
ABSTRACT 

YAN, YIXIN. Resistivity and Defect-induced Lifetime Variations in Gallium-doped 

Continuous Czochralski Grown Silicon. (Under the direction of Prof. George Rozgonyi). 

              A study of two sets of gallium-doped (Ga-doped) silicon (Si) grown by continuous 

Czochralski (c-Cz) method under different c-Cz growth conditions was performed to 

evaluate their electrical properties. The results show that although this c-Cz process 

controlled resistivity variations within a tolerable range for high efficiency solar cell 

applications, and Ga-doping improved lifetimes better than B-doping, there were variations 

of resistivities and defect-induced lifetime degradation in the radial and axial directions of 

the Si ingots. Wafers selected from different positions along two c-Cz Si ingots were 

provided by Confluence Solar Inc. (acquired by GT Advanced Technologies Inc. in August, 

2011). Small squared samples were cut along the radial direction (from the center, the 

middle, and the edge) of the wafers. As the microwave photoconductance decay (MW-PCD) 

profiles revealed the varying lifetimes along the axial direction of one set of the ingots, deep 

level transient spectroscopy (DLTS) was utilized to identify and quantify the electrically 

active defects. In addition, four point probe technique was used to measure the resistivities of 

all samples. 

             The resistivities of Ga-doped c-Cz Si were found to vary radially and axially due to 

the low segregation coefficient of Ga, but could be controlled within a tolerable range for 

high performance photovoltaic applications by the modifications of c-Cz growth conditions. 

Iron was found to be related to most of the lifetime killers in both sets of samples, and the 

iron related complexes were found to dissociate upon low temperature annealing. Moreover, 

it was found that iron-gallium (Fe-Ga) pairs were particularly detrimental to the lifetimes. 



This is not the case for boron-doped (B-doped) Si where iron-interstitials (Fei) affect the 

lifetimes more severely than iron-boron (Fe-B) pairs. The defect and lifetime profiles also 

revealed the radial and axial variations. And more importantly, one set of samples had better 

control over resistivities and defects according to the four point probe and DLTS 

measurement results. The modifications of c-Cz growth conditions would possibly solve the 

problem of iron-related defects and further improve the electrical properties of Ga-doped c-

Cz grown Si. 
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Chapter 1 Introduction 

1.1. Background and Motivation 

              Crystalline Silicon (Si) solar panels account for more than 85% of today's 

photovoltaic (PV) industry [1]. The high popularity of Si mainly comes from its abundance 

in the natural world and lower maintenance cost. The related PV fabrication techniques 

include Czochralski (Cz) and float zone (Fz) to grow monocrystalline Si, block casting  to 

grow multicrystalline Si, and edge refined film fed growth (EFG) to grow large cylinders of 

large grain Si, etc, and they each have their own advantages and disadvantages. In particular, 

Cz Si has comparatively lower concentrations of impurities and defects, and its surface 

texturing reduces reflection and increases light trapping [2]. In addition, the relatively low 

cost of Cz technique has made it the most widely used process to grow commercial 

substrates.  

           Photovoltaic energy conversion is realized by doping the semiconductors and 

fabricating structures such as PN junction, Schottky junction, and metal insulator 

semiconductor (MIS) structure. In today’s solar cell market, p-type doping is used in 

approximately 95% of crystalline Si, and Boron (B) is the most widely used for p-type 

doping because of its relatively large diffusion coefficient and high solid solubility which 

make junction depths controllable. 

           However, B doping is faced with two issues: B pairing with metallic impurities and 

lifetime degradation (LID). In other words, B-metal pairs and the formation of boron-oxygen 
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(B-O) defects upon illumination lead to degraded lifetime of B-doped Si. To suppress these 

lifetime killers, the replacement of B by Ga as a p-type dopant has been proposed [4--9]. 

           Ga doped Cz Si, however, is not without drawbacks. In spite of the effective 

annihilation of B related defects, the possible pairing reactions of Ga with iron (Fe) and the 

complexes related to oxygen (O) and carbon (C) also result in lifetime degradation of Ga-

doped Si [6, 9]. Moreover, the resistivity of Ga doped Cz Si ingots varies along the growth 

axis as well as the radius of the ingot due to the low segregation coefficient of Ga (0.08) [10]. 

Although some studies have demonstrated that the varying resistivity of Ga-doped Si can be 

well controlled in the tolerable range for fabricating high efficiency solar cells [7, 11], the 

variation is not still ideal, especially for longer ingots of larger diameter [12]. As an 

alternative, the Czochralski (c-Cz) method, in which the crucible is refilled by adding 

polycrystalline silicon chips or by immersing and melting a polycrystalline silicon rod, has 

been developed for uniform resistivity. 

             c-Cz process satisfies the requirements for solar materials manufacturing, including 

(a) “high cell efficiency”, (2) “consistent and uniform base material”, and (3) “low cost” 

[13]. And in comparison to the normal Cz process, c-Cz method produces Si with more 

uniform dopant concentration, lower oxygen concentration, as well as longer ingot lengths. 

            Until today, the electrical properties, such as minority carrier lifetimes or deep-level 

defects, for Ga doped Si grown by c-Cz method are yet well established. Even though 

theoretical models and experimental apparatus have been proposed for Ga-doped c-Cz Si and 

Ga segregation for Cz Si codoped with B have been studied [4, 10, 11], very limited work 
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has been published on the distributions of dopants and defects and their correlations with 

minority carrier lifetime in axial and radial directions for c-Cz Ga doped Si. 

This study aimed to provide detailed new information on the electrical properties of 

Ga doped cCz Si samples in different axial and radial positions of a Si ingot. In this study, 

the resistivities and the minority carrier lifetimes in different positions of a Si ingot were 

correlated with deep energy levels using deep level transient spectroscopy (DLTS). In 

particular, Ga related defects as lifetime killers had been identified and quantified, and their 

dissociations by low temperature annealing have been discussed. 

1.2. Thesis Outline     

             Chapter 2 points out two problems related to B-doped Cz Si: iron-boron pairs and 

light-induced degradation, and Ga doping as one of the methods to suppress B related 

lifetime degradation. This chapter then reviews the previous studies on lifetimes of Ga-doped 

Czochralski Si by injection dependent lifetime spectroscopy (IDLS) and photoconductance 

decay (PCD) techniques, and their findings of the possible iron (Fe) related lifetime killers in 

Ga-doped Cz Si. This chapter also reviews the possible resistivity variations of Ga-doped Si 

grown by Cz method and the methods to improve radial and axial resistivity uniformity. 

Also, this chapter reviews the historical developments of c-Cz technique and fabrication 

apparatus to reduce resistivity variations in Ga-doped Si, as well as the theoretical studies on 

the correlations between c-Cz growth parameters and the dopant distributions in c-Cz grown 

ingots. 
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              Chapter 3 introduces the methods used for this research, including four point probe, 

microwave photoconductance decay (MW-PCD), and deep level transient spectroscopy 

(DLTS), as well as the tips on sample preparations for those measurements. This chapter also 

described the two sets of wafers grown by different c-Cz preparations and processing of 

those samples for the measurements. 

              Chapter 4 presents the measurement results of four point probe, DLTS, and MW-

PCD. This chapter mainly discusses the resistivity and lifetime variations in the radial and 

axial directions of the ingots, and the identifications of the electrically active defects. And 

these were followed by correlating the lifetime variation with the defect distributions. The 

lifetime measurements after annealing were also used to further identify the defect levels as 

well as compare the different properties of iron (Fe) related defects in Ga-doped Si. Fe-Ga 

pairs rather than interstitial iron (Fei) are analyzed as the main lifetime killers in our samples. 

             This thesis closes with the conclusions and the suggestions on future work in Chapter 

5. 
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Chapter 2 Literature Review 

2.1 Limited Minority Carrier Lifetime of Boron-doped Silicon 

             B-doped Cz-Si takes up approximately 80% of world’s market of solar materials 

today, but suffers from two serious issues: iron-boron (Fe-B) pairs and light-induced 

degradation (LID). Iron (Fe) is a major contamination in Si, and can be grown-in as well as 

introduced by the chemicals, the processing and handling between the steps [1]. Fe initially 

diffuses in Si as an interstitials. Driven by the electrostatic attraction, the interstitial Fe (Fei) 

is very likely to combine with boron (B) to form a Fe-B complex, which results in 

degradation of the minority carrier lifetime [2--4]. Furthermore, upon illumination, the 

boron-oxygen (B-O) defects form and severely reduce the lifetime. 

             Reiss et al. reported that the lifetime of Cz Si degraded after exposing to light, after 

minority-carrier injection in the dark, and after thermal treatment according the 

characterization by current-voltage (I-V) and spectral response [5]. In their model proposed 

to analyze the lifetime degradation, the recombination centers are less effective at trapping 

carriers at room temperature, but the activities of the centers increase after lifetime 

degradation, and the minority carrier lifetime and diffusion length decrease according to 

2 12 2

2 1 2 1

1 1 1 1 1
( ) ( )a ac N N

L L D  
    

 

(Source: Reiss et al. [5], 1996)                                 (2.1) 

where L is the diffusion length, D is the minority electron diffusion coefficient, τ is the 

minority carrier lifetime, Na is the concentration of active centers, and the indices 1 and 2 

indicate the states before and after degradation, respectively. Another problem with B doping 
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is the formation of boron-oxygen (B-O) pairs, carbon-oxygen (C-O) pairs, and boron-carbon 

(B-C) pairs, etc [6]. These radiation-induced defects also act as recombination centers. And 

this problem is especially severe for Cz grown Si, because in Cz growth process, the silica 

crucible is the main source of O which dissolves into the molten Si, and results in relatively 

high level of interstitial oxygen (Oi) [7]. 

              To suppress lifetime degradation in B-doped Cz-Si, Glunz et al. proposed three 

methods: (1) reducing the concentration of Oi, as LID effect was observed to be more severe 

in Oi rich Si; (2) replacing B or reducing B concentration; and (3) process optimization [3]. 

As for method (2), the reduction of B concentration, there are three ways: (a) reduction of B 

concentration which increases the resistivity; (b) n-type Si; and (c) Gallium (Ga) - doped 

Silicon [8--13]. Unfortunately, for case (a) a back-surface field is required because that the 

diffusion length decreases with decreasing doping concentration [14], and for case (b) a 

thorough modification of photovoltaic fabrication and processing is needed and some defects 

also exist in n-type Si. Then, this study focuses on the replacement of B by Ga as a p-type 

dopant.    

2.2 Gallium-doped Czochralski Silicon  

           Ga-doped Cz Si has demonstrated successful suppression of LID and high lifetime 

over a wide range of Ga concentrations [8]. Even upon illumination, Ga-doped Cz Si 

preserves high efficiency which is comparable to that of Fz B-doped Si (lower oxygen 

concentration and less likely to form B-O defects compared to Cz Si), as illustrated in Fig. 

2.1.  
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            Fig. 2.1 shows the efficiencies of the RP-PREC (random pyramid, passivated emitter 

and rear cell) structure on B-doped and Ga-doped Cz Si, as well as B-doped Fz Si. The Ga-

doped Cz C and B-doped Fz Si with low oxygen concentrations have achieved efficiencies 

up to around 20% [8]. 

 

FIG. 2.1 Efficiencies of solar cells using Ga-doped Cz Si, B-doped Cz, and B-doped Fz Si of 

different doping concentrations, the open columns indicates B-doped Cz Si before LID and others 

indicate B or Ga-doped Si after illumination, Source: Glunz et al. [8], 2001. 

 

           The different lifetimes of B-doped and Ga-doped Cz Si upon illumination or 

irradiation are closely related to the different pairing reactions between B and O, and Ga and 

O. The electron level at Ec – 0.18 ~ 0.27 eV, corresponding to B-O pairs, has a remarkably 

high concentration in irradiated samples of B-doped Cz Si at room temperature, and the B-O 

pairs dissociate at temperatures from 200 
o
C to 300 

o
C [6, 15, 16]. While the donor like 

interstitial-gallium-interstitial-oxygen pairs (Gai-Oi) or interstitial-gallium-substitutional-

gallium pairs (Gai-Gas) at the energy level of Ev + 0.18 eV are not activated at low 

temperature and annealed out at 350 
o
C, as illustrated in Fig. 2.2. The possible reason for the 

different behaviors of B-doped and Ga-doped Cz Si is the different masses of B and Ga.  
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              As shown in Fig. 2.2, the hole energy level at 0.18 eV is absent at 50 
o
C, emerges at 

225 
o
C, becomes the largest peak of highest intensity at 300 

o
C, and disappears at 350 

o
C. 

Thus, LID is not an issue for Ga-doped Si grown by Cz method for solar cells operating at 

relatively low temperatures. However, Ga doping is not without drawbacks. Despite the 

annihilation of B related defects, the possible pairing reaction of Ga with Fe and the 

complexes related to carbon (C) and oxygen (O) can result in lifetime degradation of Ga 

doped Si [6, 15].  

 

FIG. 2.2 Hole emission spectra obtained from electron irradiated Ga-doped samples after annealing at 

different temperatures, Source: Khan et al. [6], 2001. 
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              Similar to the case for B-doped Si, the defects related to Fe exist in forms of 

complexes, agglomerates, and precipitates [1]. J. Schmidt and D. Macdonald utilized 

injection-dependent recombination lifetime spectroscopy (IDLS) measurements to determine 

the defect energy level and capture cross sections of Fe-III pairs. The low-injection Shockley 

Read Hall (SRH) lifetime 
,SRH li  can be expressed as 

0 0, 1 /SRH li n n Ap N                                                                                                            (2.2) 

where NA is the doping concentration, n0 is the equilibrium electron concentration, 
0n is the 

electron capture time constant, and p1 is SRH hole concentration which satisfies the law of 

mass action and thereby the product of n1 and p1 equals to ni
2
 (ni is the intrinsic carrier 

concentration) and p1 depending on the temperature can be expressed as 

1( ) ( )exp( )t V
V

B

E E
p T N T

k T


                                                                                               (2.3) 

where tE is the defect energy level, VE the energy of the valence band, Bk is Boltzmann’s 

constant, T is the temperature, ( )VN T  is the effective density of states as a function of 

temperature. Then p1 and n0 can be extracted from a linear fit of the measurement results of 

,SRH li . Knowing
0n , the defect density tN , and the thermal velocity thv , the electron capture 

cross section n  can be calculated by 

0

1( )n th n tv N                                                                                                                      (2.4) 

           In Schmidt and Macdonald’s study, the σn of Fe-Ga pairs and Fei were found to be 

equal (4×10
-14

 cm
2
) [13]. Moreover, the energy levels, capture cross sections of Fei, Fe-B 



 

11 

pairs, Fe-Ga pairs, and Fe-In pairs are summarized in Table 2.1. Schmidt and Macdonald 

expected little or only slight changes in the lifetimes before and after dissociation of Fe-Ga 

pairs. In other words, they expected Fe-Ga pairs and Fei to have similar effects on the 

lifetimes.  

TABLE 2.1 Energy levels and capture cross sections of iron related defects in crystalline Si. Source: 

Schmidt et al. [13], 2005. 

 

            Also, T. F. Ciszek utilized photoconductance decay (PCD) method to evaluate the 

bulk minority carrier lifetimes of Fe-Ga codoped crystals grown by the Fz process [17].  In 

comparison, they concluded that Fe-Ga pairs were more detrimental to lifetimes than Fei, and 

they expected that the electron capture cross section σn of Fe-Ga pairs would be larger than 

that of Fei, making Fe-Ga pairs stronger lifetime killers compared to Fei.  

             In summary, although different conclusions were drawn on the comparisons between 

the electron capture cross sections of Fei and Fe-Ga pairs, Fe-Ga pairs would have no weaker 

effect on lifetimes than Fei. In this aspect, Fe-Ga pairs differ from Fe-B pairs, which are less 

important lifetime killers than Fei. 
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           As for radiation-induced defects, such as those aforementioned Gai-Oi, Gai-Gas, and 

interstitial-carbon-interstitial-oxygen complex (Ci-Oi), the identification of the dominant 

levels is complicated, and the combination of deep level transient spectroscopy (DLTS) and 

other techniques sensitive to the chemical structures such as electron paramagnetic resonance 

(EPR) and infrared spectroscopy (IR) is needed [6]. A. Khan et al. had identified the levels of 

those radiation-induced defects in B and Ga doped Si and compared the different physical 

properties of B and Ga. Ga was found to be less active than B to pair with other impurities, 

because of (1) its comparatively larger size which produces more lattice stress and thus 

reduces the concentrations of radiation-induced vacancies and interstitials as well as the 

probability of the formation of the complexes; and (2) its stronger bonds with Si which 

makes it more stable in the substitutional locations of the Si crystal compared to B which is 

more likely to interchange its sites with self-interstitial Si (Sii) [6]. 

              Moreover, the resistivity of Ga-doped Cz Si varies along the growth axis due to the 

low segregation coefficient of Ga (0.08) [18]. Although some studies have demonstrated that 

the varying resistivity of Ga-doped Si can be well controlled in a tolerable range for 

fabricating high efficiency solar cells, the variation is not still ideal, especially for today’s 

long crystal ingots of larger diameters [19, 20]. Many efforts have been made to modify the 

standard Cz process to control the dopant distributions in the radial and axial directions, as 

generally summarized by three approaches: (1) doping of two different types of impurities 

(p-type and n-type) [21]; (2) co-doping of two kinds of p-type materials [22, 23]; and (3) 

modifications of standard Cz process, especially by the continuous process [20, 24--29].  
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             Approach (1) is mainly based on the compensation effect of B and Ga. Both as group 

III elements, the segregation coefficient of B (0.8) is much larger than that of Ga (0.08) [18, 

30]. Moreover, in comparison with Si (the covalent radius of which is 1.17 Å), the covalent 

radius of Ga (1.26 Å) is larger than that of B (0.88 Å), Fig. 2.3 shows the schematic of Ga 

atom substituting a Si lattice site, and B and Ga atoms substituting Si lattice sites, 

corresponding to Ga-doped and B-Ga co-doped Si. 

 

FIG. 2.3 “Schematic configuration of Ga and B in simply Ga-doped, Ga- and B-codoped Si lattice”, 

Source: Huang et al. [23], 2008. 

 

            As illustrated in Fig. 2.3, Ga is under compressive strain and B is under tensile strain 

in Si, the codoping thereby has some compensation effects. The difference in the covalent 

radii makes (a) the strain energies in Ga-doped, B-doped and Ga-B codoped Si, and (b) bond 

energies of Si-Ga, Si-B, and Ga-B different, thus the segregation coefficient of Ga in 

codoped Si which is related to these energies increases [22, 23]. 
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             X. Huang et al. reported the effective increase of the effective segregation coefficient 

of Ga ( Ga

ek ) from 0.08 to 0.11 and the decrease of the effective segregation coefficient of B (

B

ek ) from 0.72 to 0.66 by Ga-B codoping. However, the obvious changes of the segregation 

coefficients of Ga and B both begin when the concentration of B reaches to approximately 

1×10
19

 atoms/cm
3
, as illustrated in Fig. 2.4.  

 

FIG. 2.4 “Ratio of Ga segregation coefficient between Ga- and B-codoped and simply Ga-doped Si 

crystal growth and α as a function of initial concentration of B in Si melt”, Source: Huang et al. [23], 

2008. 

 

            As revealed in Fig. 2.4, however, such high concentration of B can lead to other 

problems such as LID, as Fe is very likely to pair with B. And at such high concentration, no 

significant increase of the segregation coefficient of Ga has been achieved thus the goal of 

resistivity uniformity in Ga-doped Si remains to be questionable. Moreover, the ratio of the 

concentration of Ga to that of B should be optimized so as to increase the segregation 



 

15 

coefficient of Ga. Thereby, approach (1) needs to be further optimized for improving the 

uniformity of dopant distribution in Ga doped Si. 

            As for approach (2), the high absolute concentrations of the dopants lower the carrier 

mobility, which in turn results in reduced photovoltaic conversion efficiency [23].  

            As for approach (3), a method called c-Cz, in which the crucible is refilled by adding 

polycrystalline silicon chips or by immersing and melting a polycrystalline silicon rod, has 

been developed for uniform resistivity. Then this study is concentrated on the continuous 

process.  

2.3 Gallium-doped Silicon Grown by continuous Czochralski Process 

           The c-Cz process is very promising for the fabrication of Ga-doped Si crystals of 

longer ingot lengths and larger diameters [20]. 

            Up to today, many efforts have been made on modifying the standard Cz process. 

Before the proposal of the c-Cz technique, one of earliest modifications is to utilize the 

multiple batch process, which means that several ingots are grown in one crucible and one 

approach to realize this is replenishing the melt by discrete solid polysilicon [24], as 

illustrated in Fig. 2.5. But the pulling is still limited by the melt because that the height of 

which changes during the process. In the 1970s and 1980s, a further improvement over the 

Cz technique is the so-called continuous Cz (c-Cz) process, where the system is recharged by 

continuous liquid fresh polysilicon or solid polysilicon with dopants. Two crucibles, one for 
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recharging and another for growing are usually used in the liquid feeding c-Cz system [25, 

26]. And baffles are utilized in solid feeding c-Cz system [27--29].  

 

FIG. 2.5 Schematic of two crucible feeding c-Cz system, Source: Huang et al. [25], 2008. 

            

Later on in the 1990s, A. Anselmo et al. proposed and investigated on a novel 

polysilicon pellets feed c-Cz process with the following advantages: “a steady state growth 

process, a low aspect ratio melt, uniformity of heat addition and a growth apparatus with 

single crucible and no baffles, better control of oxygen concentration leading to crystals of 

uniform properties and better quality” [20]. The corresponding system has been illustrated in 

Fig. 2.6, in which the pellets are dropped to the melt in a far distance from the crystal ingot.  

 

FIG. 2.6 “Proposed solid-feed continuous Czochralski process with highly uniform and pure 

polysilicon pellets of 1 mm in diameter”, Source: Anselmo et al. [20], 1993. 
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             Theoretically, near-constant resistivity in the axial and radial directions of c-Cz Ga-

doped Si can be fabricated via the optimization of a series of growth parameters and 

experimental apparatus [30]. According the model for two-dimensional analysis on the axial 

segregation in c-Cz process proposed by J. H. Wang et al. [30], the axial and radial 

distributions of the dopants can be described by  

2

2

1
( )

c c c c c
u v r

r z r r r z

     
   

         
(Source: Wang et al. [30], 1999)

                                  
(2.5) 

where c is the dimensionless concentration of the dopants which equals to 0 0( ) /c c c , and 

0c  is the initial dopant concentration. Also, two boundary conditions are applied for the 

consideration the segregation phenomenon at the interface and the replenishment of undoped 

polysilicon, as expressed by eq. (2.6) and (2.7), respectively. 
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(Source: Wang et al. [30], 1999)
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  (Source: Wang et al. [30], 1999)                                                                  (2.7) 

The melt flow in the crucible, thereby, is a function of natural convection, crucible rotation, 

crystal rotation, and surface tension, as expressed by  

2

0 (1 )( ( ))( )r r z S r h z      (Source: Wang et al. [30], 1999)                                         (2.8) 

where Ψ0 is the intensity parameter to represent the flow intensity, S(r) is the shape function 

of the linear symmetry, and the growth parameters and dimensionless groups are listed in 

Table. 2.2.  

           From eq. (2.6) and (2.7) and Table 2.2, one can note that at least uniform axial 

distribution of the dopants can be achieved by optimizing the inner radius of the crucible, the 
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diffusion and segregation coefficients of Ga, the initial dopant concentration in the melt, the 

position where the raw material is applied, etc [30]. 

TABLE 2.2 The growth parameters and dimensionless groups, Source: Wang et al. [30], 1999. 

 

 

           Although the uniform doping in the axial and radial directions and controlling the 

metallic or light element contamination are theoretically plausible in c-Cz process, much 

needs to be studied and improved to bring the high performance Ga-doped c-Cz Si into the 

real world. On one hand, lifetime degradation resulted from grown-in and process-introduced 

Fe as well as contamination of light elements such as C and O may be a problem. On the 

other hand, many growth parameters and experimental apparatus of c-Cz are still not fully 

optimized.   
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2.4 Summary of the Current State 

           To sum up, there have been studies on the deep energy levels and minority carrier 

lifetime in Ga-doped Si, but the similar electrical properties in Ga-doped Si fabricated by c-

Cz method have not been well established. Also, even though theoretical models and 

experimental apparatus have been proposed for Ga-doped c-Cz Si and Ga segregation for Cz 

Si codoped with B have been studied [21, 22, 30--36], very limited work has been published 

on the distributions of dopants and defects and their correlations with minority carrier 

lifetimes in axial and radial directions for c-Cz Ga doped Cz-Si.  
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Chapter 3 Research Methodology 

3.1 Introduction 

             In order to ultimately achieve uniform distribution of dopants in Gallium (Ga)-doped 

continuous Czochralski (c-Cz) Silicon (Si) crystal with decent solar cell efficiency (no 

lifetime degradation), one first needs to evaluate the resistivity as well as the minority carrier 

lifetimes of the Si crystal along the growth axis and across the wafer surface. Four point 

probe and microwave photoconductance decay (MW-PCD) were utilized to measure the 

resistivities and minority carrier lifetimes of samples in different axial or radial positions. If 

the resistivities and lifetimes were observed to change with position, further investigation on 

the identification and the quantification of lifetime killers would be recommended. Deep 

level transient spectroscopy (DLTS) is a powerful tool for identifying the deep level traps 

and measuring their energy levels, carrier capture cross sections, and densities. After the 

studies by the characterization tools, correlation between the electrical properties and the 

continuous processes provided further information for improving the c-Cz process for 

controlling the dopants and defects in Ga-doped Si, and then photovoltaic (PV) device 

performance.  

3.2 Four Point Probe  

            Four point probe is widely used in resistivity measurements of semiconductors. It is 

used in this study to determine the distribution of the dopants in Ga-doped c-Cz Si. Although 

deep level transient spectroscopy (DLTS) can estimate the doping concentration based on 
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which the resistivity can be calculated, its measurement is based on the electrical activities of 

the dopants. In comparison four point probe is a direct measurement of the sheet resistance 

and resistivity. As illustrated in Fig. 3.1, sheet resistance can be obtained by passing current 

through the two outer probes and measuring the voltage between the two inner probes. 

 

FIG. 3.1“Collinear four point probe showing current flow and voltage measurement”, Source: 

Schroder et al. [1], 2006.  

 

            In Fig. 3.1, the electric field around each probe can be expressed as a function of the 

current density J, the resistivity ρ, and the voltage V by  

dV
J

dr
    ; 

22

I
J

r
                                                                                                  (3.1) 

Then the voltage between an infinity point from the probe and the probe is  

20 02 2

V rI dr I
dV V
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                                                                                                (3.2) 

For the four probes in Fig. 3.1, the spacing between the probes are s1, s2, and s3, thereby the 

voltage at probe 2 is  

2
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The voltage measured between the two inner probes V = V23 = V2-V3 becomes 

1 2 3 1 2 3

1 1 1 1
( )

2

I
V

s s s s s s




   

 
                                                                                      (3.4) 

With s = s1 = s2 = s3 for standard four point probe apparatus, the resistivity is 

1 1 2 1 2 3

2
2

(1/ 1/ ( ) 1/ ( ) 1/ )

V V
s

s s s s s s I I


  

    
                                                         (3.5) 

Considering the geometry of the probes and the related correction factors, the sheet resistance 

can be expressed in a simple form 

ln(2)
s

V
R

I




                                                                                                                     

 (3.6) 

where Rs is the sheet resistance. To know the resistivity, one also needs to measure the 

thickness of each sample after processing, and the resistivity can be expressed by 

( ) 4.523 ( )
ln(2)

V V
t t

I I


  

                                                                                              

 (3.7) 

where t is the wafer thickness. 

             The four point probe measurements in this study were done after the DLTS 

measurements, thus one needed to strip the metal and thin oxide layers before the resistivity 

measurements. 

3.3 Microwave Photoconductance Decay 

            First proposed in 1955, the microwave photoconductance decay (MW-PCD) has 

become the most common contactless technique for lifetime mapping [2]. The map of the 

lifetimes over the entire wafer can be visualized by measuring the time-dependent 



 

25 

photoconductivity across the wafer surface. The excess carriers (electron and hole pairs) are 

created by optical excitation, gamma rays (γ), or high energy electrons. To obtain the lifetime 

transient, either the amplitude of microwave power absorption or reflection which is directly 

related to the number of minority carriers that interact with the power is measured. Using the 

current NREL MW-PCD configuration as an example, the schematic of the 

photoconductance decay technique is shown in Fig. 3.2. 

 

FIG. 3.2 A schematic diagram for contact photoconductance decay measurements by optical 

excitation, Source: R. K. Ahrenkiel et al. [4], 2008.              
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            And the excess carrier concentration ∆n and the amplitude of power absorption have 

the following time dependence, as expressed by eq. (3.8) and eq. (3.9), respectively. 

/

0

tn n e                                                                                                                          (3.8) 

/

0

tI I e                                                                                                                            (3.9) 

Following these equations, the basic principle of photoconductance decay technique can be 

illustrated by Fig. 3.3. 

 

FIG. 3.3 The principle of the microwave photoconductance decay technique, where I represents the 

amplitude of the absorbed or reflected power, and τ represents lifetime. Source: Pavelka, [3]. 

 

The conductance σ is time-dependent and expressed by 

( )n pq n p   
                                                                                                              

(3.10) 

where q is the electron charge, n  and 
p are electron and hole mobilities, respectively. And 

the numbers of excess electrons and holes under low-level injection are 0n n n  and 

0p p p  , respectively. Assuming charge neutrality, i. e. n p   , the conductivity can be 

related to the excess carrier concentration as 

( )
( )

( )n p

t
n t

q



 


 


                                                                                                             (3.11) 
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Therefore, the measurement of ( )t can be correlated to ( )n t  or the minority carrier 

lifetime, assuming that the mobilities are constant during the measurement. 

             Moreover, surface passivation is required in order to obtain more precise bulk 

lifetime by reducing the impact of surface recombination. The passivation methods include 

immersing the samples in passivation solutions and growing an oxide or nitride layer on the 

surface. 

3.4 Deep Level Transient Spectroscopy 

            The impurities in semiconductors act as lifetime killers, and it is necessary to 

determine the parameters that describe them so as to control the impurity incorporation in the 

wafers. Photoluminescence (PL), as a non-destructive technique, has been widely used in the 

characterization of shallow traps in direct bandgap semiconductors. It can be used for the 

detection of deep level radiative traps as well. However, the impurities in Si mainly provide 

nonradiative traps. Deep Level Transient Spectroscopy (DLTS), since invented by D. V. 

Lang in 1974, has been one of the most powerful tools to identify and quantify the deep 

energy levels of traps in indirect bandgap semiconductors [5]. Conventionally, the DLTS 

technique was mainly used to characterize the defects in Si and Ge, and at present, it has 

been developed to characterize oxide, ceramics, and also III-V group superlattices and 

quantum dots (QDs) [6]. 

            There are three key recombination processes in semiconductors: the Shockley-Read-

Hall (SRH) Process, the radiative process, and the Auger process. The additive 

recombination rates result in the minority carrier lifetime as 
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1 1 1
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SRH rad Auger


    


 

                                                                                                         

(3.12) 

where 
SRH , 

rad , and Auger are SRH, radiative, and Auger lifetimes, respectively. The 

radiative and Auger processes are categorized as intrinsic recombination, which indicates the 

transitions of electrons are from band to band. In comparison, the SRH recombination is an 

extrinsic recombination process which involves defects, the levels of which are between the 

conduction band (CB) and valence band (VB), as illustrated in Fig. 3.4. The SRH 

recombination is the dominant recombination mechanism in Si, as the defects are brought 

into the crystals by the impurities and the dangling bonds on the surfaces, and the indirect 

bandgap of Si also suppresses the radiative recombination. 

 

FIG. 3.4 Illustration of the generation and recombination processes involving the defect levels, 

Source: Paudyal [7], 2010. 

 

            The fundamental mechanism of DLTS is the SRH processes involving trap filling and 

emptying, and capacitance transient. To recapitulate, a PN junction and the DLTS 

mechanism is described by the bias voltages, the band diagrams of the semiconductors, and 

the transient behavior of the capacitance, as shown in Fig. 3.4 (a), (b) and (c), respectively. 
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FIG. 3.5 The DLTS routines described by (a) the bias voltages, (b) the band diagrams of 

semiconductors, and (c) the capacitance transients. 

 

              As shown in Fig. 3.5 (a), the PN junction is initially held under reverse bias, and the 

traps are in the wide depletion region and the energy bands are severely bent, as shown in 

Fig. 3.5 (b). Also, using the depletion region near N side as an example, the minority carrier 

traps (hole traps) tend to be filled with little electrons so that they are less likely to trap holes 

while majority carrier traps (electron traps) tend to be empty so that they are more likely to 

trap electrons. In other words, as illustrated by the left side of Fig. 3.5 (c), in the quiescent 

state, the minority carrier traps have small capacitances and the majority carrier traps have 

large capacitances. When the PN junction is forward biased or less reversely biased, the 

depletion region narrows, the energy bends are less bent, the excess carriers are introduced. 

Thus, both the hole and electron carrier traps are filled with electrons, which means that the 
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hole traps become more capable of trapping more holes (recombining with those electrons) 

while the electron traps become less capable of holding more electrons. In other words, as 

illustrated in the right side of Fig. 3.5 (c), there is a sharp increase in the capacitance for the 

minority carrier traps and a sharp decrease in the capacitance for the majority carrier traps. 

The time for the occupational states of the traps to return to the states of the thermal 

equilibrium, i.e. for their capacitances to return to the values of the quiescent state, depends 

on the emission rates of the carriers.  

            The emission rates are temperature dependent. For example, the emission rate of 

minority carriers is given by 

1 1 1 1 1( / )exp( / )De v N g E kT                                                                                  (3.13) 

“where σ1 is the minority-carrier capture cross section, <v1> is the mean thermal velocity of 

minority carriers, ND1 is the effective density of states in the minority carrier band, g1 is the 

degeneracy of the trap level, and ∆E is the energy separation between the trap level and the 

minority-carrier band” [4]. Thereby, the capacitance transient depends on temperature too. 

From eq. (3.13), the emission rate decreases with the decrease of temperature, and the time 

constant (τ) of conductance decay which is inversely proportional to the emission rate 

increases with the decreasing temperature. The maximum time constant (τmax) suggests the 

carrier lifetime. 

            To quantify τmax, one needs to figure out either the capacitance transient or the change 

of emission rate with the changing temperature. The DLTS system utilizes a dual gated 

signal average (double boxcar) to select the emission rate window and display the 
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capacitance transient over a range of temperatures (from room temperature to cryogenic 

temperature for our studies). Fig. 3.5 shows the definition of the rate window by a double 

boxcar. 

 

FIG. 3.6 The left-hand side shows the capacitance transient over a range of temperatures, and the 

right-hand side shows the DLTS signal (C(t1)-C(t2)) as over the same range of temperatures, Source: 

Lang et al. [5], 1974. 

 

            Moreover, the following derivations show how τmax is obtained from the temperature 

dependent capacitance transient. The normalized DLTS signal S(T) is defined as  

S(T) = [C(t1)-C(t2)]/∆C(0)                                                                                                  (3.14) 
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where ∆C(0) is the change of capacitance induced by the pulse at t = 0. For the transient 

based on the emission expressed by eq. (3.10), the normalized DLTS signal S(T) can be 

expressed as 

S(T) = [exp(-t1/τ)]-[exp(-t2/τ)] = exp(-t1/τ) [1-exp(-∆t/τ)]                                                 (3.15) 

where ∆t = t2 - t1. By calculating the derivative of S(T) with respect to τ, τmax is obtained as  

τmax = (t1 – t2)[ln(t1 /t2)]
-1                                                                                                                                                   

  
 
(3.16) 

Thereby, the τmax corresponding to the DLTS peak of the strongest intensity can be 

determined quantitatively and precisely. Also, the magnitudes of the peaks of DLTS signals 

are related to the concentrations of the defects. 

            To characterize the recombination behaviors, the possible sample structures include 

Schottky diodes, PN junctions, metal-insulator-semiconductor (MIS), field-effect transistors 

(FFT), etc. In particular, the Schottky diodes are easy to prepare by evaporating high quality 

metals. The selection of the metals for fabricating Schottky contacts depends on their work 

functions. For n-type doping, the work function of the metal is higher than that of the 

semiconductor. For p-type doping, the work function of the metal is lower than that of the 

semiconductor. Aluminum (Al) is the common metal for p-type semiconductor while Gold 

(Au) is the common metal for n-type semiconductor. Moreover, to ensure the quality of the 

interface, a very thin layer of silicon oxide between the metal and the semiconductor is 

grown by dipping the clean sample in the piranha solution (a mixture of sulfuric acid 

(H2SO4) and hydrogen peroxide (H2O2)) for a few seconds before thermal evaporation. 
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3.5 Materials and Procedures 

            Two sets of Ga-doped samples, set A and set B, were provided by Confluence Solar 

Inc. (acquired by GT Advanced Technologies Inc. in August, 2011). Different c-Cz growth 

conditions were used for controlling the dopant distributions in radial and axial directions of 

these two sets. Wafers were cut along the axial direction of the two ingots (38 mm, 730 mm, 

888 mm from the seed of ingot of set A, which were labeled as A1, A2, and A3, respectively; 

and 850 mm, 950 mm, 1882 mm from the seed of ingot of set B, which were labeled as B1, 

B2, and B3, respectively), as illustrated in Fig. 3.7. They were six-inch diameter, Ga-doped 

(the order of magnitude of Ga concentrations was approximately10
15 

cm
-3

), three mm-thick c-

Cz wafers. Bulk minority carrier lifetimes were measured using the microwave 

photoconductance decay (MW-PCD) technique with the wafers immersed in an iodine-

ethanol (I-CH3CH2OH) solution during the lifetime measurements for surface passivation. 

 

FIG. 3.7 Illustrations of wafers cut from (a) the heights of 38, 730, 888 mm from the seed of ingot of 

set A; and (b) the heights of 850, 950, 1266, 1882 mm from the seed of ingot of set B. 
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            Lifetime measurements indicated varying distributions of lifetime killers in the 

ingots. To further indentify and quantify these lifetime killers, 1×1 cm
2
 samples were cut 

from the center, the middle, and the edge of set A and from the center and the edge of set B 

for deep level transient spectroscopy (DLTS), as indicated in Fig. 3.8 (a) and (b), 

respectively. A Bio-Rad DL8000 system DLTS was used to determine the concentration and 

trap energy of electrically active defects in the samples. Each sample selected for DLTS 

measurements were mechanically polished by grit paper and syton solution, and then RCA 

cleaned (a recipe developed by Radio Corporation of America for the removal of organic and 

ionic contaminants and oxide layers). Also, a very thin layer of oxide was grown by dipping 

each sample in Piranha solution (1:1 mixture of hydrogen peroxide (H2O2) and sulfuric acid 

(H2SO4)) for avoidance of poor quality interface between Aluminum (Al) and Si. Afterward, 

2000 to 3000 nm-thick, one mm-diameter Al Schottky contacts were thermally evaporated on 

the samples. DLTS measurements on the Al Schottky diodes were carried out at 3V reverse 

bias, and 50 µs pulse at 0 V. 

 

FIG. 3.8 Positions of samples of set a and b on the wafer selected for DLTS and sheet resistance 

measurements. 
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             After DLTS measurements, the resistivity variations were evaluated by four point 

probe. For precise measurement results, all the samples were dipped in Piranha solution to 

strip the Al contacts and remove any organic or ionic contaminants, and then dipped in 

diluted hydrofluoric acid (HF) (1:3 mixture of 49% HF and water) for removing the oxide 

layers before resistivity measurements. It should be noted that four point probe only 

measures sheet resistance which is the resistivity divided by the thickness of the material (Rs 

= ρ/t). Thereby, thickness of all the samples were measured after all the processes for 

calculating the resistivities of the samples. 

            Finally, in order to further identify the electrically active defects and investigate on 

their properties, the samples were annealed for 2 min at 250 
o
C and 300 

o
C in a vertical tube 

furnace under Argon (Ar) ambient, followed by slow cooling in the air to study possible 

dissociations, interactions and precipitations of the electrically active defects. Additionally, 

as thermal treatments have been widely used in the manufacturing of semiconductor 

materials and devices, the study on the annealing behaviors of these samples gave one the 

knowledge of possible results of those thermal processes in real solar material fabrication. 

DLTS measurements were carried out on the thermally treated samples. 
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Chapter 4 Results and Discussions 

           This chapter reports the measurement results of resistivities and lifetimes from the two 

sets of samples. The variations of the resistivities and lifetimes from sample to sample 

indicated the non-uniform radial and axial dopant and impurity distributions induced by the 

c-Cz growth process, as well as the potential of the c-Cz method to fabricate high efficiency 

photovoltaic Si with near-constant resistivity and low impurity concentrations. The 

electrically active defect traps were identified by deep level transient spectroscopy and their 

effects on lifetimes were compared by microwave photoconductance decay. It was 

determined that iron gallium pairs were the most important lifetime killers in our Ga-doped 

samples.   

4.1 Resistivity 

            Resistivities were obtained from four point probe and thickness measurements, and 

results of all the samples of sets A and B at different radial and axial positions are displayed 

in Fig. 4.1 (a) and (b), respectively. In general, the maximum variations of resistivities 

(correction factor F = F1F2F3 considered, where F1 corrects for sample thickness, F2 corrects 

for lateral sample dimensions, and F3 corrects for placement of the probes relative to the 

sample edges [1], F ≈ 0.47 for set A samples, and F ≈ 0.51 for set B samples) along Si 

growth axes of the ingots were around 0.49 to 0.56 Ω·cm for samples of set A and set B, 

respectively. Such variations were slightly larger than that of B-doped Cz Si but smaller than 

that of Ga-doped Si with shorter ingot lengths grown by traditional Cz method according to 
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the literature [2, 3]. The comparisons between this work and the literature on the resistivity 

variations of B-doped and Ga-doped Si are shown in Table 4.1. As compared by Table 4.1, 

the resistivities of our samples were very likely to be within the range for high and near-

constant efficiency photovoltaic materials.  

 

Table 4.1 Comparisons on ingot length, resistivity variation, efficiency, and efficiency variation 

between results in the literature and this work. 

Samples ingot length 

Resistivity 

variation efficiency 

efficiency 

variation 

Ref. a 950 mm 0.87 - 1.22 Ω·cm  

~16.7% (~15.4% 

after illumination) ---  

Ref. a 925 mm 0.57 – 2.54 Ω·cm  ~17% ≤0.5% 

Ref. b unknown 0.25 - 1.34 Ω·cm ~21% ≤3% 

set A in this work 1500 mm 1.04 - 1.53 Ω·cm  unknown unknown 

set B in this work > 1900 mm 3.11 - 3.67 Ω·cm unknown unknown 

 

            With respect to variations along the radial direction, as indicated in Fig. 4.1 (a), the 

radial variation of set A was relatively small (less than 0.1 Ω·cm), but increased from the 

center to the edge in all axial positions, indicating the highest doping concentration of Ga in 

the center of set A. However, as indicated in Fig. 4.1 (b), no obvious trends of radial 

resistivity variation were observed in the samples of set B.  

             Based on range of radial and axial variations of resistivities of the two sets, lifetimes 

would be expected to remain reasonably high for both sets [2--4]. These indicated that 

continuous Cz process had controlled resistivity variation within a tolerable range with 

respect to solar cell efficiencies. However, the control on radial and axial variations of 
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resistivity was still less than desirable, especially for our large diameter ingots, the c-Cz 

growth conditions needed to be further optimized.  

 

(a) 

 

(b) 

FIG. 4.1 resistivity of samples cut from (a) the center, the middle and the edge of A1 (38 mm), A2 

(730 mm) and A3 (880 mm), and (b) near the center, the middle and the edge of B1 (850 mm), B2 

(950 mm) and B3 (1882 mm). 

 

           Theoretically, near-constant resistivity throughout the ingots can be achieved by 

continuous Cz process by the optimization of the replenishment of polysilicon, the pulling 
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conditions, the experimental apparatus, etc [6, 7]. According to the theoretical model, the 

concentrations of impurities at the interface of the melting and solidified Si can be expressed 

by a function of the dimensionless dilution rate (β) and the segregation coefficient of the 

impurity (k), and uniform radial and axial distributions of dopants can be achieved by 

adjusting β according to k [6]. As for the growth of the samples for this study, possibly the 

replenishment of polysilicon had yet to be further adjusted based on the inner radius of the 

crucible, the diffusion and segregation coefficients of Ga in Si, and the initial dopant 

concentrations in the melt, etc. 

4.2 Defect-induced Variations 

To investigate on the electrically active defects responsible for minority carrier 

lifetime degradation, DLTS measurements were performed on samples A1-A3 and B1-B3. 

The DLTS spectra of set A and set B are shown in Fig. 4.2 (a) and (b), respectively. Four 

identifiable peaks were labeled as H1, H2, H3, H4 and H5, corresponding to four hole traps 

whose energy levels were Ev+0.13 eV, Ev+0.23 eV, Ev+0.36 eV, Ev+0.44 eV, and Ev+0.57 

eV, respectively. Among these levels, H5 was only observed in the spectrum of B3 and 

would just be analyzed briefly and separately. Table 4.2 lists the identifications, activation 

energy levels and the capture cross sections of the H1-H4 hole traps.  

TABLE 4.2 Activation energies (Ea) and carrier capture cross-sections (σ) of four peaks in Fig. 2 (a). 

Identity 
H1 / Fei

+
-Ga

1
 H2 / Fei

0
-Ga

2
 H3 / FeiV  / FeiSii H4 / Fei 

Ea (eV) 0.13 0.23 0.36 0.44 

σ (cm
2
) 2.5×10

-14
 5.5×10

-15
 3.3×10

-16
 3.8×10

-16
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(a) 

 

(b) 

FIG. 4.2 DLTS spectra (scale shift) of samples cut from (a) the center, the middle, and the edge of A1 

(38 mm), A2 (730 mm), and A3 (880 mm), and (b) the center and the edge of B1 (850 mm), B2 (950 

mm), and B3 (1882 mm). The spectra were acquired using a reverse bias of 3 V, a pulse voltage of 0 

V, a pulse width of 5 × 10-5 s, and a period width of 50 ms. 
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           The hole trap peaks H1 at 80 K and H2 at 120 K are attributed to configurational 

bistability of donor-acceptor pairs (Fei-Gas) in different charge states, H1 corresponds to the 

metastable <111> configuration and H2 corresponds to the stable <100> configuration, and 

their transformations are completely reversible [8--11]. Moreover, H1 and H2 were either 

observed together or negligible on every single sample, further confirmed their common 

origin as Fei-Gas. 

           There are three possible origins of the hole trap H3, the interstitial-iron-self-

interstitial-silicon complex (FeiSii), interstitial-iron-vacancy complex (FeiV), and interstitial-

carbon-interstitial-oxygen complex (Ci-Oi) [12--14]. The native point defects such as silicon 

self-interstitials (Sii) and vacancies (V) usually exist in Cz Si, although neither of their 

concentrations are high [15, 16]. To the best of our knowledge, FeiV had been theoretically 

and experimentally studied in V-rich floating zone (Fz) Si [13, 14], and the presence of FeiSii 

in Sii-rich Cz was proposed by Estreicher et al. [12]. However, Ci-Oi was less likely to be 

dominant for our case as (1) high concentration of carbon is required to form Ci-Oi but the 

dominant light impurity is O instead of C in Cz Si; (2) the presence of Ga could be a strong 

suppression of Ci-Oi as one of the radiation-induced defects [4, 12], and (3) our samples were 

not specifically radiated before or during DLTS measurements. And the identification of H3 

was further analyzed by the dissociation during annealing process in the later section.  



 

43 

The hole trap H4 is attributed to interstitial iron (Fei), as a common metallic impurity 

in Cz Si [11], and this was further confirmed by the annealing behaviors of the electrically 

active defects as discussed in the later section.        

H5, which was only found on the spectra of the sample from the center of B3 and 

possibly the edge of B1 (DLTS measurement would better to be done at temperatures slightly 

higher than room temperature to obtain precise information of this peak), might be due to the 

oxygen-arsenic vacancy complex (Ga-O-Ga) [8]. But one needed to further verify this 

identification and explain why this peak signal was only detected in one of the samples of set 

B. 

The comparison between Fig. 4.2 (a) and (b) shows the significant effect of the c-Cz 

growth conditions on the defect compositions and concentrations. By adjusting the growth 

parameters, both the defect types and concentrations can be greatly reduced. While there 

were several strong peaks in the spectra of samples A1-A3, very few quantitatively 

identifiable peaks were observed in the spectra of samples B1-B3. Although the detection 

limit of our DLTS system could a reason, the changes in the c-Cz growth conditions were 

most likely to control the concentrations and distributions of electrically active defects in c-

Cz Si. 

           However, the weak peaks in Fig. 4.2 (b) were not an equal indication of good lifetime. 

The detection limit of our DLTS system is approximately four orders of magnitude below the 

doping concentration, but the lifetimes could be severely reduced for Ga-doped Fz Si 

with10
11

 cm
-3

 Fe contamination. T. F Ciszek studied the correlations between the minority 

carrier lifetimes and the concentrations of Ga and Fe of Ga-doped, Fe-doped, and Ga Fe co-
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doped floating zone Si samples by low injection DC photoconductive decay (PCD) method, 

and the results are listed in Table 4.3. 

TABLE 4.3 “Minority-Carrier Lifetime of Dislocation-free <100> Fz Single Crystals Doped With Fe 

and Ga”, Source: Ciszek et al. [17], 1997. 

 

 

           From Table 4.3, and especially the crystal numbered as 70515 (with Ga concentration 

as 2.2 × 10
15

 cm
-3

 and Fe concentration as 4.8 × 10
11

 cm
-3

), the bulk minority lifetime 

decreased by approximately a thousand times in comparison with crystal 41121a which is not 

contaminated by Fe. Thus one could not totally exclude the possible lifetime degradation of 

set B, especially as our resistivity range was very similar to crystal 70515. Higher resolution 

DLTS measurements would be combined with other techniques for more detailed and precise 

studies on sample set B. 

In the axial direction, A3 samples had fewer defect compositions with lower trap 

densities compared to A1 and A2 samples, as shown in Fig. 4.2 (a). As the detailed growth 

conditions were not disclosed by Confluence Solar Inc., only a general reason can be given in 

this paper. At the distance of 880 mm from the seed of the ingot, probably more appropriate 

amount of fresh polysilicon was added to the melt, diluting the impurity pileup. This point 
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could be supported by the resistivity measurement results (Fig. 4.1 (a)), which showed the 

higher Ga concentrations in all A3 samples. 

As for A1 and A2 samples, compositions of the peaks were consistent in the axial 

direction but varied in the radial direction, and the intensities of the peaks varied in both 

directions. As shown in Fig. 4.2 (a), while the samples in the center exhibited all the four 

peaks in their spectra regardless of their axial positions, the samples in the middle only 

showed the spectral peaks H3 and H4, and the samples on the edge had which had no signal 

detected above the DLTS detection limit (~ 10
11

 cm
-3

). The low segregation coefficient of Fe 

(the equilibrium segregation coefficient was reported as k0 = (5–7) ×10
-6

 [18, 19] and the 

effective segregation coefficient was reported to be smaller than 0.05 [20]) was a very 

possible explanation for the non-uniformity. For our case, the c-Cz growth parameters were 

mainly designed for more uniform distribution of Ga for the reduction of varying resistivity, 

and the difference between the segregation coefficients of Fe and Ga made Fe distribution 

more non-uniform along the growth axis of the ingot and across the wafer surface. 

Another possible reason for the radial variations of trap densities was the Ga 

concentration dependence of Fe-Ga pair reaction (The dependence of [Fei]/[Fe] or 

[Fei]/([Fei]+[FeGa]) on Ga concentration). To analyze this Ga concentration dependence, 

approximate Fei , Fe-Ga pair, and total Fe concentrations (by adding together the defect 

concentrations of H1, H2, H3, and H4, i.e. the summation of the defect concentrations of Fe-

Ga pairs and Fei) of all samples of set A are summarized in Table 4.4 (a), (b), and (c), 

respectively.  
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TABLE 4.4 Approximate (a) Fei, (b) Fe-Ga pairs, and (c) total Fe concentrations of all A1-A3 

samples. 

(a) 

 

(b) 

 

(c) 

 

 

As illustrated in Fig. 4.2 (a), Table. 4.4 (a) and (b), both H1 and H2 were present in 

the center of the A1 and A2 samples regardless of the axial positions, but were much weaker 

in the middle areas and almost absent in the edge areas. Similar to the Fe-B pairs, the 

equilibrium of Fe-Ga pair reaction depends on the temperature and the Ga concentration, The 

A1: 38 A2: 730 A3: 880

center 3.08×10
12

1.78×10
12 low

middle 1.14×10
13

8.3×10
12 low

edge low low low

positions along the Si ingot (mm) 

locations on the wafer

approximate Fei concentrations (cm
-3

)

A1: 38 A2: 730 A3: 880

center 4.2×10
12

6.5×10
12

3.5×10
12

middle low low low

edge low low low

positions along the Si ingot (mm) 

locations on the wafer

approximate Fe-Ga pair concentrations (cm
-3

)

A1: 38 A2: 730 A3: 880

center 7.28×10
12

8.28×10
12

3.5×10
12

middle 1.14×10
13

8.3×10
12 low

edge low low low

positions along the Si ingot (mm) 

locations on the wafer

approximate total Fe concentrations (cm
-3

)



 

47 

study on Fe-B pair reactions showed that the interstitial fraction ([Fei]/[Fe] = 

[Fei]/([Fei]+[FeB]) increased with temperature but decreased with B concentration [21]. 

Similar reaction mechanism was tentatively applicable to Fe-Ga pairing, as observed in Fig. 

4.2 (a). In the axial direction, both H1 and H2 were observed on the DLTS spectra of the 

sample in the center of all the wafers, and they were the most prominent on the spectra of the 

sample in the center at heights of 38 mm and 730 mm. In other words, the Fei fraction was 

lower at heights of 38 mm and 730 mm, indicating the highest Ga concentrations in those 

positions of all the samples. Also, in the radial direction, both H1 and H2 were present in the 

center of the samples regardless of the axial positions, but were much weaker in the middle 

and almost absent edge areas. This radial variation indicated the highest Fei fraction and the 

lowest Ga concentration in the center. And these axial and radial variations of H1 and H2 

were consistent with the resistivity distributions, from which Ga concentration was found to 

be the highest at 730 mm and lowest in the center of all the wafers. 

           Table 4.4 (c) shows that the Fe concentrations in the center and middle of A1 and A2 

were approximately equal. Specifically for A2 samples, the total Fe concentrations in the 

center and the middle were both around 8.3 × 10
12

 cm
-3

, but the defect concentrations of Fei 

and Fe-Ga pairs were totally different. Then the Ga concentration was very likely to play a 

very important role here. Additionally, although the total concentrations of Fe (10
12

 cm
-3

 to 

10
13

 cm
-3

 orders of magnitude) were lower than that of Ga (10
15

 cm
-3

 orders of magnitude), 

one could not conclude that Fe dominated the formation of Fe-Ga pairs. According to Zoth et 

al., the pairing reaction of Fe and B was observed to be dependent on B concentration, 

although Fe and B concentrations of their samples were around (1 – 3) × 10
15

 cm
-3

 and 5 × 
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10
11 

– 10
14

 cm
-3

, respectively, and the total Fe concentration in their studies was measured 

precisely by surface photovoltage (SPV) [21]. Although more precise determination of total 

Fe concentrations was still suggested for our study, one could tentatively propose the Ga 

concentration dependence on Fe-Ga pairing. 

           Moreover, lifetime measurements were done on A1-A3 samples to compare the 

effects of different defects on lifetimes, and the correlations of carrier bulk lifetimes with the 

concentrations of Fe-Ga defects has been illustrated on Fig. 4.3. Generally, the lifetimes of 

all the samples were around 100 to 400 μs, relatively moderate, but one order of magnitude 

lower than highly pure monocrystalline Si. As shown in Fig. 4.3, the sample at the height of 

880 mm had the highest lifetime and the lowest concentration of Fe-Ga pairs, and the sample 

at the height of 730 mm had the lowest lifetime and the highest concentration of Fe-Ga pairs. 

This indicated that Fe-Ga pairs were more detrimental to lifetime than Fei in Ga-doped Si, 

just the opposite of the case in B-doped Si where Fei was observed to be the more severe 

lifetime killer. The main reason is the larger electron-capture cross section σn (~10
-14

 cm
2
 

[22])
 
of Fe-Ga pairs compared to that of Fei [17, 23]. 

           In addition, it should be noted that the conclusion on the comparison between the 

electron cross sections of Fei and Fe-Ga pairs could only be tentatively drawn in our study. 

Because the measured bulk minority lifetimes at different heights were the average values, 

and no separate measurements on the samples near the center, the middle, and the edge had 

been done for more precise comparison of the effects of Fei and Fe-Ga pairs on lifetimes. But 

overall, (1) our measurement results of the majority carrier capture cross section σp of Fe-Ga 
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pairs was of the same order of magnitude as that in the literature [22], as compared between 

Table 2.1 and Table 4.1; and (2) one could conclude that Fe-Ga pairs were at least not 

weaker lifetime killers than Fei on minority lifetimes. And this conclusion was consistent 

with most of the previous studies, as described in details in Section 2.2 [17, 22, 23]. 

 

FIG. 4.3 The concentrations of Fe-Ga pairs and minority carrier bulk lifetime of A1-A3 samples. The 

distances 38 mm, 730 mm, and 888 mm are from the seed of the ingot. 

 

4.3 Annealing Behaviors of the Defects 

              In order to further identify peak H3 (FeiV / FeiSii) and the thermal stability of Fe-Ga 

pairs, the samples cut from the middle of wafer at height of 730 mm (A2 middle) were 

annealed and DLTS measurements were carried out afterward. The DLTS spectra of the 
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controlled and the annealed middle samples at temperatures of 250 
o
C and 300 

o
C are shown 

in Fig. 4.4.  

 

FIG. 4.4 DLTS spectra of annealed sample A2 middle (from the middle of 730 mm of the c-Cz Si 

ingot of set A) at annealing temperatures of 250, 300 °C. The dwell time was 2 min. The spectra were 

acquired using a reverse bias of 3V, a pulse voltage of 0V, a pulse width of 5 × 10-5 s, and a period 

width of 50 ms. 

 

           The intensity of H3 (FeiV / FeiSii) was found to degrade significantly while those of 

H1, H2 and H4 were enhanced upon annealing, due to the dissociation of FeiV / FeiSii pairs at 

high temperature. These pairs broke at higher temperatures, either transformed to Fei or Fe-

Ga pairs. Also, FeiSii constituted a more significant proportion of the origins of H3 because 

of the relatively lower dissociation temperature (above 250 
o
C) of H3. The interaction 
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between Fe and V is more energetic than that between Fe and Sii [12], thus the dissociation 

temperature of FeiV pairs is comparatively higher (above 400 
o
C as reported) [13, 14].           

Furthermore, the degradation of the intensity of H3 at 250 
o
C and 300 

o
C further excluded the 

possible identification of H3 as Ci-Oi trap level, as Ci-Oi is one of the most stable light 

element complexes and was reported to remain unchanged even at annealing temperature of 

400 
o
C [4]. 

            Comparing the intensities of H1, H2, and H4 at 250 
o
C and 300 

o
C, one noted the 

moderate decrease of the intensities of H1 and H2 as well as the increase of the intensity of 

H4 with increased annealing temperature. Besides the increased fraction of dissociated FeiV / 

FeiSii pairs at higher annealing temperature, another possible reason was the dissociation of 

Fe-Ga pairs. As mentioned in the discussion on defect composition, the fraction of Fei could 

be expressed as a function of the temperature the dopant concentration. Thereby when the 

annealing temperature increased from 250 
o
C to 300 

o
C, FeiV / FeiSii pairs further 

dissociated, and more of the Fe-Ga bonds also broke, contributing to a larger fraction of Fei 

[20]. Moreover, all the changes in the intensities of the peaks confirmed the identification of 

H4 as Fei. 
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Chapter 5 Conclusion and Future Work 

5.1  Conclusion 

            Resistivity variation and lifetime limiting factors were investigated in c-Cz grown 

Ga-doped Si. The resistivity measurements indicated varying radial and axial distributions of 

Ga dopants due to its relatively low segregation coefficient, as well as the potential of c-Cz 

technique to grow Ga-doped Si for high efficiency photovoltaic applications, although ideal 

near-constant resistivity was yet to be achieved. The DLTS and MW-PCD measurements 

revealed several iron-related lifetime killers. Specifically, the comparison between the two 

main electrically active defects reveals that Fe-Ga pairs were more detrimental to lifetimes 

than Fei. Fe was also likely to pair with Si self-interstitials or vacancies in c-Cz Si, and these 

pairs dissociated at annealing temperature around 250 
o
C, forming Fe-Ga pairs and Fei. 

Moreover, at slightly higher annealing temperatures around 300 
o
C, Fe-Ga pairs tended to 

dissociate into Fei. It should be noted that one set of the samples exhibited better controlled 

electrically active defects, and the variations of the defects in both radial and axial directions 

were observed in DLTS spectra and they were correlated to the lifetime and resistivity 

profiles. c-Cz method was found to be promising for fabricating Ga-doped Si with little 

resistivity variations for high performance solar cells but the issue of iron contamination still 

needed to be further addressed. 
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5.2 Future Work 

          In this study, although the electrical properties of Ga-doped c-Cz Si were correlated to 

the c-Cz growth method, more quantitative work on correlating the growth parameters and 

the electrical behaviors of the samples should be done for both sets of samples. In particular, 

the growth conditions of set B samples with higher quality needed to be studied. Also, to 

further verify the electrically active traps of the two sets of the samples, Fourier Transform 

Infrared Spectroscopy (FTIR) or other techniques would be helpful to determine whether 

there existed contamination with light elements (carbon, oxygen, nitrogen, etc). Moreover, 

lifetime mapping of the whole wafer of set A as well as the measurements of total Fe 

concentrations would be recommended for a more precise comparison between the lifetime 

killing effects of Fei and Fe-Ga pairs. Injection dependent spectroscopy (IDLS) studies would 

also be helpful for measuring the hole and electron capture cross sections for further 

verification of this point. Furthermore, the lifetime mapping would also be useful for the 

evaluation of the quality across the entire wafer. Additionally, lifetime measurements after 

the annealing of the samples would be done for further studies on the effects of Fei and Fe-

Ga pairs on lifetimes as well as the physical properties of Fe-Ga pairs (activation and 

dissociation, etc) compared to those of Fe-B pairs. 

 

 

 


