endless number of applications aiming to improve the quality of our lives. The 

advantageous properties of Si in comparison with other electronic materials have 

made it the basic building block for the electronic industry for numerous years. 

However, Si is not perfect and contains defects in the lattice which can act to 

deteriorate the performance of the devices. To improve Si devices and allow 

incorporation into new applications it is necessary to explore the properties and 

behaviour from a fundamental viewpoint.  

 The introduction of defects in semiconductors is unavoidable in common 

device processing, for example by radiation, implantations, diffusion, contamination 

with impurities and through material processing. Knowledge about the properties and 

the behaviour of defects, and especially regarding the fundamental processes and 

reactions in which they participate, are essential for understanding various 

technological problems related to, for example, limitations in fabrication. Furthermore 

issues related to the operation of the devices in specific environments, such as in 

accelerators where radiation damage can deteriorate their functionality, could be more 

easily overcome if we knew more about the properties of the defects present. 

 Intrinsic defects, namely vacancies and self-interstitials, are known to play a 

fundamental role in many solid state processes such as diffusion, strain release in the 

lattice or radiation effects. In the latter case, the formation of various radiation-

induced defects is the result of direct or indirect participation of intrinsic defects and 

various impurities in the material. One way to study these defects in a controlled 

manner is through the exposure of the material to high energy particles such as 

electrons, neutrons, protons or gamma-rays. In Si, both vacancies (V) and self-
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interstitials (SiI) are highly mobile and can form pairs and/or complexes with other 

impurities and other intrinsic defects present in the lattice, such as in the example of 

vacancies that can be readily captured by oxygen to form VO pairs. Thus, by studying 

the properties of the latter mentioned centre, valuable information can be retrieved 

regarding the vacancies. 

 One vitally important issue with respect to wafer fabrication and device 

processing is the control of induced defects in order to prevent device degradation and 

to aid in the development of new methods for avoiding these defects by design. 

Vacancies, along with self-interstitials, are intrinsic defects in Si and the primary 

defects produced by irradiation [1]; they are the building blocks participating directly 

or indirectly in the formation of radiation defects in Si. VO formation itself involves 

an interaction with the vacancy. Subsequently, any information acquired about the 

production and the properties of the VO defect would certainly serve to improve our 

understanding on the role of vacancies in many other processes in Si. 

 The VO defect in Si is an electrically active centre, introducing an energy level 

within the semiconductor gap, reported at Ec-0.17 eV [2]. It is an important 

recombination centre in Si providing a channel for charge carriers, thus it 

consequently affects the electrical properties of Si. Generally, the VO defect has an 

adverse effect on the performance of the device in consideration [3]. Notably, 

efficient intercentre charge transfer has been reported between the deep VO (-/0) level 

at (Ec-0.17 eV) and the shallow phosphorus substitutional donor level at Ec-0.045 eV 

[4] as well as between the (CiOi)
o
 defect in its excited state and the (V-O)

o
 [5].  

CiOi is another important recombination centre in Si [6]. The phenomenon of 

communication between defects is very important in understanding the mechanisms 

of trapping and recombination of non equilibrium charge carriers at defect levels. 
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Investigations have led to conclusions that the A-centre may be amphoteric, and 

besides the neutral and the negative charge state, a positive charge state may exist 

alongside additional levels in the gap [5,7,8]. It has also been implied [9] that the VO 

defect is a negative–U centre with single donor state (0/+) deep in the valence band, 

which is the reason that the level has not yet been detected. It has been suggested that 

the centre contains all the physics of metastability, although this phenomenon cannot 

be manifested due to the fact that the effect is too strong. Clearly, a full picture on the 

issue will provide further means with which to suppress the negative effects of defects 

that show recombination activity.  

Measurements of oxygen diffusion and oxygen aggregation processes in Si 

have undoubtedly shown an enhanced oxygen diffusion [10]. Several models have 

been suggested to interpret the phenomenon. Thus, the observed enhanced diffusion 

of oxygen in Si has been attributed to interactions of Oi atoms with lattice vacancies 

[11,12], with self-interstitials [13], with metallic contaminants (for example copper, 

iron etc) [14] or non-metallic elements such as carbon [15], hydrogen [16], nitrogen 

[17] or isovalent dopants as Ge, Sn, Pb [18-20] or even with a second oxygen leading 

to fast diffusing oxygen dimers [21]. 

In particular, VO has also been proposed to act as a vehicle to enhance oxygen 

diffusion [11,12]. It has been suggested that the formation and rapid dissociation of 

VO centres could play a role and may account for the enhanced oxygen diffusion in 

heat-treated Si by reducing the barrier of oxygen diffusion jumps in the Si lattice. 

Monte Carlo simulations [22] show that oxygen impurities influence the aggregation 

of voids during crystal growth conditions via the formation of oxygen-vacancy 

complexes [23]. 
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 Upon thermal annealing, VO is converted to various VnOm defects by the 

addition of vacancies and/or oxygen atoms in the initial VO core. i) VnOm complexes 

cause leakage currents in p-n junctions [24-26]. Also besides VO, the V2O and V3O 

defects have been found to be effective recombination centers contributing in the 

reduction of the minority charge carriers lifetime induced by irradiation [3,27]. ii) It 

has also been assumed that large VOn (n = 4, 5, 6) complexes enhance oxygen 

precipitation  in irradiated Si, most probably acting as heterogeneous nuclei of oxygen 

precipitates [28-31]. In essence, VOn provide additional nuclei for oxygen 

precipitation.  Upon annealing VO is converted to VO2 by the addition of an oxygen 

atom.  Theoretical calculations have concluded that some kind of VO and VO2 

complexes could exist at temperatures of up to 1200 
o
C and affect oxygen aggregation 

processes in Si [32-34]. In this framework, VO2 defects have been suggested to play 

an important role as a nucleation centre in the formation of oxygen precipitation in 

un-irradiated Si [32]. 

 In order to control radiation defects in semiconductors, a model of the effects 

of radiation damage is required. The key to qualifying and quantifying this damage is 

an in depth understanding of the properties and the behaviour of radiation induced 

defects. In other words, predictive modelling of radiation damage in electronic 

devices requires not only a detailed quantitative, but also a qualitative, understanding 

of the behaviour of the fundamental defects in the device material. 

 Si, as with any other crystal, is inherently imperfect and contains defects. 

Besides vacancies and self-interstitials that are created by thermodynamic processes, 

other impurities and complexes can be introduced to the lattice during crystal growth 

and material processing, dramatically altering the properties of the material. For 

instance, the controlled addition of p- or n-type dopants in Si, even by just one atom 
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per million Si host atoms, could significantly affect the electronic properties of the 

material. This represents the positive side of doping and it was the first giant step 

which led, in essence, to the electronic era and the foundation of the semiconductor 

industry. Central to this, the control of the properties and behaviour of the defects 

incorporated in the material is one of the most important issues in Si-based 

technology, and also more generally within semiconductors. This is the so-called 

defect engineering strategy, aiming to control the introduction and/or suppression of 

defects produced during crystal growth and processing for device fabrication in order 

to enhance the quality of the material for certain applications. Also, to reduce any 

limited factors for a further increase in the efficiency of devices and to expand the 

material’s applicability in new areas of the respective industry. This is particularly 

important for Si, since the continuous downscaling of the device magnitude has now 

reached the limits of the Si material and there is therefore an urgent need to explore 

new ways that could further extend these limits to meet the demands of new electronic 

applications. 

 The present review is focused on vacancy-oxygen defects and their interaction 

with isovalent atoms. The first part concerns the motivation for studying A-centres in 

view of a recent technological example. This is followed by a review of the VO and 

VO2 defects from an experimental and density functional theory perspective. The third 

and main part concerns the impact of isovalent doping, the trends observed, the 

perspectives and potential defect engineering strategies. Finally, a brief summary and 

future directions are given. 

 

2. Motivation 
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Silicon has been a material of choice for imaging and spectroscopy detectors for many 

years.  The presence of defects in the silicon lattice has, however, often caused 

problems in the application for which the sensor is being used.  Si-based detectors 

operate through the collection and readout of charge, generated through the photo-

electric effect from incident photons (whether visible or X-ray).  However, there are 

other sources of charge within the device, including those generated by defects in the 

Si lattice.  This “extra” signal can give rise to several effects, including Random 

Telegraph Signals or increased dark current [35,36].  In the case of a n-channel 

Charge-Coupled Device (CCD) the signal electrons must also be transferred through 

the device before readout.  As the electrons pass through the silicon of the device they 

can encounter defects, or “traps”, which act to capture electrons from the charge 

packet, later emitting these into following packets, causing a smearing of the image 

and reducing the efficiency of the charge transfer mechanism, as shown in Figure 1 

(left), [37]. 

 Charge-Coupled Devices have been the detector of choice for use in the focal 

plane of many space missions.  When in space, the harsh radiation environment 

causes the creation of many defects or “traps” in Si.  For example, when a high energy 

proton passes into the detector, not only can the ionising trail cause an increase in 

oxide charge and surface dark current [35], but the proton can cause displacement 

damage, effectively knocking a Si atom from the lattice and hence producing a 

vacancy in the lattice.  This vacancy can diffuse through the lattice until it finds a 

stable state, associating with a dopant atom, impurity or another vacancy. Each trap 

creates one or more energy levels within the band gap of the silicon.  The position of 

these energy levels within the band gap determines the probability of the capture or 

release of an electron, subject to Shockley Read Hall theory [38,39].  The emission 
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time constant of the energy state for the trap in question will vary with temperature 

and therefore the temperature of operation of the device determines which trap species 

will have the most impact on the detector operation. 

 The smearing caused by the traps can, however, be reduced using one or 

several of the following techniques.  The first requires that the device is optimised to 

reduce the impact of the traps on the signal.  This method was recently used on the 

ESA Gaia mission [40] in which a narrower buried-channel, the Supplementary 

Buried Channel (SBC), is used for small signals such that the electrons occupy a 

smaller volume and therefore encounter fewer traps [41].  The second method 

involves the optimisation of device operation.  Through carefully choosing the device 

temperature or the way in which the device is operating, it has been shown that the 

effect of the radiation-induced traps can be reduced dramatically [42,43].  The third 

method involves the correction of smeared images through post-processing 

[36,44,45], as shown in Figure 1, making use of models of the charge transfer in the 

CCD in the presence of traps [44-47].  This correction is usually required alongside 

the optimisation of the device design and device operation to reach the level of 

correction required. 

 As the science goals of space missions become ever more demanding on the 

detectors implemented in the focal plane, more detailed and accurate correction 

against the disturbance caused by the traps is required.  As an example, a 90% 

correction was achieved for HST in 2006, and more recently increased to 97% 

through the use of an updated mode [44].  The correction required for the VIS imager 

on the ESA Euclid mission [48-50] is of the order of 99% [48,50,51].  In order to 

provide this level of correction, more detailed models of charge transfer through a 

radiation damaged CCD are required, and in order to do so, one must dramatically 
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improve the knowledge of, and accuracy of, the understanding of charge storage in 

the CCD [52,53] and properties of the traps present.  

 The formation of the A-centre in silicon is of particular importance to the 

operation of CCDs in many space applications.  At an operational temperature around 

-120 ºC, the A-centre has an emission time similar to the transfer rate in the serial 

register of the device [42].  The trap therefore interferes with the readout process, 

transferring signal by one or more pixels against the direction of transfer through the 

device. 

 Although there have been many studies of the effects of radiation damage in 

CCDs [54-58] one must begin to understand traps to a much deeper level, moving 

towards the characterisation to the individual trap level [59].  Whilst this level of 

analysis has recently been achieved experimentally [60,61] through the process of 

“single-trap pumping”, as shown in Figure 2, the results produced demonstrate that 

there is still much that is unknown about the A-centre itself and therefore further 

research in this area is of high importance.    

 

3. Oxygen-vacancy defects in silicon  

A. The A-centre 

Upon irradiation of Si, at room temperature vacancies and self-interstitials form. Both 

are very mobile, although most are destroyed upon annihilation (V + SiI → 0). The 

remaining vacancies either pair together to form divacancies (V2) or are captured by 

impurities present in the Si lattice. Oxygen in Si is a very efficient trap for vacancies 

leading to the formation of the VO. The defect is formed when a migrating vacancy 

approaches an oxygen interstitial atom and a first neighbour Si lattice atom is ejected. 

The following model for the negative charge state of the defect structure was 
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suggested by EPR measurements [62] performed ~50 years ago.  From the initial four 

broken bonds around the vacancy (corresponding to the four Si atoms surrounding it) 

two are bridged by an oxygen atom to form a Si-O-Si molecule. The other two Si 

atoms form a weak Si-Si molecular bond (Figure 3). In this structure the oxygen atom 

is attached to the dangling bonds across the silicon vacancy forming the VO defect 

with C2υ symmetry. The latter bond between the two Si atoms has the capacity to trap 

an electron and is responsible for the electrical activity of the defect. From EPR 

measurements [62] it was determined that the wavefunction of the unpaired electron is 

highly localized, being ~70% on the Si-Si bond. This leads to the introduction of an 

acceptor level reported at Ec – 0.17 eV in the band gap. Uniaxial stress studies have 

determined that the defect has also a neutral charge state with a similar structure [63]. 

Recent theoretical investigations based on density functional theory employing hybrid 

functionals indicate that the defect possesses both a neutral and a double negative 

charge state [64]. The geometrical configuration of the defect could be considered as a 

nearly-substitutional oxygen atom. In reality, the oxygen atom is slightly further away 

from the vacancy site (~0.9 Å) along the <100> direction [65]. The defect is infrared-

active with an absorption band at 830 cm
-1 

related to the neutral charge state [66] and 

an absorption band at 885 cm
-1

 related to the negative charge state [67]. The band 

originates from the antisymmetric-stretching vibrational B1 mode of the oxygen atom 

in the Si2O molecule of the VO structure in the neutral and the negative charge state of 

the defect respectively. Density functional calculations [68] have concluded that in the 

negative charge state the oxygen atom is displaced away from the reconstructed bond 

in agreement with the idea that the additional electron is trapped in this bond and 

repels the negatively polarized oxygen atom. Due to this movement, the bonds around 

the oxygen atom are compressed leading to a higher local vibrational mode (LVM) 
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frequency in comparison to that of the neutral charge state. Additionally, two bands at 

1370 and 1430 cm
-1

 have been attributed to a combination of the antisymmetric B1 

stretching mode and the symmetric stretching mode A1 in the two charge states 

respectively of the VO defect [69]. 

 

B. The VO2 defect  

The VO2 defect is mainly formed in irradiated Si when, at ~300 
o
C, the VO centres 

begin to migrate and are trapped by oxygen atoms (VO + Oi → VO2). The VO2 

structure (Figure 4) has D2d symmetry with the two oxygen atoms sharing a vacancy 

site. Each of the two oxygen atoms is bonded with two silicon atoms of the vacancy. 

In this arrangement the two oxygen atoms are repulsed from the vacancy. Thus, in 

comparison with the VO defect, the O-V distance increases in the VO2 defect. Since 

for the same space two oxygen atoms are now accommodated in the vacancy site the 

lengths of the Si-O bonds become shorter in the VO2 defect than those in the VO 

defect. This leads to a higher vibrating frequency. Indeed the LVM frequency of the 

VO2 structure is found experimentally at ~ 890 cm
-1

 which is larger than that of 

~ 830 cm
-1

 of the VO defect. On the other hand, the two oxygen atoms in the VO2 

structure bridge all four dangling bonds, namely two bonds for each oxygen atom. 

Accordingly, all these dangling bonds are passivated, making the defect electrically 

inactive. The centre has been studied [68,70-73] extensively both experimentally and 

theoretically, exhibiting a number of important properties including metastability 

[74,75].
  
On the other hand, it is also technologically important due to the role it plays 

in oxygen precipitation processes [76].
 

 

C. Insights from density functional theory 
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As can be deduced from the previous experimental studies, the A-centre can exist at 

different charge states depending on the position of the Fermi level in the band gap 

[62,67]. In a recent study, Wang et al. [64] employed hybrid density functional theory 

to gain a fundamental understanding of A-centres in silicon. The calculated formation 

energy of the defect with respect to the Fermi energy for all possible charge states is 

given in Figure 5, whereas the transitions levels for the VO and V defects are 

summarized in Table 1 [64]. Note that the transition levels of Table 1 were derived 

from Fig. 5 at the Fermi energy point where the respective formation energies cross 

[64].  From Fig. 5, it is clear that only two charge states of the A-centre are important. 

The VO
0
 defect is energetically favourable up to a Fermi energy of 0.54 eV, above 

which the VO
-2

 defect becomes favourable. At this point we should consider that DFT 

results apply to a temperature of 0 K, whereas experimental studies are typically 

performed at higher temperatures. Bean and Newman [67] determined that an increase 

of the temperature will effectively lower the position of the Fermi level in the band 

gap and therefore reduce the fraction of the VO
-1

 with respect to the VO
0
 defect. In 

many previous DFT studies the VO
0
 and VO

-1 
defects were studied, however, the VO

-2
 

was not considered (for example [68]). Pesola et al. [70], employing DFT within the 

local density approximation (LDA), considered VO
-2

 and calculated that it is prevalent 

for Fermi energies above 0.53 eV in agreement with the hybrid DFT study of Wang et 

al. [64] (refer to 0.53 eV for configuration (-,--) in Table 1). Hybrid density functional 

theory is a more appropriate theoretical technique as compared to the local density 

approximation [64]. The LDA, or the more evolved generalised gradient 

approximation (GGA), are far more computationally economical approaches as 

compared to hybrid DFT, however, they lead to an inappropriate description of group 

IV elemental semiconductors including a severe underestimation of their band gaps 



13 

 

and other properties (for example, formation and binding energies, especially of 

charged defects) [77-79].  

 Wang et al. [64] also considered the formation energies of the V and Oi 

defects, which are the constituents of the VO defect, with respect to the Fermi energy 

and a number of charge states.  As it can be observed from Figure 6(a) the vacancy 

formation energy is large (around 4.5 eV) at low Fermi energy [64]. Above a Fermi 

energy of 0.27 eV the -2 charge state is prevalent and the vacancy formation energy 

decreases to about 3 eV [64]. The high vacancy formation energy in Si is consistent 

with experimental results concerning silicon crystal growth, Si self-diffusion, and 

dopant diffusion studies [77,80].  In a radiation environment it is logical to consider a 

supersaturation of vacancies, which will effectively enhance the formation of A-

centres. In Figure 6(b) it is clear that the neutral charge state is energetically 

favourable for the Oi defect (formation energy of 1.95 eV) [64], consistent with 

previous DFT studies [70]. Taking into account the above vacancy and oxygen 

interstitial formation energies one may consider that the formation of the VO
0
 and 

VO
-2

 pairs can occur via the V
0 

+ Oi → VO and V
-2 

+ Oi → VO
-2

 reactions, 

respectively [64].  

 

4. Impact of isovalent doping 

A. Background 

Various approaches and techniques have been used and suggested over the last fifty 

years with the aim of improving the Si material and thus enhancing the yield and 

performance of Si-based devices. Important among them, primarily from the angle of 

defect engineering, is isovalent doping [81-85]. Carbon (C), germanium (Ge), tin (Sn) 

and lead (Pb) together with Si form group IV of the periodic system. Since they are 



14 

 

isoelectronic with Si, their introduction into the lattice does not affect the electrical 

properties. In other words, the above impurities, being isovalent, can be incorporated 

at substitutional sites replacing Si atoms and are electrically inactive. Carbon is the 

lightest of the impurities, having a smaller covalent radius rC = 0.77 Å compared with 

that of Si rSi = 1.17 Å. On the other hand, Ge is slightly larger than Si, having a 

covalent radius rGe = 1.22 Å , although the heavier of them, Sn and Pb, have covalent 

radii of rSn = 1.41 Å and rPb = 1.44 Å, respectively. As a result of their magnitude, 

when incorporated in the Si lattice they introduce elastic stresses, tensile for the case 

of the smaller C and compressive for the case of the larger Ge, Sn and Pb.  Isovalent 

doping has been used in a variety of applications in Si-based technology in relation to 

the production of defects, especially with regards to radiation-induced defects, the 

reactions they participate in, the diffusion and aggregation processes of impurities 

(oxygen and carbon mainly) and the gettering of impurities. The aim therefore is to 

use isovalent doping to optimise electronic systems. 

 The main properties and impact of isovalent impurities in Si can be 

summarised as follows: 

1) They are neutral impurities and therefore their introduction in the lattice does not 

affect the carrier concentration in the Si crystal. 

2) They affect, due to the induced stress fields, the equilibrium concentration of 

intrinsic defects [86], that is, vacancies and self-interstitials. 

3) Isovalent dopants can interact either with vacancies or with self-interstitials, 

depending on the magnitude of their covalent radius, namely if it is larger or smaller 

than that of the host atom. In the former case (Ge, Sn, Pb), the isovalent dopant acts as 

an effective sink for vacancies although conversely, in the latter case (C) for self-

interstitials. As a result of this tendency, the larger-than-Si isovalent atoms capture 
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vacancies, thus generally inhibiting or suppressing the formation of stable radiation 

defects such as vacancy-related defects. Important among them in Si is the VO centre 

which, besides the V2 defects, is a significant recombination centre having detrimental 

effects on the properties of the material. Besides the production of vacancy-related 

defects, their thermal stability and reactions with other defects are affected [87-108]. 

This shows the potential of the latter impurities for altering the radiation hardness of 

the Si material. 

4) They affect the mechanisms of the diffusion and aggregation processes of various 

impurities such as oxygen. In this sense, the formation of thermal donors, oxygen 

aggregation and precipitation processes in Si are substantially affected [18,109-114] 

by the presence of isovalent dopants. 

5) They affect the mechanical properties of Si [115,116]. 

6) Their presence can modify the carrier’s mobility [117] and offers possibilities for 

bandgap engineering [118], a key point in Si-based technology.  

7) They can affect the micro-defect population which is related to the reduction of the 

thermal budget of devices [82,85], something very important for microelectronics, 

especially in this era of device miniaturisation.  

 

B. Germanium doping 

Ge has a slightly (4%) larger covalent radius than that of Si. Ge is an effective trap for 

vacancies but only below room temperature (RT). Above ~180K, GeV pairs are 

unstable [87,88] and dissociate, releasing the vacancies. Above RT Ge acts as an 

effective channel for indirect annihilation of free components of Frenkel pairs 

[119,120]. In general, Ge affects the introduction rate of VO and V2 defects and their 

thermal stability [119,121,122]. More specifically, it suppresses the formation of VO 
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and V2 defects and, whilst reducing the thermal stability of the VO defect, will act to 

enhance that of the V2 defect. Notably, in Si with high Ge content, Ge acts [99,123]
 
as 

a self interstitial trapping impurity and in this case could enhance VO concentration. 

 Ge diffusion in Si was studied in [81] detail as a means for indirect 

investigation of self-diffusion. Ge doping has been found to retard and suppress 

thermal donor formation [123,124]  thus stabilizing the electrical properties of Si 

wafers. On the other hand, Ge enhances [99,124,125]
 
the generation of oxygen 

precipitates, thus improving the internal gettering capability of the material for 

metallic contaminants. The latter property, together with the enhancement of the 

mechanical strength of the corresponding wafers, largely improves the capability of Si 

for photovoltaic applications. 

 Ge codoping with Ga, As, P and B modifies the Si material properties
 
and 

affects
 

PV characteristics [126-129]. Importantly, it improves the diffusion 

segregation redistribution of boron and phosphorus during thermal oxidation of Si and 

also suppresses the formation of boron-oxygen defects [127,130]. The presence of the 

latter defects in solar cells causes significant degradation of carrier lifetime, leading to 

a 2-3% loss of the energy conversion efficiency of the cell. Notably, the lifetimes of 

minority charge carriers [131]
 
in B-doped Cz-Si crystals are increased. 

 Ge doping improves the mechanical strength of Si wafers by retarding 

dislocation movement and precipitation in the bulk [82,116]. Interestingly, Ge alone, 

and/or by codoping with C, causes suppression of large-size voids leading to their 

elimination [82,109,132,133]. Importantly, voids and oxygen precipitates generate 

leakage currents in electronic devices [82]. Moreover, oxygen precipitates are strong 

recombination centres [134], thus deteriorating the efficiency of solar cells. Their 

control is a crucial issue in Si-based electronic industry. 
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C. Tin doping  

Sn dopants not only trap vacancies and affect vacancy-related defects [88,91,95,135]
  

but also affect the generation rate of interstitial-related defects in Si [136-139].
 

Indeed, besides SnV pairs, SnCi pairs also form in irradiated Si. Since carbon and tin 

preferentially trap self-interstitials and vacancies respectively, material codoping with 

Sn and carbon has been proposed as a tool to assess the degradation of Si-based 

devices [88]. 

 Sn suppresses [88,96] the formation of VO and V2 defects in irradiated Si. 

Both defects introduce electrical levels in the gap which act as recombination centres 

with deleterious effects on device performance. Thus, Sn appears as a potential 

candidate to improve radiation hardness of Si material for applications in solar cells 

and detectors. However, besides the suppression of the VO and V2 defects, the SnV 

defect formed also introduces [88,110] electrical levels in the gap with the 

recombination ability of charge carriers. This diminishes the effectiveness of Sn for 

material hardening [97,140] and one should assess the overall effect of the presence of 

Sn in the lattice to be able to properly make use of the hardening potential of Sn in Si 

for certain applications. Furthermore, Sn has been used as a tool to investigate 

[92,141,142] the production of VO, V2 and carbon related defects in Si, as well as the 

suggestion of the effect of VO in the radiation-enhanced diffusion of oxygen in Si. 

Reactions between extended defects and impurities in Si containing high oxygen 

precipitation have been investigated with the help of tin doping [143]. Shallow 

junction formation by preamorphisation with Sn implantation has also been reported 

[144].
 
Comparisons of the different geometry of SnV with GeV and V2 have also been 

discussed in the literature [1,140].  
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 Notably, Sn has a strong influence on the generation and annealing of oxygen 

thermal donors as well as on oxygen aggregation and precipitation processes in Si 

[19,110,112,145]. 

 

D. Lead doping 

Pb has shown an ability to capture vacancies and thus affect the production of 

vacancy-related defects, although the picture is not as complete for this element since 

a signal from the PbV pair has not yet been detected. In any case, although the effect 

of lead in radiation induced defects has been studied as systematically as Ge or Sn, it 

has been found [98,105-107,146,147] that Pb, mostly in codoping with C to relieve 

the strains in the lattice, suppresses the formation of the VO defect, affects its thermal 

stability and reduces its conversion to the VO2 defect. Additionally, it has been 

determined [20,148] that Pb has an influence on the density of growth of microdefects 

and on the lifetime of non-equilibrium current charge carriers, as well as on the 

formation of thermal donors and oxygen precipitates. 

 

E. Carbon 

Although the ability of carbon to trap vacancies is well-established, its propensity to 

do so is still an open issue in the literature. The formation of CV pairs has been 

investigated [149-153] both experimentally and theoretically in the literature but there 

is no definite conclusion about their existence. Carbon also affects the production and 

evolution of vacancy-oxygen defects in irradiated Si [154-156]. It affects oxygen 

aggregation processes in Si in general, suppressing the thermal donor formation and 

enhancing oxygen precipitation, although the overall effect depends on the 

temperature range of the thermal treatments [157-159]. 
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 Carbon codoping with Ge in Si leads [84,161] to void elimination and 

enhances the internal gettering capability and the potential applications for integrated 

devices. C codoping with Sn in Si, due to the induced strain compensation, has 

potential applications in devices with enhanced resistance [88,136] when operating in 

a high radiation environment. Sn-doped Si containing a high carbon concentration 

appears [110] very useful for a special kind of light-emitting diode that is valuable for 

Si-based optical interconnects on-chip.  C codoping with Pb in Si has been used [160] 

to retain the Pb atoms at substitutional sites and suppress any Pb precipitation in the 

Si lattice [161]. Also, Pb and C codoping suppresses VO formation more than with C-

doped Cz-Si [105-107,146,147] 

  

F. Insights from density functional theory 

DFT studies are a valuable tool in the study of dopant-defect interactions in 

semiconductors, including the interactions between oversized dopants and defects in 

group IV semiconductors [162-170]. Recent DFT studies have investigated the impact 

of isovalent dopants on the stability of vacancy-oxygen defects in Si [171]. 

Considering first of all Oi, it is evident from previous DFT calculations that these do 

not bind with isovalent impurities at nearest neighbour sites (refer to [171] and 

references therein). The introduction of isovalent dopants (C, Ge, Sn) with the A-

centres is attractive, leading to the formation of DVO defects via the reaction D + VO 

→ DVO. The stability of these DVO defects is higher in comparison to the VO defects 

[171]. SnVO defects are significantly more strongly bound when compared to GeVO 

and CVO defects [171]. 

 

G. Trends  
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Irradiation experiments [88] have provided strong evidence of the tendency of Sn to 

capture vacancies but not SiI defects. It has also been determined [142]
 
that Sn does 

not form bonds with oxygen atoms, at least in nearest-neighbour locations. All of 

these properties have led [172] to the suggestion of using Sn as a way to tune vacancy 

and interstitial-related reactions. Thus, Sn has been used to establish whether an 

unidentified defect is vacancy or interstitial related, as for instance in the case of the 

V2 and CiOi defects [92,141]. Sn’s potential to trap vacancies in Si leads to the 

suppression of the formation of vacancy-related radiation induced defects and this 

constitutes Sn as a beneficial dopant for the radiation hardness of Si for several 

applications such as detectors and solar cells. However, the electrical activity of SnV 

pairs creates channels for recombination activity, which can be generally harmful for 

the operation of devices. Remarkably, DLTS and PL measurements have verified 

[97,173,174] that Sn doping suppresses the formation of VO and V2, as with PV pairs 

(E-centres), in n-type doped Si; these are important recombination centres. It has also 

been shown [97,173,174] that the recombination activity of the Sn-related radiation 

defects is low. This means that the recombination activity is better controlled when Si 

is doped with Sn and as a consequence the quality of the material is improved. There 

is, however, a delicate balance between the suppression of harmful radiation defects 

and the formation of electrically active Sn-related complexes. Considering for 

example Si detectors, a detailed understanding of the behavior of Sn is required to 

assess its utility and optimize the operation of the device. It is also important to take 

into account the presence of carbon in Si. Co-doping with Sn and C has been 

suggested [88]
 
as a way to compensate strains induced in the Si lattice due to the 

larger covalent radius of Sn as compared to Si. Notably, although Sn practically does 

not interact with self-interstitials, it interacts with interstitial related defects such as Ci 
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to form CiSn pairs [136,175] which are electrically active. Fortunately, the CiSn pairs 

anneal out at room temperature and therefore essentially do not significantly influence 

the operation of the relative devices. In a recent study [104],
 
it was determined (refer 

to Figure 7) that in Sn-rich samples there is a large decrease in the VO defect 

concentration in comparison with that in Sn-poor samples, especially at temperatures 

below ~170 
o
C. However, above this temperature the VO concentration increases 

significantly due to the dissociation of SnV pairs, with the released vacancies pairing 

with oxygen atoms to form additional VO pairs. To unleash the full potential of 

isovalent doping on defect engineering, and to extend the range where VO 

concentration is low to higher temperatures than 170 
o
C, we have studied the relative 

effect of doping with larger impurities such as Pb, Zr and Hf [104]. Models, in 

conjunction with DFT theory calculations, led to the suggestion that oversized 

dopants can extend the temperature range over which the VO concentration is low and 

thus improve the operation of the devices [104]. 

 Further progress on the issue can be achieved by studying the concentration of 

the A-centre as a function of the covalent radius of the isovalent dopant. Figure 8 [98]
 

represents the evolution with temperature of the VO and VO2 defects for various 

dopants. In Ge or Pb doped samples the inverse annealing stage of the VO defect 

above the temperature of ~170 
o
C does not appear as is in the case of Sn-doped Si. 

This is due to the fact that, in Ge-doped Si, the GeV pairs [87] are unstable above 

200
 
K (well below room temperature). Notably, the thermal stability of GeV  pairs 

turned out [176] to be dependent on Ge concentration. On the other hand, in Pb-doped 

Si DFT calculations indicated [104] that the PbV pair has a larger binding energy, and 

in effect a larger thermal stability, than that of the VO defect therefore any additional 

formation of VO pairs up to 350 
o
C may not occur as a result of PbV formation. 
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Interestingly, no LVM band related to the PbV defect has been reported so far 

[96,105]. 

 The next point to be discussed is the effect of the size of the isovalent dopant 

on the production of the VO defect. Figure 9 presents the concentration of the VO 

defect with respect to the covalent radius of the isovalent dopants (C, Ge, Sn and Pb) 

[105]. Two samples with low and high carbon concentration are depicted to indicate 

the effect itself in VO production and used as a reference for comparison purposes 

since carbon is present in all the other Ge, Sn and Pb samples. The impact of carbon is 

shown in Figure 10 and it will be discussed below. Notably, the two Ge-doped 

samples with high and low Ge concentration behave differently [99] when at 

concentrations ~ 10
20

 cm
-3

 as opposed to concentrations below ~5 x 10
19

 cm
-3

. In 

other words, the influence of Ge in the availability of vacancies in the course of 

irradiation is different between the samples with high and low Ge concentration, 

therefore its effect in the VO production is different [99]. In particular in Si with high 

Ge content, VO production is enhanced although in Si with low Ge content the VO 

content is suppressed. An additional Si sample codoped with Sn and Pb is also shown 

for completeness. As a general trend, it is observed that the production of VO defects 

decreases with the increase of the covalent radius of the dopant impurity. The larger 

the size of the isovalent dopant (Ge, Sn and Pb), the smaller the concentration of the 

VO defect. The phenomenon is attributed to strains induced in the Si lattice due to the 

introduction of oversized impurities. These strains tend to relax through the capture of 

vacancies with the larger dopant atom having a higher propensity to capture 

vacancies. As a result, the competition with oxygen in trapping vacancies is enhanced, 

leading to a decrease in the VO concentration. In Figure 10, the observed increase in 

VO production with increased carbon concentration is attributed to the greater 
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efficiency of the latter impurity to trap self-interstitials. This results in an increase of 

the availability of vacancies during irradiation and therefore an enhanced productivity 

of VO defects. Apparently, the larger the concentration of carbon, the larger the 

trapping of self-interstitials, hence a larger number of vacancies are available to be 

captured by oxygen atoms. In Figure 10, for samples with approximately the same 

carbon concentration (for instance ~ 10
17

 cm
-3

), the larger the dopant impurity the 

smaller the VO production in agreement with the trend depicted in Figure 9. 

  At approximately 300 
o
C the VO defect becomes unstable and converts to the 

VO2 defect. The main reactions that govern the above transformation process are: VO 

+ Oi → VO2 and VO + SiI → Oi. The first describes the migration of VO and its 

capture by oxygen atoms to form the VO2 defect, although in a parallel second 

reaction running simultaneously with the first, a percentage of VO pairs are destroyed 

by self-interstitials to produce oxygen interstitials. The percentage of VO pairs 

converted to VO2 defects is presented by the conversion ratio [VO2] / [VO] and Figure 

11 shows this ratio as a function of the covalent ratio of the isovalent dopants. It is 

immediately seen that the conversion ratio decreases with the increase of the covalent 

radius or in other words the larger the size of the isovalent dopant the fewer VO 

defects that convert to VO2 defects. The phenomenon was attributed [98,106] to the 

effect of strains induced by oversized dopants on the availability of self-interstitials 

which affects the second reaction above and therefore the balance between the two 

reactions, leading finally to a reduction of VO2 formation with the increase of the 

covalent radius of the isovalent dopant. In particular, we have suggested [101] that 

due to the introduction of large substitutional isovalent dopants the induced strains 

cause an enhanced release of self-interstitials. Sources of these self-interstitials are 

small defect clusters of interstitial-type formed in Cz-Si in the course of irradiations 
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[177]. We argue that the strains affect the binding of these self-interstitials in the 

clusters. More specifically, it is their binding energy that is affected and most possibly 

reduced due to the strains [178]. As a result, the liberation of these self-interstitials is 

facilitated to occur at a lower temperature and more intensively leading to an 

enhancement of the reaction VO + SiI → Oi over the reaction VO + Oi → VO2. Of 

course carbon, being present in Cz-Si, is a strong trap of self-interstitials, affecting 

also the above process and this is depicted in Figure 12 which shows that the 

conversion ratio [VO2]/[VO] decreases with an increase in the carbon concentration. 

However, for samples with approximately the same carbon concentration (for instance 

~ 10
17

 cm
-3

), the larger the dopant impurity the smaller the percentage of VO pairs 

converted to VO2 defects, consistent with the trend depicted in Figure 11. 

 Remarkably, the thermal stability of A-centres is also affected by the 

introduction of isovalent dopants in the Si lattice. This is observed in Figure 8, where 

VO anneals out at a lower temperature in Pb-doped Si than that for Sn-doped Si. In 

previous studies [98,105-108] there were not enough samples with an adequate 

number of various Sn and Pb concentrations to deconvolve the exact effect of Sn and 

Pb and therefore make appropriate comparisons. Conversely, there were studies with 

numerous Ge-doped samples with concentrations spanning three orders of magnitudes 

(1x10
17

 cm
-3

-2x10
20 

cm
-3

) [101]. In these studies it is interesting to consider the 

impact of Ge dopant concentration on the stability of the VO, and the emergence of 

the VO2, defect. Figure 13 shows the annealing temperature of the VO defect (a) and 

the formation temperature of the VO2 defect (b) respectively in relation to the Ge 

concentration [101]. It is observed that both the temperatures characterizing the onset 

of the annealing of the VO defect and the onset of the growth of the VO2 defect 

decrease with the increase of the Ge concentration. Both observations can be 
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considered as being due to the strains induced in the Si lattice by the presence of Ge, 

in particular among the two main reactions that participate in VO annealing and VO2 

formation, namely: VO + Oi → VO2 and VO + SiI → Oi. The induced strains affect the 

binding of self-interstitials in the larger self-interstitial clusters that provide them 

[177,179], somehow controlling their liberation. It is envisaged that the larger the Ge 

concentration, and therefore the larger the induced strains, the easier the liberation of 

the self-interstitials. This makes the onset of the second reaction occur at a lower 

temperature which is manifested by the onset of the annealing of the VO defect at a 

lower temperature. This is also in agreement with the observed emergence of the VO2 

defect at a higher temperature than that of the corresponding onset of the annealing of 

the VO defect. In fact the second reaction is related with the destruction of the VO 

defect occurring in the first stage of its annealing, although the formation of the VO2 

defect is related with the first reaction taking place [177,180] at a later stage.   

 

H. Perspectives and defect engineering strategies 

From a practical point of view, for the case of vacancy-oxygen defects it is much 

easier, instead of trying to completely eliminate them, to live with them and find ways 

to control their electrical properties. In this respect DFT calculations can provide 

insights that can support and complement experimental methods. Importantly, 

experimental and DFT studies are consistent in that large isovalent atoms can impact 

the formation of A-centres in Si.  The key to this is that A-centres, and in particular 

the V, relieve the strain introduced in the lattice by the large isovalent substitutional 

atoms. The introduction of these oversized atoms is an effective defect engineering 

strategy to suppress the formation of VO defects. A key element of defect engineering 

strategies requires controlling the formation of both vacancies and self-interstitials. 
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Their balance was demonstrated in recent studies (refer to [181] and references 

therein). Initial DFT work [104] suggests that large isovalent impurities such as 

hafnium and zirconium can be very effective in constraining A-centres, although these 

results need to be validated experimentally. An important factor to consider is the 

concentration of the dopant atoms. To be effective, the proposed defect engineering 

strategies require that isovalent atoms have a concentration comparable to that of A-

centres in undoped Si.  Finally, it should be noted that when considering the formation 

of devices, the impact of non-equilibrium conditions during manufacturing can impact 

the results. For example, free surfaces can lead to a V-SiI imbalance and this must be 

understood in detail as the Si surface properties can strongly affect defect reactions.  

 Isovalent dopants can affect oxygen aggregation processes in Si, more 

specifically suppressing thermal donor formation and enhancing oxygen precipitation. 

Carbon aggregation is also affected. To this end, it is highly important to understand 

the effect of isovalent doping on the production of oxygen-related defects, the 

reactions in which they participate upon annealing, and their conversion to other 

complexes at higher temperatures. This is highly desirable in order to enhance the 

capability of various Si-based devices.   

 The present review highlights strategies that may inspire experiments. For 

example, the impact of isovalent dopants such as Sn and Pb on the A-centre can 

inspire the study of Hf and Zr that were identified by DFT as potentially important 

isovalent dopants. Future work should also study the conditions under which these 

isovalent dopants are soluble and whether they form clusters, precipitates or other 

defects that can degrade the performance of the devices. 

 Finally, it is of interest to consider related defects and strategies in other 

semiconductor materials such as Ge and group IV binary (for example Si1-xGex, Sn1-
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xGex or Si1-xSnx) and ternary (for example Si1-x-yGexSny) alloys [182-204]. In the past 

few years these materials are becoming increasingly important given their 

advantageous materials properties (increased charge carrier mobilities, lattice 

matching to other substrates, band gap engineering etc) and are applicable in 

nanoelectronic devices [189]. At any rate dopant-defect interactions in binary and 

ternary alloys are a relatively unchartered area of research and as such the present 

review can inspire further experiments to confine the deleterious defects [193,196-

199]. 

 

5. Summary  

Isovalent dopants such as Ge, Sn and Pb affect reactions between oxygen and 

vacancies and consequently affect the production of oxygen-vacancy related defects. 

These dopants also impact the thermal stability of defects and the conversion to next 

generation defects upon thermal annealing. More specifically, all three isovalent 

dopants Ge, Sn and Pb, either alone or in codoping with C, are very promising for 

material hardening relating to radiation as well as for increasing the thermal resistance 

in relation to the stability of the formed defects. In the present review we have 

discussed results mainly from IR spectroscopy measurements and density functional 

calculations in a twofold attempt: firstly, to introduce models to explain the overall 

effect of the presence of isovalent dopants in the Si matrix on the behaviour of 

radiation and thermal defects related mainly to O, and secondly, to suggest defect 

engineering strategies on the purpose of preparing Cz-Si material with enhanced 

radiation hardness and to improve thermal resistance.  

 Overall, the presence of isovalent dopants has a significant impact on the 

mechanisms and the processes that lead to the formation of the vacancy-oxygen 
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defects. The mechanisms that affect the production, thermal stability and annealing of 

these defects are subject to the influence of the size of the isovalent dopant due to the 

induced strain fields. In general, the larger the covalent radius of the dopant the 

smaller the rate of production of the VO defect and also the lower the percentage of 

VO defects that are transformed to VO2 defects. The thermal stability of VO defects is 

also reduced due to the presence of the dopants. For Ge-doped Si in particular, it was 

found that the larger the concentration of Ge the lower the thermal stability of the VO 

defect. Also, it was found that for large Ge content (above 10
20

 cm
-3

) the induced 

strain fields in the lattice tend to enhance the production of VO defects, although for 

Ge content smaller than 5x10
19

 cm
-3

 VO production is reduced. Finally, our results 

indicate that isovalent doping could be beneficially used for applications requiring 

radiation tolerant Si material, in cases for instance of radiation detectors, solar cells 

and generally when the relating devices operate in high level radiation environments. 
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TABLE 1. Calculated transition levels (in eV) for the VO and V defects [64]. 

 VO V 

(++/0) - 0.04 

(+/0) - - 

(0/-) 0.54 0.33 

(0/--) 0.54 0.27 

(-/--) 0.53 0.21 

(+/-) 0.11 0.17 

(+/--) 0.25 0.18 

(++/-) - 0.14 

(++/--) 0.05 0.16 
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Figure 1.  A typical raw ACS/WFC science exposure from early 2010 (HSTGO 

11689, PI: Renato Dupke) before (left) and after (right) CTI correction. The 380x820 

pixel area selected is furthest on the detector from the readout register, and the 

logarithmic colour scale is chosen intentionally to highlight the CTI trails [37]. 
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Figure 2.  The process of “single trap pumping” allows the study of individual traps in 

the silicon of a CCD.  The image inset shows three black-white dipoles, each one 

representing the presence of a single trap within the pixel of the CCD.  The direction 

of the dipole (black-white or white-black) is determined by the location of the trap to 

the sub-pixel accuracy.  The line profile shows the presence of 5 traps, each with a 

different amplitude.  The variation in the amplitude with temperature and readout 

speed allows the determination of individual trap properties [60]. 
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Figure 3. A Schematic representation of the VO defect. 
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Figure 4. A Schematic representation of the VO2 defect. 

 

 

 

 

 

 



46 

 

 

Figure 5. Formation energies of the VO defects, with respect to the Fermi energy [54].  

 

Figure 6. Formation energies of the (a) V and (b) Oi defects, with respect to the Fermi 

energy [64]. 



47 

 

 

 

 

Figure 7. The thermal evolution of VO (cyan circles), VO2 (dark blue squares), and 

SnVO (magenta diamonds) defects for Sn-poor and Sn-rich samples in Si. The upper 

part represents the defects using blue and green circles for the D isovalent atom and Si 

atoms, square and dotted squares for the V and semi-V, and red circles for the oxygen 

atom. The bottom figure represents the thermal evolution of the oxygen interstitials 

for Sn-poor and Sn-rich conditions [104]. 
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Figure 8. Evolution with respect to temperature of the VO and VO2 defects of doped 

(Ge, Sn and Pb) and codoped (Sn/Pb) Si [98]. 
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Figure 9. The production of the A-centre with respect to the covalent radius of the 

isovalent dopants [98]. 
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Figure 10. The production of the A-centre with respect to the carbon concentration of 

of the  isovalent doped Si samples [98]. 
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Figure 11. The conversion ratio [VO2] / [VO] with respect to the isovalent dopant 

covalent radius in Si [98]. 

 

 

 

 

 

 

 

 

 

 

 



52 

 

  

 

Figure 12. The conversion ratio [VO2] / [VO] with respect to the carbon concentration 

of the  isovalent doped Si samples [98]. 
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(a) 
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Figure 13. (a) Annealing temperature of VO defects with respect to the Ge 

concentration and (b) formation temperature of the VO2 defects with respect to the Ge 

concentration [100]. 
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