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CHAPTER I 

INTRODUCTION 

Defect studies have occupied a considerable portion of semiconductor physics for 

many years due to the technological importance of defects. A special family of them, the 

thermal donors, was discovered by Fuller and others in 1954[1]. Since then, thermal 

donors have been of major concern to semiconductor physicists. Although having been 

one of the most extensively studied defects, neither formation kinetics nor structural 

properties of these donors in (Czochralski) CZ-grown silicon are fully understood. On the 

other hand, it has been well established that oxygen, which enters the melted silicon from 

the quartz crucible during the growth process (CZ technique) is the main constituent of 

the thermal donors. Therefore, many investigations concerning the properties of oxygen 

in silicon have been and continue to be expanding the understanding of thermal donors 

and their formation. 

Despite the fact that investigations concerning oxygen and/or thermal donor 

formation, some results of which will be summarized in the following pages include 

many properties, there seems to be no reports concerning the effect of electric field on 

thermal donor formation and/or oxygen in CZ-silicon. Consequently, in this thesis, I shall 

attempt to characterize the effect of electric field on both thermal donor formation and 

oxygen diffusion in CZ-grown silicon. 
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First, the experimental technique of deep level transient spectroscopy (DL TS) [2] 

will briefly be discussed. After an introduction to the history of the technique, the 

mathematical background of the DL TS theory will be derived. Capacitance transient 

spectroscopy and signal analysis will also be included. Following that will be an 

introduction to the thermal donor, and the interstitial oxygen problem in CZ-silicon. After 

reviewing the accepted properties, the leading thermal donor models in the literature will 

be categorized. Then I will go through the experimental procedures. Emphasis will be 

given to the experimental details of this experiment. I will end this thesis with my 

experimental results and their implications. 
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CHAPTER II 

DLTSTHEORY 

2.1 Introduction 

Any deviation from the perfectly periodic crystalline structure may be named as a 

defect. The simplest types are vacancies, interstitials, and substitutional impurities. A 

vacancy is an unoccupied lattice site. An interstitial is an atom, which may be the same as 

the rest of the lattice or foreign with a different chemical nature, that is between the lattice 

sites. A substitutional impurity is an atom alien to the material that is on a lattice site. 

These four principal defect types, as seen in Fig. 2.1, called point defects, are the building 

blocks of more complicated defect complexes, one of which is the thermal donor, 

partially the subject of this thesis. Band theory finds no energy levels within the band 

gap, because it assumes a perfect crystalline structure. However, there is no perfect 

crystalline structure in nature. One way or the other, defects are produced in these 

structures, in differing amounts and with different electrical properties. These defects, 

when taken into consideration, may produce localized energy levels that reside within the 

band gap. The value of the localized energy level within the gap is an indicator to label 

the defect energy level either shallow or deep. It is a generally accepted fact that if the 

localized energy level resides just below (above) the conduction (valance) band, it is then 

said that it is a shallow donor (acceptor) level. Those that give localized energy levels that 
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Figure 2.1: Point defects: (A) substitutional; (B) self-interstitial; (C) Interstitial 
(D) vacancy. 
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are not located near either of the edges are usually called deep levels. These are the levels 

that D L TS [2] was designed to study. 

Since introduced by D. V. Lang [2] in 1974 at Bell Laboratories, deep-level 

transient spectroscopy (DL TS) has been an invaluable technique for electrically active 

defect studies in semiconductor materials. The strategy of this technique involves using a 

reverse biased abrupt junction capacitance and pulsing the bias electronically to inject 

carriers into the depletion region. Then the carriers distribute themselves to the localized 

orbitals according to Fermi-Dirac distribution. At the end of each pulse, these carriers 

may be emitted from their trap states. This allows us to study the emission rates by the 

essential feature ofDLTS, which is to say, its ability to set a rate window such that a 

transient response can be seen. Then, by scanning the temperature, emission rates can be 

altered. Finally, reading the capacitance difference on the transient curve at the window 

setting times, and plotting this capacitance difference as a function of scanned 

temperatures generates the so-called DL TS peak. A DL TS peak gives valuable 

information about the defect it examines. Concentration, energy level( s ), and 

capture-emission rate of defects are directly obtainable from the peak. The quantity that 

we shall use is the concentration of the defects to profile them with respect to physical 

depth. 

In order to give a mathematical background for DLTS theory, in particular, how 

defect concentration is obtained, we will start our discussion first with capture and 

emission rates of carriers. Capacitance transient spectroscopy, then, will briefly be 
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discussed, including the double boxcar technique, a main component of the DLTS 

algorithm. Finally, emphasis will be given to how the height of a DL TS peak is 

proportional to the defect concentration. 

2.2 Capture and Emission of Charie Carriers 

Given below is a brief discussion of the emission and capture processes of free 

charge carriers by traps, defect states having energy levels within the band gap [2, 3, 4]. 

The necessary variables used in the discussion are as follows: 

n =electron concentration in the conduction band (cm-3 
), 

p = hole concentration in the valence band ( cm-3
), 

en =emission rate of trapped electrons (sec-1
), 

eP =emission rate of trapped for holes (sec-1
), 

en =capture rate for electrons (cm3sec-1
), 

cP =capture rate for holes (cm3sec-1
), 

NT =total defect concentration (cm-3
), 

nT = defect concentration occupied by electrons ( cm-3
), 

PT = defect concentration occupied by holes ( cm-3
), 

Ec = energy of the conduction band edge ( e V), 

Ev = energy of the valence band edge ( e V), 

ET = trap energy level ( e V), 

EF = Fermi level ( e V), 
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N0 =donor concentration (cm-3
), 

g = degeneracy of defect energy level. 

Figure 2.2 represents the four possible processes for emptying and filling any 

given trap. These processes are: capturing an electron from the conduction band, 

capturing a hole from the valence band, emitting an electron to the conduction band, and 

emitting a hole to the valence band. 

Here we would like to calculate the rate of change of the captured electrons by the 

traps in an n-type material. Therefore, the difference between the total rate of change of 

the conduction band electron density and that of the valence band hole density gives what 

we intended to obtain. 

Hence, 

dnT = (-dn) _ ( -dp) 
dt dt dt 

where, 

and 

-dp dt = CppnT- eppT. 

Substituting equations (2.2) and (2.3) into (2.1), we have 

dnT dt = (cnn + ep )PT- (cpp + en)nT. 

Considering that 

then equation (2.4) becomes 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

dnT dt = (cnn + ep)NT- (cnn +en+ Cpp + ep)nT. (2.6) 
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(d) Emission of a hole to the valence band. 

Figure 2.2: Capture and emission of carriers by the traps. 
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This equation may be further simplified by considering that in the depletion region 

n=p=O; therefore, 

(2.7) 

Next we assert the boundary condition that at t=O all the traps within ann-type 

depletion region are filled with electrons. Hence, the initial condition for electrons in an 

n-type material reads 

(2.8) 

and for holes reads 

PT(t = 0) = 0. (2.9) 

Now the first-order differential equation (2.7) with the initial condition (2.8) can 

be solved to be 

(2.1 0) 

and using equation (2.5), 

(2.11) 

Equations (2.1 0) and (2.11) are clearly for, in ann-type region, majority (electron) 

and minority (hole) carrier traps, respectively. Using the fact that en >>eP for a defect 

energy level located above the center of the band gap, these equations can further be 

simplified to 

(2.12) 

and, 

(2.13) 

Using similar arguments for a p-type material, the concentration of captured holes 

as a function of time is given by 
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( en ep ~ 
PT = NT~en + ep +en+ ep exp[-(en + ep)q, 

and for captured electrons is given by 

_ NTep ( 1 -(en+ep)t) nT- -e . 
en +ep 

The condition, eP>>en, defects below the middle of the bandgap gives, for electrons 

nT = NT(1- e-ept), 

while for holes it gives 

Here it should be noted that the initial condition for p-type material is given by the 

equations 

PT(t = 0) =NT 

and, 

nT(t = 0) = 0. 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.17) 

(2.18) 

Captured carrier concentrations, as seen in the above equations, are expressed in 

terms of time and emission rates of the carriers. To determine the temperature 

dependencies, we define the probability of a trap being occupied by an electron to be 

F(ET,T). By the Fermi distribution function, 

nT 1 
F(ET,T)=N= (E -E) . 

T exp[ T F ]g-1 + 1 
ksT 

(2.19) 

In equilibrium, the total emission rate of electrons should be equal to the total capture 

rate; therefore, 

enF(ET, T) = ncn { 1- F(ET, T)}. 

This equation with the Fermi function results in 

ET-EF 
en= Cnnexp ks T 

10 
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where g is chosen to be 1. Capture coefficient can be defined, in terms of capture cross 

section O'n, to be 

Cn =< Vn > O'n (2.22) 

where <v "> is average electron thermal velocity. In the Fermi distribution, the number of 

electrons in the conduction band is 

n=N exp-[(Ec-EF)] 
c ksT · 

Therefore, the emission rate is written as 

(Ec-EF) 
en= Nc < Vn > crnexp-[ ks T ]. 

(2.23) 

(2.24) 

In equation (2.24), if we write explicit forms for the mean thermal velocity of electrons 

and for the conduction band edge state density, we obtain the temperature dependent form 

of emission rates for electrons in an n-type material as 

(2.25) 

where 
3 

2(2n) 4 j3 m~k~ 
Kn= 3 . 

h 
(2.26) 

If m~, known as effective mass of the electron, takes on the value 1.08m in silicon, where 

m is the free electron mass, we find the constant above to be 

Kn = 3.5 X 1021 cm-2sec-1 K-2 . 

Similar arguments apply for holes in the same type of material resulting in 

2 ET-Ev 
ep = Kp T crpexp-[ ks T ] , 

where 
3 

2(2n) 2 j3 m~k~ 
Kp = h3 

11 
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Using the value of effective mass, given by m~ = 0.59m0 , for holes, the constant reduces 

to 

(2.30) 

2.3 Capacitance Transient Spectroscopy 

There are several forms of DL IS. Two famous ones are current transient 

spectroscopy and capacitance transient spectroscopy, the one that we use. In all these 

forms, however, a diode is reverse biased and that bias is periodically pulsed toward zero 

to fill the traps within the depletion region with charge carriers, either electrons or holes. 

Then a quantity, either related to current or capacitance as a function of trapped carriers, 

is monitored with respect to temperature. The type of DL IS we use in this study is 

capacitance transient spectroscopy, originally used by D. V. Lang at Bell Laboratories in 

1974. In this section we are going to give a mathematical representation of this technique 

with, as much as possible, some physical insight. 

Without disturbing the generality, we shall consider only majority carriers in an 

n-type material. Generalization to minority carriers and/or to p-type materials is 

straightforward. 

In this section we are going to refer to Fig. 2.3 as a schematic representation of 

junction capacitance change for a majority carrier trap, electron trap in this case, as a 

function of the pulsed bias voltage. First we give an interpretation of Fig. 2.3. Then the 

basic equation of charge transient spectroscopy will be derived. 

12 



V=O 

V=-v 

(2) 

(3) 

t= 0 TIME t=T 

Figure 2.3: Bias and junction capacitance of a diode as a function of time. 
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In the first stage, enumerated ( 1 ), the diode depletion region is deepened by an 

applied bias voltage. Junction theory tells us that in a depletion region at equilibrium, 

there can be no free carriers. Therefore, we assume that the traps under investigation are 

all empty. Then at stage (2), the depletion region of the diode is collapsed by an 

(periodically) applied pulse toward zero volts. Because the depletion region is now 

contracted, charge carriers (electrons) can fill the traps within the band gap where the 

depletion region extended before the filling pulse. This stage needs to be discussed 

further because of the fact that the pulse embodies two stages itself. Immediately after the 

pulse, junction capacitance increases very rapidly since the depletion width is much 

smaller than it was before the pulse. During the pulse, in which time the junction 

capacitance is almost constant, electrons are allowed to fill the traps. At the end of the 

pulse, the starting point of the transient, the depletion region becomes even larger than it 

was previously under the reverse bias, as nT goes from NT to zero. This is because of the 

fact that now there are not as many positively charged traps as there were before electrons 

filled them. This, as seen from Fig. 2.3, also corresponds to a smaller junction 

capacitance. As we assumed in our initial conditions in section 2.2, stage (3) is when all 

the traps are filled with electrons. Starting from (3) to the end of ( 4 ), where the adjacent 

filling pulse comes in, is the transient region. This transient is characterized with a time 

constant, labeled t. We now will show that this time constant is inversely proportional to 

the emission rate of the electrons. 

14 



Time dependent junction capacitance is expressed, for a junction with an area A, 

as 

C=AE 
w 

where E is the permitivity of the material, and W is the time dependent width of the 

depletion region. Depletion region width is given as 

(2.31) 

(2.32) 

where Vis the bias voltage, q is the electron's charge, N0 is the donor concentration, nTis 

the concentration of defects occupied with electrons, and V bi is the built-in voltage of the 

junction. Note that the plus sign is for holes and the minus sign for electrons. Combining 

equations 2.31 and 2.32 we have 

where 

C = Coo[1 + ~:] 112 

Coo= A[ qENo ] 1/2 
2(Vbi + V) 

(2.33) 

(2.34) 

is the capacitance of the diode junction at a sufficiently long time after the pulse ends. 

Equation (2.33) may further be simplified ifN0 >> nT. Then it becomes 

C = Coo[l + 2~0 ]. (2.35) 

When the capacitance on the transient curve is measured at an arbitrary time, equation 

2.35 should approximately give us the value measured on the transient. 

To calculate the basic equation for the DLTS signal, we take the ratio of ~= 

where ~C = Coo- C . 
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Doing so we obtain 

(2.36) 

where e ='t -I n 

Equation 2.36, the basic equation of DL TS, is the signal to be analyzed, which is 

the subject of the next section. 

2.4 Transient- Signal Analysis 

The capacitance signal of the diode is first read at two definite times, t1 and t~. 

giving the values C(t1) and C(t2). When the difference between these two capacitance 

values is plotted with respect to temperature, the so-called DLTS peak is generated, as 

shown in Fig. 2.4. 

Since the capacitance transient is a function of temperature, the capacitance 

difference that is read on the transient curve will surely change when temperature 

changes. As is seen in Fig. 2.4, L\C starts from a minimum, suggesting that the 

capacitance difference is constant within the rate window. Then it passes through a 

maximum, which is the region of greatest sensitivity defined by the set times t1 and t2• 

Finally it becomes a constant once again as it was previously. Here, we realize that the 

height of the peak, corresponding to where the capacitance difference is a maximum with 

respect to temperature, is of physical importance. Several quantities may directly be 

calculated concerning electrically active traps in the material being tested. We first will 

16 
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Figure 2.4: The DL TS peak generation. 
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show how the localized energy level and the capture cross section of a trap are calculated. 

Then we conclude this chapter with defect concentration measurement. 

Because L\C is a maximum, equivalent to the emission rate of the trap being 

maximum, its slope must be zero. In mathematical language, 

d(L\C) = d(L\C) d't = O 
dT d't dT . 

(2.37) 

Since 't has no extrema with respect to temperature, we have 

d(L\C) = d{[exp(-~)- exp(-t)]} = 
0 

d't d't 

which results in 

t2- tt 
'tmax = 

In(~~) 
(2.38) 

Equation 2.38 defines the exponential decay time constant for trapped carriers. Using 

equations 2.38 and 2.24 we obtain a linear equation 

2 Ec -ET 
ln('tmax T ) = -ln(Kncrn) + ( ks T ). (2.39) 

This equation can be graphed linearly by plotting ln('tmax T2) versus i. Then the 

slope of the line can be used to extract the depth of the trap, while they-intercept is used 

to calculate the capture cross section of the traps for electrons. 

The peak height can be used to calculate the concentration of traps in the bulk 

region of the material being examined. As will be discussed later in the experimental 

section, the defect concentration observed changes with applied bias. Here we consider 

any bias that is applied to the sample. 
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The height of the DLTS peak is proportional to 

NT tt t2 
S = Coo

2
No [exp(--:r)- exp(--:r )] 

(2.40) 

Because the capacitance change is generated by the traps, it contains information on 

defect concentration. 

Sis a maximum when 't takes on its maximum value, given by equation 2.38. 

Since we need the total trap concentration, however, whole transient has to be analyzed. 

Hence, window setting times t1 and t2 must be set such that whole transient can be 

monitored by the DL TS technique. To do so, in equation 2.40 t1 is set to zero, starting 

point of the transient, and t2 is set to infinity, at which point the capacitance becomes 

constant. Consequently, we obtain the following equation for trap concentration from 

equation 2.40 

s 
NT= 2NoCoo. (2.45) 

Therefore, total trap concentration is determined by height of the DLTS peak and the 

doping density of the material 
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CHAPTER III 

THERMAL DONORS AND OXYGEN 

IN CZOCHRALSKI SILICON 

3. 1 Introduction 

In this section, the literature on thermal donors (TD) in Czochralski (CZ) silicon 

is outlined. After some preliminary information, some of the more widely accepted 

structural thermal donor models are summarized, based on the accumulating knowledge 

about them. 

3.2 Thermal Donors 

The growth technique, after Czochralski, is responsible for the contamination of 

the silicon crystals with oxygen entering the silicon during the growth process from the 

quartz crucible containing the melt. Oxygen is in a slightly off-centered interstitial 

position, Ob between two silicon atoms in the crystal [5,6]. However, it may be 

incorporated with different species in the media other than silicon according to several 

models [7,8], discussed later in this chapter. It has been known since the work of 

Horostowski and Kaiser that oxygen is ordinarily electrically neutral in silicon [9]. 

However, when the silicon crystal is heated to about 300-500°C, 0 1 can partially be 

converted into electrically active defects, mostly recognized as thermal donors, which 

was first observed by Fuller et al. [ 1,1 0]. Although the exact formation and structure are 
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still unknown, generally accepted properties of thermal donors obtained by several 

experimental techniques may be categorized as follows: 

1. Kinetic properties, 

2. Electronic properties, 

3. Structural properties. 

Hence, the following sections will be a brief consideration of the properties noted 

above. 

3.3 Kinetic Properties 

It has been observed that there is a series of thermal donors shown by (TD)N 

where N=1 to 17, obtained at temperatures between 300°C and 500°C and destroyed at 

about 600°C [11,12,13]. The initial rate of thermal donor formation is observed to be 

proportional to the fourth power of initially present interstitial oxygen concentration [ 14]. 

Maximum donor concentration, on the other hand, is proportional to the third power of 

the concentration of interstitial oxygen in silicon [ 14]. Yet maximum concentrations of 

TD1 and TD2 are only proportional to the 1.2 and 1. 7th powers of interstitial oxygen 

concentration [1,14,15]. Here we would like to point out that a new study of McQuaid 

et al. has contributed to these relations [16]. They have found that the power dependency 

of the initial rate of thermal donor formation goes asymptotically to the second power of 

the initially present 0 1 concentration with decreasing anneal temperatures when the 

temperature is below 400°C [16]. All these relationships between 
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thermal donors and 0 1 in pulled silicon have been thought to indicate that diffusion and 

successive aggregations of interstitial oxygen generate the so-called thermal donor 

defects. This hypothesis has indirectly been proved several times by many experiments. 

Concentration measurements through IR absorption show that after thermal donor 

formation some interstitial oxygen loss is observed, suggesting that oxygen is somehow 

integrated with thermal donors [11]. A more conclusive result is obtained by electron 

nuclear double resonance experiments (ENDOR) demonstrating that oxygen is in fact a 

constituent of thermal donors [17]. It has been observed, by the same experimental 

technique, that at least two oxygen atoms are present in the core of thermal donor species. 

In general, all the experiments and/or models put forth either for kinetics or structure of 

thermal donors have somehow included and/or showed interstitial oxygen contribution to 

thermal donors. 

The activation energy for thermal donors to form (N 1 to 6) in CZ-silicon is fairly 

well known to be 1.7 eV [18]. The activation energy for interstitial oxygen to diffuse, 

however, is about 2.5 eV at the appropriate temperature [19], which is much higher than 

that for thermal donor formation. To overcome this paradox, it has been suggested that 

there may be some fast diffusing species, associated with interstitial oxygen, with an 

activation energy 1. 7 e V [20]. Realizing that oxygen is the most important contaminant in 

understanding both formation kinetics and structure of thermal donors, there have been 

many works suggesting enhanced diffusion of interstitial oxygen in CZ-grown silicon. 

Preheated silicon at 900°C showed enhanced diffusion of interstitial oxygen [21]. 
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Hydrogen plasma treated samples give an enhanced Or diffusion as well as enhanced rate 

of thermal donor formation and of Or loss from the solution [22,23]. Experimental 

evidence also exists that for every two oxygens participating in thermal donor formation a 

silicon self-interstitial is generated [24,25]. This observation has been thought to be a 

cause of the observed enhanced diffusion of interstitial oxygen via oxygen silicon self

interstitial (Sir-0) [11,24,25,26]. McQuaid and others in their latest work speculated that 

if thermal donors contain more than two oxygen atoms then oxygen dimers diffuse faster 

than interstitial oxygen alone [ 16]. Although the enhancement mechanism for interstitial 

oxygen is still unknown, several speculations are: (a) interaction of Or with 

self-interstitials [11,18,24,25,26], (b) interaction of Or with vacancies [27], (c) fast 

diffusing 0 2 molecules [7], and (d) (if any different than (c)), fast diffusing Or dimers 

[16]. 

3.4 Electronic Properties 

Thermal donors [(TD)N] are double donors with a wave function obtained by 

Bloch functions. Energy levels of these donors are about 0.07 and 0.15 e V, becoming 

gradually shallower with increasing N. Even though the structure of this donor is obscure, 

predictions of effective mass theory, as well as other more complicated theoretical 

calculations, are in agreement with the experimental findings [15,26]. Donor 

characteristics of a defect are usually certified by observing the Poole-Frenkel emission 
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effect, which was done for thermal donors when they were first observed. However, the 

question of how these defects show the observed electrical activity is still in debate. 

3.5 Structural Information 

Thermal donors are known to have C2v point group symmetry [15]. However, with 

increasing N, these complexes become increasingly anisotropic. It is, therefore, generally 

believed that either 0 1 or something including 0 1 diffuses to form small aggregates that 

are recognized as the core of thermal donors so that a larger thermal donor gets formed by 

the addition of an extra species to the previous TD [26]. Therefore, besides following this 

sketchy outline, a complete solution to the thermal donor problem must explain the 

experimentally observed formation kinetics and the electrical properties of the oxygen 

donor. Also to be answered is how the donor character is raised. Since a detailed 

discussion is beyond the scope of this thesis, the following is a relatively short summary 

of thermal donor models found in the literature. 

Usually thermal donor models are grouped into four categories according to their 

ingredients [26]. 

a. Oxygen-only complexes, 

b. Oxygen and vacancy complexes, 

c. Oxygen and semi-vacancy complexes, 

d. Oxygen and self-interstitial complexes. 

24 



In each group we have included a guiding model having been proposed as a 

solution to the problem. Also included are drawings of these models, showing atomic 

configurations. 

3.5.1 Oxygen only complexes 

Based on the very first and limited information that initial rate of thermal donor 

formation is proportional to the fourth power of the original 0 1 concentration, the 

so-called KFR model was proposed by Kaiser et al. in 1958 [5]. As depicted in Fig. 3.1, 

this model, suggesting that Si04 is the core of thermal donors, explains the power 

dependency of thermal donors on 0 1 but fails to explain where the donor activity comes 

from in the suggested core. It fails to explain the other observed 17 different thermal 

donors as well. Although the first kinetic mechanism for thermal donor formation was 

introduced by this model, enhanced oxygen diffusion mechanisms remained unexplained, 

and still do. The increasing knowledge on thermal donors resulted in many new modified 

KFR-like models, for example, Oehrlein [29] and Wada [30]. However, the two above 

mentioned problems still stick around, apparently forever for the KFR model. 

3.5 .2 Oxygen Vacancy Complexes 

As the name suggests, a vacancy with oxygens (VON) is thought to be the core of 

thermal donors. Shown in Fig. 3 .2, the first model in this group was suggested by Keller 

[3 1]. In his model, double donor characteristics and the power dependency of thermal 

25 



Figure 3.1: KFR model of the thermal donor core. 

26 



Figure 3.2 A simplified sketch for one of the suggested structure of thermal 
donors, Keller's model. 
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donor formation can be explained. Also, up to nine different double donors can be 

constructed from his model. A vacancy-oxygen center (VO) is usually known as an A 

center. However, Keller suggests that accumulating interstitial oxygen atoms around the 

core may displace the oxygen from its original place in VO to a substitutional site. In this 

way substitutional oxygen becomes a double donor. Following is another way to visualize 

this model in a perfect silicon crystal. When three of the neighboring four silicons are 

changed with Si-01-Si and the other one with Si-Os ++ , where Os ++ is doubly charged 

substitutional oxygen, the so-called VO donor complex would be formed, as shown in 

Fig. 3.2. There are thirteen differing arrangements of Si-01-Si with respect to Os ++. 

However, four of them are not stable [31]. The rest of the arrangements are ascribed to 

the nine different thermal donors observed by IR absorption. However, for the kinetics of 

the donor formation the mechanism by which 0 1 or 0 molecules are assumed to move to 

each other to form the defects is still in debate, and no detailed kinetic mechanism for the 

formation was given. Deak et al. in their theoretical calculations speculated that VON 

centers, where N is up to four, could not be donors [26]. 

3.5.3 Oxygen Semi-Vacancy complexes 

In the same year that Keller proposed the VO center as the core of thermal donors, 

Ourmazd et al. suggested the so-called OBS model [32]. The model, when suggested, had 

a great deal of acceptance because of the fact that it explained most of the observed 

characteristics of thermal donors, especially the information on thermal donors obtained 
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by EPR, IR, and ENDOR. For instance, a large number of thermal donor species 

observed by IR spectroscopy experiments, are predicted. Another example would be that 

the symmetry requirement of EPR on thermal donors, which was found to be C2v , is also 

conjectured by this model. Probably the most important prediction of this model, which 

no other model had included at that time, was to explain the lack of hyperfine interaction 

with Si or 0 nuclei as found by ENDOR experiments. Besides all these predictions, the 

model also gives a detailed calculation of the kinetics of the thermal donor formation, 

assuming a highly mobile oxygen-silicon interstitial complex. However, even if this fast 

diffusing complex is assumed, the diffusivity constant of oxygen is still two orders of 

magnitude larger than the accepted values. The authors pointed out that this difference 

may happen because of the inhomegeneity of the oxygen distribution in the solution. 

The structural model suggested, shown in Fig. 3.3, includes five oxygens and a 

silicon at the center of the cluster for the first one of the electrically active thermal donor 

species. To see this clearly, consider a vacancy in a perfect silicon crystal. If we think of 

an association of three oxygens and a silicon into this vacancy in the way described 

below, we obtain a structure acting as the core of the thermal donor species. Assume that 

one of the three oxygens sits on the C2 axis of the crystal saturating the two of the four 

dangling bonds of the vacancy, while the other two oxygens, saturating one dangling 

bond each, are bonded to the silicon in the interstitial position along the C2 axis of the 

crystal. Shown in Fig. 3 .4, this structure itself satisfies the C2v symmetry requirement 

found by several experiments. Although, the silicon with two oxygens in this structure 
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Figure 3.3: OBS model for TD1 
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Figure 3.4: Precursor ofTD1 for OBS model of thermal donors. 
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now has two unpaired electrons that may serve as a double donor, this structure is not 

considered as electrically active, for the kinetic model used does not say so. The authors 

suggest that arrival of two more oxygens to the cluster, summing to five oxygens, results 

in a double donor, which is the first one of the electrically active thermal donor species. 

Therefore, a cluster with five oxygens is named TD1, with six TD2 and so on. To this 

model, TD1 and TD2 are stable. However, as mentioned earlier, these are proven to be 

bistable. Deak and others suggest that the models in this group can be discarded. In fact, 

according to their calculations, all the groups we have included so far can be laid aside 

[26]. 

3.5.4 Oxygen Self-Interstitial Complexes 

Experimental evidence for generated or pre-existing self-interstitials in silicon 

crystals [11 ,24,25] is the driving antecedent for these structures and kinetic models. Pajot 

et al., using IR and EPR spectroscopy, suggested that the (O-Si1) interstitial molecule is 

responsible for the fast diffusion of interstitial oxygen at 450°C in pulled silicon [11]. 

Based on this fact, they suggested an IO (oxygen self-interstitial) model to explain both 

the kinetics and the structure. Newman and others, as mentioned earlier in this chapter, 

demonstrated that self-interstitials are generated in CZ-silicon [24,25]. Their experiment 

also supports the diffusion and structure model, suggested by Pajot et al. [11]. However, 

in a later study Newman suggested an 102 composition for the core structure of thermal 

donors [25]. We note here that neither of these reports gave a structural model for their 
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suggested archetypes. In 1993, Deak et al. presented the newest model in thermal donor 

history in their theory based largely on experimental observations [26]. As we noted 

earlier, they propose that all the models suggested before may be discarded except for 

those suggesting IO configuration for both the core structure and kinetic considerations of 

thermal donors in CZ-grown silicon. Shown in Fig. 2.5, the structural model for the 

thermal donor core that they suggested reproduces those proposed by Newman et al. 

[24,25] and Pajot et al. [11 ]. 

In this last section of this chapter, we attempt to sketch salient features of the 

model proposed by [11,24,25,26]. The theoretical calculations ofDeak and others showed 

that the core structure involves two trivalent interstitial oxygens and an interstitial silicon 

bonded to the interstitials with C2v symmetry. The model suggested shows the double 

donor activity coming from the trivalent oxygens (one electron from each). Many other 

properties of thermal donors have also been tested, showing the best agreement with the 

observations among the other models tested. The fourth power dependency on the 

original oxygen concentration of the initial thermal donor formation rate is explained. It 

takes four oxygens to create TD1, two for self-interstitial creation [24,25], and the other 

two in the donor structure itself. Also explained is the bistability of the first two thermal 

donors. Two other observations satisfied by this model are the local mode vibrations 

associated with thermal donors and hydrogen passivation of thermal donors [26]. The 

authors also give some credit for SicO, i.e., IO, being the core of the thermal donors. 

Although many reasons may be presented for this suggestion, including the work of 
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Figure 3.5: 102 complex for the thermal donor core, Deak, Snyder, Crobett model 
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Pajot et al. [11] and Newman et al. [24,25], the strongest one we believe comes from the 

observation of oxygen concentration dependence of the maximum thermal donor 

concentration for the first two of the donor clusters. As stated earlier in this chapter, 

[TDtlmax is proportional to [01]1.2, while [TD2lmax is proportional to [Oilu [15]. Therefore, 

TD1 may also include only one interstitial oxygen. However, Deak and others suggests 

that 10 models must be tested further [26]. In formation kinetics studies, they found that 

IO is one of the best candidates to explain the enhanced oxygen diffusion in CZ-grown 

silicon as suggested by Pajot and others [11]. The enhancement is explained as being the 

capture of an oxygen by a self interstitial and subsequent rapid diffusion. After carrying 

oxygen for some short time, interstitial silicon leaves it behind and so on. Experimental 

evidence for this process comes, again, from Pajot et al. [11] and Newman et al. [24,25]. 

The other possibility for the enhanced diffusion of oxygen may be oxygen dimers as 

stated [26]. 

In the light of this last extended review ofDeak et al., it seems that the best 

candidate for a model structure of the core for thermal donors is an ION center, N being 

either 1 or 2 for TD1• Also either IO or oxygen dimers may account for the kinetic 

consideration of the enhanced diffusion. 
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CHAPTER IV 

DL TS EQUIPMENT 

AND 

SAMPLE PREPARATION 

4. 1 Introduction 

This chapter is divided into three sections. The first two are a description of the 

experimental setup, physically and electrically. Then data acquisition and analysis will 

briefly be referenced. Finally, the procedure for sample preparation will be discussed. 

4.2 DL TS Physical System 

Fig. 4.1 represents the physical system we used. A CTI-Cryogenics closed cycle 

helium refrigeration system, not shown in the figure, is used to cool down the samples in 

the vacuum environment. The refrigerator used is made up of a power supply, a 

compressor, and cold head. The cold head shown in Fig. 4.1 may be represented by three 

platforms according to the temperature range they may reach. The first level, the lowest 

part of the cold head, is at about room temperature. The second platform reaches to liquid 

nitrogen temperature, about 80°K. The coldest platform is the top of the cold head 

approaching to 15°K. 

To hold the samples to be tested, a sample holder is attached to the cold head. The 

sample holder includes two pieces, a lead disk and a copper plate. A hole is drilled into 
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the lead disk to put the T0-5 test samples in. Also a four-lead platinum resistance 

thermometer is inserted into the lead disk. To improve thermal conductivity, a thermally 

conductive compound is used to connect the inserted thermometer to the lead disk. The 

copper plate, underneath the lead disk, is basically used as a heating-plate by inserting 

heater-cartridge into it. The heater is operated by a temperature controller. Indium foil 

and mica are put between the heating plate and the lead disk. Also a thermally 

conductive, electrically resistive compound is used on the surfaces. While the mica layer 

serves as an electrical insulator between the lead disk and copper plate, the indium foil 

and thermal compound improve the thermal conductivity among the elements of the 

sample holder. The sample holder is attached to the coldest part of the cold head. Indium 

foil and thermal compound again are used to increase the thermal conductivity between 

the cold head and the sample holder. A thermal shroud thoroughly surrounds the 15°K 

stage of the cold head, serving to reduce radiant heat leakage. The thermal shroud is 

placed in contact with the 80°K cold head stage. An aluminum vacuum shroud is attached 

to the lowest stage of the system to evacuate the region around the two cold stages. 

An electrical connection base having four vertical flanges is connected to the 

bottom of the cold head. While one flange is used as a gate, having a valve welded to it, 

for the evacuation pumping, the other three are used for the electrical connections of the 

system embodying six BNC feed throughs and an eight-pin connector. The eight-pin 

connector is used for two silicon diode temperature sensors. To pulse and measure the 

capacitance of the sample, two of the BNC connectors are used. Other two BNC 
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connectors are used for the Pt temperature sensor. One is to carry the constant current 

supplied by the homemade constant current source while the other BNC is used to read 

the potential drop on the resistor. The last two BNCs are used to supply current for the 

heater-cartridge in the heater-plate. 

4. 3 D L TS Electrical System 

The electronic instruments used to form the DLTS system we used are given 

below. Their roles are outlined later. 

Hewlett-Packard Model 9000-300 Computer, 

Hewlett-Packard Model3488A Switch-Control Unit, 

Hewlett-Packard Model 3458A Multimeter, 

Hewlett-Packard Model3478A Multimeter, 

Hewlett-Packard Model8013B Pulse Generator, 

HP-IB (IEEE 488) Bus, 

Lakeshore Model DRC-91C Temperature Control Unit, 

Boonton Electronics Model 72B Capacitance Meter, 

BK Precision Model3011B 2-MHz. Function Generator 

Tektronix Model 2231 60 MHz. Oscilloscope, 

Home-Made Constant Current Source. 

The elements of the DLTS electronic system, block-diagrammed in Fig. 4.2, are 

interfaced to the HP computer through the IEEE-488 bus. Each of the components of the 
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Figure 4.2: The DLTS electronic system. 
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system is capable of supplying digital readout except for the capacitance meter. Therefore 

the analog output of the capacitance meter is first digitized by the digitizer, an HP-3458A 

digital multimeter. Then the digital output is read by the computer via the IEEE-488 bus. 

Since the capacitance difference as a function of temperature gives the DLTS spectrum, 

there are two fundamental measurements to be done, namely the temperature and the 

capacitance of the sample. 

The constant current necessary for the four-lead platinum temperature sensor is 

supplied by the homemade constant current source, which provides 1 00 microamperes. 

Then the voltage across the platinum sensor is read and digitized by the HP 34 78A 

multimeter. Via the IEEE bus, the digitized signal is read by the computer. Since the 

current on the sensor is constant, the temperature is found from the digitized voltage 

across the platinum sensor. A change of the temperature corresponds to a change of the 

voltage across the sensor. Therefore, after reading the potential drop, the computer, 

calculates the temperature on the platinum sensor, which equals to that on the sample 

being tested. The temperature controller uses Si-diode sensors to read the temperature. 

When necessary, the controller runs a current through the heater cartridge either to affect 

a temperature change or to stabilize it. Note that the temperature read on the Si-diode 

sensors is not used for the temperature of the sample being tested, but is used for a 

reference to control the sample temperature. For all of the data collected, the temperature 

controller was not used since cooling the sample down is controlled sufficiently by the 

cooling speed of the refrigerator. 
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The sample diode tested is both reverse biased and pulsed by the HP 80 13 B pulse 

generator. During the experiment, each sample was reverse biased from -0.5 to -6 volts in 

steps of 0.5 volts. Therefore, the system was run 12 times for each working sample. The 

pulse peak was constant at 0.5 volts although the range of reverse biases was changed to 

obtain the concentration depth profile of the defects. 

After setting the pulse and bias on the sample, the capacitance is measured by the 

capacitance meter. The analog output voltage of the capacitance meter is run through the 

HP switch control unit, the output of which is then digitized by the HP 3458A digitizing 

multimeter. The output voltage of the capacitance meter is directly proportional to the 

capacitance of the sample. However, note that it is not some capacitance on the transient 

but rather the whole transient that is needed. This is done by the HP 3458A multimeter by 

reading the output voltage of the capacitance meter sufficiently often. The capacitance 

transient lasts on the order of 10 milliseconds. The digitizer reads 1 00 times in 1 0 

milliseconds. Therefore, the transient can be digitized to 100 discrete data points. 

The trigger of the system is the function generator. It serves as the main clock 

source for the system. The starting point of the transient is very important for the gate 

settings, since the computer does not know where the transient starts or ends. The trigger 

also ensures that it is the same for all the components of the system. 
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4.4 Data Acquisition and Analysis 

First we acknowledge that the computer algorithms were written by B. D. Jones 

[3 3]. There were mainly three programs used during the performance of this experiment. 

The first one is a calibration program. The second one that I used acquires the data and 

stores it to the hard drive of the computer. The last one is used to analyze the collected 

data. 

The calibration program is used before each data run to adjust proper timing of the 

experiment. During data acquisition, the computer needs only to see starting and ending 

points of the transient to make sure that only one complete transient is digitized. To 

ensure that this is the case the calibration program is run to digitize the transient. After 

obtaining the transient, it is observed whether it is where we wish it to be. If it is not, the 

settings are changed on the clock period and pulse delay. This procedure is repeated until 

the correct settings are accomplished. The transient decay recorded must begin 

immediately after the bias pulse and ends after the capacitance has become constant. 

After calibrating the system settings, the DL TS data acquisition routine is started. 

First, the temperature on the sample is calculated. Then, the computer digitizes the same 

transient at a constant temperature two hundred and fifty times in order to obtain a single 

clean transient having a hundred data points. Once the transient and temperature are 

known, the program stores the entire transient. Then a double boxcar analysis is 

performed. The program is told where to measure the capacitance on the digitized 
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transient to calculate a capacitance difference. The last duty of the program is to put this 

data point (capacitance difference) on the screen as a function of the temperature 

calculated for that measurement. The same procedure is repeated for each 0.1 K 

temperature change. The program ends itself when the specified target temperature is 

reached. 

After data collection, the data analysis program first performs a smoothing 

procedure on the collected data. The program attempts to identify DL TS peaks. Then it 

calculates the defect concentration of the peak for the corresponding temperature. 

4.5 Sample Preparation 

Samples were cut from a CZ-grown, phosphorus doped silicon boule. Thereupon 

each sample was polished with aluminum oxide grit of varying size, starting from 12, 9, 

5, 3, and 0.5 micrometers. Once a smooth surface is obtained, the samples are subjected 

to a cleaning procedure to ensure that the samples are free of possible contaminants. The 

procedure to clean the samples includes two steps. The first step is to wash each sample 

in beakers containing distilled water, methanol, acetone, and trichloroethylene, 

respectively. Then each sample, while immersed in a beaker containing trichloroethylene, 

is ultrasonically cleaned for 30 minutes in an ultrasonic cleaner. 

There are two groups of samples used during the data collection routine of this 

experiment. The samples in the first group are distinguished from those in the second 

group by the heat treatment procedure followed. The samples in the first group were 
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pre-annealed in a tube oven at 450°C for 5 hours after the cleaning procedure while the 

samples in the second group were not. Since annealing causes surface damage on the 

polished and cleaned surfaces of the samples, the samples in the first group were once 

more polished and cleaned using the same procedures described above. Then all of the 

samples in group 1 and 2, were etched in an acid solution consisting of nitric acid, 

hydrofluoric acid, and acetic acid to obtain mirror-like surfaces. Finally, Schottky diodes 

were fabricated by evaporating 99.999o/o pure gold onto the mirror-like surfaces of the 

silicon samples. The diodes obtained are circular dots due to the mask used during 

evaporation. After obtaining 60-70 small dot-like diodes on the silicon samples, they 

were cut into smaller pieces having one or two diodes each. 

To bias the diodes when annealing in a tube oven, a primitive apparatus is used. 

The apparatus is made up of a plane of Pyrex glass (0.1cm x 2cm x 4cm) and two tiny 

cylindrical 15cm long Pyrex pipettes. The pipettes have copper leads running through 

them which are attached to the plane Pyrex glass. Then, ohmic contacts were obtained 

using a conductive epoxy. The epoxy is also used to connect gold leads, having one mil 

diameter, to the diodes and to the copper leads on the apparatus. To cure the epoxy used 

for ohmic contacts, the apparatus was put into a tube oven at 150°C for 1 hour. After 

curing, each sample, while annealing at 200°C, was reverse biased through the copper 

leads with varying voltages. It is observed that small surfaces of epoxy applied onto the 

silicon surface for ohmic contact creates complications on the diode characteristics even 

45 



at temperatures as low as 200°C. Therefore, large ohmic contacts were formed which 

eliminates the inconsistency introduced in the anneals. 

Two significant characteristics of this experiment should be elucidated before 

further explanation. Thermal donors are usually created in CZ-silicon in the 300-500°C 

temperature range before device fabrication. These conditions were met for the samples 

in the first group. However, the samples in the second group were not subjected to any 

heat-treatment before the diode fabrication to meet these conditions for the thermal donor 

formation. Since the purpose of this thesis is to report the effect of electric fields on 

thermal donor formation, the samples in the second group were only annealed after the 

diodes were fabricated on them. In other words, each diode in the second group is 

annealed, while it is reverse biased with different voltages. Also 200°C was chosen for 

the annealing temperature of the diodes to prevent significant interdiffusion of gold and 

silicon. As will later be justified, the pre-annealed samples at 450°C in the first group 

were also annealed at 200°C with varying reverse biases. The following explains the 

annealing procedures of the diodes grouped into the two classes. 

The first group of samples, pre-annealed at 450°C for 5 hours before the diode 

fabrication, were annealed at 200°C for one hour while a reverse bias was applied. 

Different samples were prepared using reverse biases of 0, -1 ,-2, -3, -4 and -5 volts. The 

sample annealed at 200°C while the bias was 0 is used as a control sample. The point of 

this first sample group was to see if previously formed thermal donors could be moved by 

an applied electric field. 
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The second group of samples, not pre-annealed before the diodes are made. are 

divided into two sets. For one set the procedure is the following. The annealing time was 

kept constant, about 1 hour, while the bias voltage when annealing was changed from 0 to 

-10 volts by 1 volt steps. For the second set, however, the bias voltage when annealing at 

200°C was kept constant at about -250 mV while the annealing time was increased with a 

15-minute step size from 15 to 60 minutes for different samples. These two sample sets 

were used to see how the thermal donor profile was changed as the thermal donors 

formed. 

In summary, we have two groups of sample diodes, tabled in Fig. 4.3 and Fig. 4.4. 

The sample set pre-annealed at 450°C for 5 hours contains 6 diodes subsequently 

annealed at 200°C with reverse biases from 0 to 5 V. The sample set not pre-annealed 

includes two groups. The first group has 11 diodes, annealed at 200°C, while the reverse 

bias applied changes from 0 to 10 V. The sample with zero bias again is used as a control 

sample. The second group in this set includes 4 diodes, annealed at the same temperature 

with an -250 mV bias. The final step, before the data run, was to attach the samples with 

the conductive epoxy onto T0-5 headers and to cure them in an oven at 150°C for 1 hour. 

During the annealing of each diode under reverse bias, the junction capacitance 

was monitored by a capacitance-meter to observe unusual changes in the capacitance. In 

fact this is how it was observed that small surface area of epoxy used for ohmic contacts 

on the silicon creates complications in the behavior of diode's junction capacitance. 

47 



GROUP I 

Sample Time at 450°C Time when Reverse bias at 
annealing at 200°C 200°C 

1 5 hours 1 hour ov 
2 5 hours 1 hour -1 v 
3 5 hours 1 hour -2 v 
4 5 hours 1 hour -3 v 
5 5 hours 1 hour -4 v 
6 5 hours 1 hour -5 v 

Figure 4.3: Samples in Group 1, showing temperature, time, and applied reverse 
bias during annealing. 
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GROUP2 

First Set 

Sample Time at 450°C Time when Reverse bias at 
annealing at 200° 200°C 

1 Ohour 1 hour ov 
2 0 hour 1 hour -1 v 
3 Ohour 1 hour -2 v 
4 Ohour 1 hour -3 v 
5 0 hour 1 hour -4 v 
6 Ohour 1 hour -5 v 
7 0 hour 1 hour -6 v 
8 Ohour 1 hour -7 v 
9 Ohour 1 hour -8 v 
10 0 hour 1 hour -9V 

11 Ohour 1 hour -10 v 

Second Set 

Sample Time at 450°C Time when Reverse bias at 
annealing at 200°C 200°C 

1 Ohour 15 minutes -0.25 v 
2 0 hour 30 minutes -0.25 v 
3 0 hour 45 minutes -0.25 v 
4 Ohour 60 minutes -0.25 v 

Figure 4.4: Samples in Group 2, showing temperature, time, and applied reverse 
biases during annealing. 
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CHAPTER V 

RESULTS AND DISCUSSION 

5 .1 Introduction 

Some preliminary information on the depletion region of a diode and 

concentration profiling of defects in DLTS will be discussed before the results and 

experiment are presented. 

5.2 Depletion Re~ion and Concentration Profiling 

The depletion width of the diodes used in this experiment is about 0.96 Jlm under 

zero bias. This limits our profiling to the bulk of the diode samples as is mentioned later 

in this chapter. The importance of the depletion region of a diode comes from the fact that 

the electric field produced by the doping atoms is large. In our samples, for instance, it is 

about 105 V/m and is directed toward the metal contact of the diode. In equation 2.32, it is 

seen that the depletion region is a function of the applied reverse bias. When reverse 

biased, the depletion width extends into the semiconductor depending on the applied bias. 

It is easily calculated from equation 2.32 that for -0.5 V the depletion region in the 

material is about 1.25 J..lm, for -1 V it is about 1.5 J..lm and so on. Therefore, considering 

the discussion in chapter 2 on the behavior of a junction capacitance under a periodically 

pulsed reverse bias, the defect profiling technique used can be thought of as a narrow 

sensitive region (the pulse) on a long probe into the material (the constant reverse bias). 
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(a) (b) (c) 

(d) (e) (f) 

Figure 5.1: A schematic representation of a reverse biased diode, (a) to (f) the 
reverse bias was reduced while the pulse remains constant 
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Shown in Fig. 5.1 is a schematic representation of six different biases (with a constant 

pulsing toward zero bias) of a Schottky diode with increasing reverse bias. As is seen, 

when the bias applied changes, different regions of the sample are monitored. The pulse 

height used for this experiment is 0.5 V, which corresponds to a depth of approximately 

0.2 J..Lm. Each sample diode was biased from -0.5 to -6 V with increments of 0.5 V. 

Consequently, each sample tested was scanned from 0.96 to 2.9 J..Lm with an increment of 

0.2 J..Lm. In this way the thermal donor concentration is profiled for each sample prepared. 

It is important to note that in each case the bulk region that is measured is about 0.2 J..Lm. 

As a result, the thermal donor concentration is not assigned to a particular depth in silicon 

but is assigned to a region around a particular depth, the range of which is about 0.2 J..Lm. 

5.3 Experiment and Results 

When discussing thermal donor models, we established that oxygen is the most 

important entity in CZ-silicon for thermal donor formation. Based on this fact, thermal 

donors are almost always recur whenever oxygen is the subject or visa-versa. Although 

many investigations on oxygen in CZ-silicon have included numerous properties, such as 

concentration, diffusivity, and configuration, to our knowledge there is not any work 

concerning the charge state of oxygen in silicon. Another open area is the effect of the 

charge state of oxygen on thermal donor formation. Considering these questions, we have 

investigated the effects of electric fields on thermal donor formation. In the early years of 

thermal donor history Kaiser and others investigated low temperature (below 3 50°C) 
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thermal donor formation. However, this is the first time that at 200°C thermal donor 

formation has been investigated, in addition to investigating the effect of electric field on 

their formation. 

A first data run is performed on the samples in the second set of group 2, the 

samples that were reverse biased from -1 to -10 V when annealing at 200°C. To the 

inhomegeneous semiconductor theory, an applied voltage drops mostly in the depletion 

region of a diode. It is, therefore, expected that the electric field applied during annealing 

would affect the interstitial oxygen mostly within that region according to its charge state, 

and would have an ignorable effect outside of it. However, the results are far more 

dramatic than expected. In Figs. 5.2.a to i, the thermal donor concentration profile is 

compared for each sample with the one biased at -1 V when annealing. (Here we should 

point out that although normally reference sample is used to compare the others with, to 

be clearer we chose to use the one biased at -1 V when annealing.) It appears that thermal 

donor concentrations reduce as the bias increases, between -1 and -5 V, for each sample. 

The rate of reduction is roughly proportional to the applied bias during annealing. 

However, this reduction drops with increasing depth. In other words, the electric field 

applied during annealing does not have the same strong effect in the bulk region that it 

has in the near-surface region of the samples. These observations, at first, led us to 

consider that the applied field during annealing might produce a non-negligible electric 

field outside of the normal space charge region, producing an electric field in the 

diffusion region that was strong enough to influence oxygen diffusion, drawing additional 
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Figure 5.2 Comparison of the thermal donor profiles for (a) -1 V and -2 V samples. 
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Figure 5.2 continued. (b) -1 V and -3 V samples. 
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Figure 5.2 continued.( c) -lV and -4 V samples. 
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Figure 5.2 continued. (d) -1 V and -2 V samples. 
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Figure 5.2 continued. (e) -1 V and -2 V samples. 
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Figure 5.2 continued. (f) -1 V and -7 V samples. 
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Figure 5.2 continued. (g) -1 V and -8 V samples. 
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Figure 5.2 continued. (h) -1 V and -9 V samples. 
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oxygen atoms into the space charge region. Another, important point similarly is that 

electric field might draw interstitial oxygen to the near-surface of the silicon where DLTS 

cannot operate. Also considered is whether or not thermal donor cores move in the bulk 

after they are formed. 

Taking these possibilities into account, we first checked whether thermal donors 

move under an externally applied electric field when formed at 200°C. To see this DLTS 

was run for the first group of samples, preannealed at 450°C. Shown in Fig. 5.3 are 

profiles of thermal donors for these samples. It appears that thermal donors are not 

affected by the applied fields when annealing at 200°C. As a result, it is concluded that 

thermal donors do not move under an externally applied field at 200°C. 

Therefore, we are left with the possibility that the applied fields during annealing 

may be too big. To see this, thermal donors were profiled for the second set of group 2 

samples, for which the reverse bias applied was 250 m V when forming thermal donors. 

Fig. 5.4 shows the profiles of the thermal donors formed under -250 mV bias for 15, 30. 

and 45 minutes at 200°C. As can be seen from the same figure, the time parameter. within 

its chosen limits has almost no effect on thermal donor formation, although a slight 

increase with time is observed. While for these samples the reverse bias was 250 m V, the 

same peculiarities are still observable with those biased at -1, -2, -3, -4, and -5 V, that is, 

the thermal donor concentration reduces rapidly in the shallow region and becomes 

almost constant in the bulk of the CZ-silicon. 
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Figure 5.3: The thermal donor profiles for the samples preannealed at 450°C. 
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Figure 5.4: The thermal donor profiles for the samples biased at -250 mV 
when annealing at 200°C. 
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At first glance, these results appears contradictory. A 250 m V reverse bias should 

be low enough to observe the effect of interstitial oxygen on the thermal donors in the 

depletion region where DLTS can operate. However, as is seen, thermal donor profiles 

for samples biased at -250 mV show the same behavior as those biased at higher voltages 

when annealing. An explanation for this would be the following. As is already pointed 

out, the depletion region at room temperature is about 0.96 j.lm. However, during the heat 

treatment at 200°C, this region becomes larger than it is at room temperature. This was 

observed by monitoring the capacitance change during annealing of samples. While 

annealing at 200°C, the junction capacitance of the samples reduced from their values at 

room temperature to lower values. Therefore, in addition to being a function of the 

reverse bias applied during annealing, the junction capacitance is a function of the 

temperature, 200°C a constant in this case. Consequently, when annealing at 200°C, since 

the depletion region becomes larger, oxygen experiences a higher field than does at room 

temperature. 

At this point to reach a conclusion, we should remember the fact that DL TS 

cannot function in the near-surface region of silicon, that is, from the surface to 0. 96 j.lm. 

The region that DLTS is sensitive starts just below 0.96 j.lm and ends at about 3 j.lm. 

Considering this fact it is highly likely that oxygen is drawn to the surface of silicon 

during annealing even for voltages as low as 200 m V. This can more clearly be seen from 

Figs. 5.2.a to d. The behavior of the thermal donor concentration with respect to depth 

shown in these figures suggests that the rate of oxygen's being pushed to the surface of 
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the silicon increases with the bias applied while annealing. Another way to draw a 

conclusion would be using reverse logic. That is, if oxygen were to move in the opposite 

direction of the applied fields during annealing, there would be an increase of the thermal 

donor concentration in the deeper regions of the silicon. However, as shown in Figs. 5.2.a 

to d, there is no considerable increase on the thermal donor concentration. Therefore, 

oxygen should be moving in the direction of the electric field during annealing. Also seen 

from the same figures is that the behavior of the thermal donor concentration with respect 

to depth suggests that the rate of oxygen being pushed to the surface of silicon increases 

with the bias applied during annealing. 

Observe that the thermal donor concentration at a constant depth, especially at 

near-surface regions, is a complicated function of the reverse bias applied during 

annealing, as is shown in Fig. 5.2.j This implies that at a constant depth the diffusivity of 

interstitial oxygen is also a complicated function of the reverse bias applied when 

forming thermal donors at 200°C. To be able to present a better explanation for the 

behavior of oxygen at a constant depth with applied reverse bias, I will first consider the 

lower bias region, that is, from 0 to 5 V when annealing. Then the high bias region, from 

5 to 1 0 V when annealing, will be discussed. 

Shown in Figs. 5.2.a to dis the low field region. On the average the thermal donor 

concentration reduces relatively quickly, with increasing strength of the applied bias 

during annealing, at the depths near the surface and becomes almost constant in the bulk. 

Therefore, the field applied when forming thermal donors at 200°C affects the interstitial 
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oxygen in the near surface regions. As mentioned earlier in this section, this effect is not 

active in the deeper regions of the silicon since the thermal donor concentration stays 

constant with respect to applied voltage when annealing. This implies that the interstitial 

oxygen distribution is not homogenous, at least, at the range that DLTS can function. It 

seems that interstitial oxygen is concentrated at the near surface of silicon ( 1.25 Jlm -

1.88J,!m). However we should remember that the region that we call near the surface is 

about 0.96 Jlm below the physical surface of the silicon. 

To get into the discussion for the high field region, we consider Figs. 5.2.e to i. 

where the -1 V sample is compared with -6, -7, -8, -9, and -1 0 V samples. As is seen, the 

distribution of thermal donors almost does not change with applied bias during annealing. 

It seems for this high field region that the electric field applied when annealing of 

samples does not have a considerable effect on interstitial oxygen. On the other hand. we 

should note here that the starting point of this region, -6 V, is a threshold voltage for gold 

diffusion into the silicon, which was observed during DLTS data taking. For -9 and -10 V 

samples, at a depth 1.2 Jlm the DL TS peak for thermal donors is not observable at all. 

Instead, an enormously broadened peak shows up. At 1.4 7 Jlm deep, the DL TS peak for 

thermal donors appears again. However, the peak is superimposed on the broadened peak. 

This contribution from gold to the DL TS peak for thermal donors does not disappear until 

deeper regions are reached. Those samples annealed with biases of -6, -7, and -8 V show 

gold diffusion as the overlapping of two peaks, one for the levels that are created by gold, 

and the other for thermal donors. The presumed gold-related levels appear as a range of 
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energy levels, while the thermal donor is a sharp distinct DLTS peal(. For this range of 

biases, the broadened peak disappears at 2.05 JJ.m in silicon and only the DLTS peak for 

thermal donors is observable. It is concluded that gold in CZ-silicon does not affect the 

thermal donor configuration. It seems that gold is incorporated with the host in such a 

way that electrically detectable levels get formed, with the energy levels in the gap 

showing a continuous spectrum. On the other hand, for thermal donor concentration 

measurements the broadened peak due to gold creates complications since it is practically 

impossible to distinguish the height of the DLTS peak for thermal donors because of the 

overlapping of the two. Therefore, the data point obtained for samples in the high voltage 

region is not as dependable, especially at the near surface regions of silicon, as the values 

for lower anneal biases. 

Based on the facts presented above, therefore, we believe that the concentration at 

near surface regions of samples that are prepared in the high fields are not only due to 

thermal donors but are also due to the levels that are formed by gold. At the deeper 

regions of these samples, however, the thermal donor concentration does not change with 

respect to the bias applied during annealing because of the fact that gold has not yet 

diffused this deeply, even for biases as high as -9 and -10 V. 

An alternative explanation to the observed behavior, forming thermal donors 

preferentially in the high electric field region, could be a revival of the hydrogen 

accelerated thermal donor formation idea [ 18,22]. Consider that potentially the 

distribution of hydrogen in the lattice begins as uniform. Then an electric field is applied 
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across the surface 3 J.lm region. Throughout this 3 J.lm region H+ experiences a force 

driving it toward the surface. This would result in a net increase in the hydrogen 

concentration in the near-surface region. These samples are annealed with the applied 

bias at 200°C with an eye to forming thermal donor complexes. Hydrogen may act to 

accelerate the formation of the thermal donors by lowering the barrier to oxygen 

interstitial diffusion [34,35]. Thus the observed effect, increased thermal donor 

concentration in the high field region, may simply be due to an increased hydrogen 

concentration producing a more efficient mechanism for building thermal donors from 

the available oxygen. 

5.4 Summary 

Although the scope of the DL TS technique is limited to between 0. 96 J.lm and 3 

J.lm in the bulk for concentration profiling, my results show that the electric field applied 

when forming the thermal donors at 200°C has a definite effect on thermal donor 

formation. We found that the thermal donor concentration distribution shows a great 

increase in the near surface (1 - 2 J.lm) region of the silicon while the concentration of 

thermal donors is homogenous in the bulk (2 -3 J.lm). 

My results also indicate that the charge state of diffusing oxygen in CZ-silicon 

shows a positive affinity. If one considers the thermal donor cores as centers for oxygen 

precipitation, then thermal donor concentration profiles can be used to draw conclusions 

on the interstitial oxygen atom's charge state. It is evident from our data that, when 
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forming the thermal donors at 200°C oxygen may be moving in the direction of the 

applied electric field that is directed to the metal contact of the diode. However, it should 

be remembered that so far as we know there is no report for electrical activity of isolated 

interstitial oxygen in CZ-grown silicon. Therefore, oxygen may give up one electron 

when it starts to diffuse. Yet we cannot conclude what energy level this empty orbital 

might correspond to. As we put forth in Chapter II, oxygen is most likely associated with 

an entity in CZ-silicon when diffusing, favorite ones are oxygen dimers, oxygen vacancy 

pairs, and oxygen self-interstitial pairs. My results are far from giving any clue to 

conclude which one of these species oxygen is associated with when diffusing. It seems, 

though, that even at temperatures as low as 200°C oxygen is fast diffusing. To be sure of 

that, however, surface concentration needs to be studied to observe oxygen in samples 

subjected to our experimental conditions. 

As a by-product, gold diffusion is observed and an explanation is given for the 

levels that it causes. Gold-related defects in silicon are extensively reviewed by Lang and 

others in [36]. They showed that there is a family of closely related but different 

gold-based clusters in silicon. Evidently, each one of these different gold defects in 

silicon gives rise to different yet closely spaced energy levels residing in the band gap of 

silicon [36]. This is clearly in agreement with our observations, that is, gold under our 

experimental conditions creates such defects in silicon that their energies with different 

values occupy a continuos range in the gap. 
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As is discussed in the preceding section gold diffusion becomes appreciable at -6 

V applied when forming the thermal donors. Fig. 5.5 shows the DLTS peak for thermal 

donors, at 1.2 Jlm deep from the surface of the silicon, is superimposed on the broadened 

peak corresponding to the energy levels created by gold in silicon. Figs. 5.6.a and bare 

for -10 V bias. Fig. 5.6.a is obtained for the thermal donors at 1.2 Jlm deep from the 

surface of the silicon. As is seen, it is quite broadened, suggesting that the defects created 

by gold give rise to the energy levels in the gap showing a continuos spectrum. It is 

obvious from Fig. 5.6.b that the DLTS peak for the thermal donors is overcome by the 

broadened peak. This would mean that the energy levels for the defects formed by gold is 

higher than those formed by oxygen, namely thermal donors Finally, Fig. 5.6.b is for the 

thermal donors at 1.45 Jlm deep from the surface of the silicon. This is a case similar to 

Fig. 5.5. However, in this case the applied bias is higher during annealing, while the bias 

at which the DLTS was set up to operate monitors a deeper region, 1.49 Jlm, in the 

silicon. It seems that the higher the diffused gold concentration in the silicon. the more 

defects related to gold are created. Yet these defects are different species from the thermal 

donors since the DLTS peak is in the form of a superposition of two peaks when the 

corresponding concentrations of the defects are comparable. 
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