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CHAPTER I 

INTRODUCTION 

Deep level transient spectroscopy (DL TS) is recognized as a technique of great 

sensitivity (NT/No- 0.0001) used routinely to examine electrically active defects [1]. 

The sensitivity ofDLTS does not, however, permit this purely electrical measurement 

to identify the atomic constituents ofthe defect complex. DLTS directly yields energy 

level, concentration, and capture cross-section. Infrared (IR.) absorption in 

semiconductors is also a powerful tool for defect studies but suffers complementary 

limitations; it provides chemical information but cannot give an electrical 

characterization of the defect. A combination of the two techniques, the sensitivity of 

DLTS with the chemical information ofiR absorption, would provide precisely the 

sort of information needed to gain a better understanding of the atomic structure of 

electrically active semiconductor defects. 

In its simplest form, the experiment described in this thesis consists of 

increasing the emission rate of trapped carriers by flooding the defect with IR light. 

The sample is a reverse biased diode in a DL TS experiment. The sample temperature 

is decreased until the carriers trapped on the defect are emitted with a time constant 

similar to a characteristic time constant for the measuring instruments. That is, one 

monitors the emission essentially sitting "on top" of the DLTS peak for the particular 

defect under study. Monochromatic IR. light is then added to the space charge region 

and the change in the capacitance is monitored as the wavelength is scanned. 

We have applied this new technique to a specific complex defect, the thermal 

donor (TD) in silicon, whose core atomic structure is not yet clear. The thermal donor 
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complex forms as the silicon is heat treated. Typical energy levels of the TD are 

Ec- 0.07 eV for mot+ and Ec- 0.15 eV for m+l++ [2]. These energies are for the 

first electrically active double donor complex. It is accepted that the complex forms as 

theIR absorption signal for isolated oxygen interstitials decreases [3], leading to the 

conclusion that thermal donor complex cores incorporate oxygen into their structure. 

There are many competing theoretical models of the atomic structure of the thermal 

donor series of defects. However, none have been indisputably verified by experiment. 

In this thesis, we will attempt to establish the reliability of the IRDLTS 

technique in the study of semiconductor defects, specifically the TD defect in heat

treated silicon. We begin with a brief introduction into the theory behind DLTS and 

IR absorption, followed by a discussion of the different theoretical models of the 

thermal donor. We then move on to describe the experimental apparatus and 

procedures, and conclude with an analysis of the results obtained. 



CHAPTER II 

IRDLTS THEORY 

2.1 DL TS Theory 

Deep level transient spectroscopy (DL TS) is an electrical measurement 

technique employed in the study of defects in semiconductors [ 1]. It characterizes 

deep level defects according to their concentration, energy level in the bandgap, and 

depth into the material. A reverse-biased diode in n-type material is first pulsed to 

introduce majority (electrons) or minority (holes) carriers. These carriers are 

subsequently trapped by the deep levels. The thermal emission process of the trapped 

carriers is then monitored over time. The emission rate is a function of defect energy 

level, carrier capture cross section of the trap, concentration of carriers and traps, and 

the temperature of the sample. This chapter will explain the fundamental concepts 

behind the theory ofDLTS. 

To understand why DLTS is important, we must first emphasize what is meant 

by the term "defect." A defect is an imperfection in the semiconductor lattice. This 

imperfection can be a vacancy, an interstitial, an impurity, or a combination of these as 

seen in Figure 2.1 [ 4]. A vacancy is an unoccupied lattice site. In an interstitial defect, 

the atom is not located on a lattice site. An impurity is an atom that is foreign to the 

host lattice. It may be either a substitutional impurity, which is produced when the 

alien atom occupies a lattice site, or an interstitial impurity. Defects give rise to 

localized energy levels within the energy band structure. These localized energy levels 

can alter the electronic properties of the crystal by serving to trap and scatter free 

electrons and holes [4]. The location ofthe localized energy level with respect to the 
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Figure 2.1: Point defects: (a) vacancy~ (b) interstitial~ (c) substitutional 
impurity~ (d) interstitial impurity. 
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valence and conduction band edges can be used as a general indicator to label the 

defect as a shallow or deep level defect. Generally, a defect whose energy level falls 

slightly below the conduction band is termed a shallow donor level. Similarly, a defect 

whose energy level is located slightly above the valence band is called a shallow 

acceptor level. Those energy levels which are not located near the edge of the 

bandgap are usually considered deep levels. These deep level defects are what DL TS 

is designed to study. 

2.1. 1 Thermal Emission Process for Trapped Carriers 

The following is a theoretical discussion of the thermal emission processes for 

trapped carriers [5]. The variables used in the discussion are defined below: 

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

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

NT= concentration of defect energy levels (cm-3), 

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

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

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

Ey =energy of valence band edge (eV), 

ET =defect energy level (eV), 

EF =Fermi energy level (eV), 

c0 = capture coefficient of defect energy level for electrons ( cm3 sec-1 ), 

cp = capture coefficient of defect energy level for holes ( cm3 sec-1 ), 

e0 =emission rate of defect energy level for electrons (sec-1), 

ep = emission rate of defect energy level for holes (sec-!) . 



Consider the energy band diagram in Figure 2.2, which illustrates the four 

thermal transition processes between the defect and a particular band state. The rate 

of change of carrier concentration in the conduction band is 

(2.1) 

The rate of change of carrier concentration in the valence band is 

(2.2) 

The rate of change of the captured electron concentration is thus 

d;
1
T =( -!n )-( -::) (2.3) 

Substituting equations (2.1) and (2.2) into (2.3), we obtain 
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(2.4) 

We may also note that 

Nr = Pr +nr. (2.5) 

With this substitution, equation (2.4) becomes 

d:tT =(cnn+ep)NT-(cnn+en +cpp+ep)nT. (2.6) 

Considering that within the depletion region, p = n = 0, the above equation may be 

further simplified as 

(2.7) 

In order to solve the first order differential equation (2. 7), we apply the initial 

condition at t = 0. Initially, all the traps within the depletion region are filled with 

electrons, i.e., nT(O) =NT. We find that 



n 
4 • concJucUon band 

Ec----~--+-------------------
----8 1----- 6'----------------------- En,Nn 

41J 4. E --------------• ~---------- N T 

E 

c d 

--------------------~------ -------E N 
~' ~ 

V valence band 0 
p 

(a) capture of electrons from the conduction band 

(b) emission of electrons to the conduction band 

(c) capture of holes from the valence band 

(d) emission of holes to the valence band 

I 

Figure 2.2: Four competing processes governing the occupancy of a defect 
energy level by electrons and holes. 
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(2.8) 

For a defect energy level located closer to the conduction band than to the valence 

band, the emission rate for electrons is much greater than that for holes, i.e., en>><1>. 

Applying this to equation (2.8), we obtain 

(2.9) 

for the concentration of trapped electrons. Since PT = NT - nT, the concentration of 

captured holes is thus 

(2.10) 

Similarly, the concentration of captured holes in p-type material is found to be 

(2.11) 

In this case, if the defect energy level is located closer to the valence band than to the 

conduction band, <1>>>en. This yields 

(2.12) 

and 

(2.13) 

for the concentrations of holes and electrons, respectively. 

We now move on to determine the temperature dependence of the thermal 

emission rate using Fermi statistics. The probability, P, that a trap is occupied by an 

electron is given by 
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(2.14) 

where g is the degeneracy of the defect energy level. Assume that the system is in 

equilibrium. In such a case, the total electron emission rate must equal the total 

electron capture rate. Therefore, 

Substituting equation (2.14) for P above, we obtain 

ET-EF 

en= Cng-le kaT . 

(2.15) 

(2.16) 

In terms of the capture cross section for electrons, crn, the capture coefficient is given 

by 

(2.17) 

where (vn) is the average electron thermal velocity. According to Fermi statistics, 

g =I and 

(2.18) 

where Nc is the effective density of states at the conduction band edge. 

Substituting equations (2.17) and (2.18) into equation (2. 16), the emission rate during 

the collapse of the depletion region becomes 

-(Ec-ET) 

en= Nc(vn)crne kaT (2.19) 

The density of states, Nc(v)• at the conduction( valence) band edge may be represented 

by 
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[ • ]3/2 
2 2mnn(p)kB T . 

Nc(v) = 3 , 
h 

(2.20) 

where m* n(p) is the effective mass of electrons(holes). The mean thermal velocity in 

equation (2.19) is 

Substituting equations (2.20) and (2.21) into equation (2.19), we obtain the 

temperature dependence of the thermal emission rate as 

-(Ec-ET) 

en(T) = KnT2crne kaT 

for electrons and 

-(ET-Ev) 

ep(T) = KpT2crpe kaT 

for holes. The constants Kn and Kp are defined as 

and 

(2.21) 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

Taking m* n = 1.08 Illo and m* P = 0.59 Illo for silicon, where Illo is the free electron 

mass, we find the above constants reduce to Kn = 3.518 x 1021 cm-2s- 1K-2 and 

Kp = 1.922 x 1021 cm-2s-1K-2. 
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2.1.2 Capacitance Time Transient 

As stated in the previous section, DL TS operates in the space-charge region of 

a reverse biased diode. The necessary reverse bias is periodically pulsed from some 

nominal value, such as 5 V, toward zero bias as shown in Figure 2.3. The time near 

zero bias is short, approximately four milliseconds, whereas the time at the larger 

reverse bias is several tens of milliseconds. Figure 2.4 provides an illustration of the 

effect of the filling pulse on the depletion region. During the pulse toward zero bias, 

the depletion region collapses, allowing carriers to fill the traps. After the strong 

reverse bias is applied, the depletion region expands once again and the now occupied 

defects, which initially have carriers trapped in them, are observed to determine how 

the density of trapped carriers changes with time. This is accomplished by measuring 

the junction capacitance as a function of time. The junction capacitance is given by 

C= AEs 
w' 

(2.26) 

where A is the area of the junction, e5 is the permittivity of the semiconductor, and W 

is the width of the depletion region. Assuming no defects are present, the width of the 

depletion region for a one-sided abrupt junction is given by 

(2.27) 

where Vis the applied voltage, Va is the built-in voltage, No is the concentration of 

donors, and q is the electron charge. When majority carrier traps are present in the n-

type material, N0 is replaced by N0 - nT(t). This yields 
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(a) Stage 1: Depletion region before the initiation of the first pulse. 

(b) Stage 2: During the pulse toward zero bias, the depletion 
region collapses and carriers may fill the defects. 

(c) The expansion (stage 3) and the collapse (stages 4, 5) of the 
depletion region. 

(d) With the addition of infrared radiation, the collapse of the 
depletion region (stages 3, 4, 5) occurs more rapidly. 

Figure 2.4: Effect of the filling pulse on the depletion region. 



C(t) = A[qes{No- nT(t)}]l/2 
2(V+ Va) 

The above equation can be rewritten as 

where 
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(2.28) 

(2.29) 

(2.30) 

is the junction capacitance at an infinite time after the filling pulse. Now let us define 

the change in capacitance at an arbitrary time with respect to the capacitance at long 

time as 

~C = C00 -C(t). (2.31) 

Then we may obtain the ratio of ~C/C00, which gives 

.1C Ccc -C(t) nT(t) 
= = 

Ccc Ccc 2N0 

(2.32) 

Substituting equation (2.9) into the above equation we have 

.1C NT -t/'t -=--e 
C00 2N0 ' 

(2.33) 

where 

(2.34) 



This is the fundamental equation for a DL TS measurement. Note that by monitoring 

the junction capacitance as a function of time, we may obtain the time constant, 't, 

which is characteristic of a particular capacitance transient. 

2.2 Infrared Absorption Theory 

The range of the electromagnetic spectrum from 0. 8 to 200 ~m is called the 

infrared. It is common to refer to the near infrared region (about 0.8- 2 ~m), the 

middle infrared region (about 2- 50 ~m), and the far infrared region (greater than 

15 

50 ~m). In the realm of crystal defects, we are most concerned with the middle 

infrared region. It is in this range that spectra originate primarily from the vibrational 

stretching and bending modes within molecules. Both stretching and bending 

vibrations comprise the motion of atoms and chemical bonds. The frequencies of these 

vibrations are governed by the nature of the bonds and the local environment [6]. If an 

infrared beam enters the local environment of a particular bond, the amplitude of the 

stretching and/or bending vibrations will increase. However, two criteria must be 

filled in order for a particular wavelength to be absorbed [7]. (1) The frequency of the 

infrared beam must correspond to that which is required to raise the energy level of a 

particular bond. (2) The vibration must be accompanied by a change in the magnitude 

and/or direction ofthe dipole moment. The intensity of an infrared absorption band is 

directly proportional to the square of the rate of change of dipole moment. 

Instrumentation for the infrared absorption technique is comparable to that 

which is used in the ultraviolet and visible range. An infrared emitting source 

produces a beam which passes simultaneously through the sample and a reference 

material. The transmitted beam is then dispersed as it passes through either a prism or 



a diffraction grating and the absorption of each frequency is measured. In particular, 

the absorbance, A, of a material is given by 

A= log IJI, 

16 

where I0 is the incident intensity and I is the transmitted intensity. It is directly 

dependent upon the thickness of the sample, the concentration of the absorbing 

material, and the absorptivity. Absorption is also denoted by percent transmittance, T, 

where 

T =III 0. 

Spectrometers differ in the method chosen for separating the beam into frequency 

intervals and in the method chosen for determining III0 , the ratio of intensity 

transmitted by the sample to the intensity that would be transmitted if the sample were 

not present. 

2.3 Effects ofiR Radiation on the Capacitance Transient 

Most of the complexity associated with a regular DLTS measurement is 

eliminated in the IRDL TS technique. The primary function of the DL TS measurement 

is to provide a capacitance time transient and its associated time constant for a 

particular constant temperature sample. A typical transient is shown in Figure 2. 5. 

Curve A outlines the shape of the transient before the addition of infrared radiation. 

When the infrared light is added and absorbed by the defect, the emission rate of the 

carriers increases and so shortens the decay constant as shown in curve B. If the 

infrared light is not absorbed, we observe what can be described as an intensity effect, 

in which case the value of every point on the transient is increased by a specific 



AC 

Time 

Figure 2.5: Capacitance time transient (A) without infrared radiation and (B) with 
infrared radiation. 
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amount. This essentially moves the entire transient along the vertical scale, but does 

not alter the value of the time constant. 
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CHAPTER III 

THERMAL DONORS 

It is well known that oxygen impurities in crystalline Si give rise to electrically 

active shallow double donor defects known as thermal donors (TD's). These defects 

have been studied for nearly forty years since their discovery by Fuller et al. in 1954 

[8] and an enormous amount of kinetic and electronic data about them has been 

amassed. The TD's, which have C2v symmetry [9], form during heat treatments from 

300 °C to 550 °C and are destroyed at temperatures above 550 oc. Infrared 

spectroscopic studies [ 10, 11, 12, 13] have shown that the thermal donors are a series of 

up to eleven defects, TDn (n = 1 ... 11), which are formed with decreasing ionization 

energies as anneal time increases. The initial rate of formation of the TD's is 

proportional to the fourth power of the original interstitial oxygen concentration. 

Infrared studies have also shown that the growth of the TD's is accompanied by a 

diminished intensity of the 9 flm band corresponding to isolated interstitial oxygen 

[3, 14]. Therefore, it is believed that the TD consists of an electrically active core 

surrounded by a succession of accumulating oxygen atoms. However, with all of the 

years of study and with all the different analytical methods that have been applied, a 

concrete model for the atomic structure of the thermal donor defect remains as elusive 

as ever. There are many competing models for the atomic structure of the TD series 

of defects. Most can be categorized into the following four classes: 

1. Complexes containing only oxygen, 

2. Complexes containing oxygen and vacancies, 
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3. Complexes containing oxygen and semi vacancies, 

4. Complexes containing oxygen and self-interstitials. 

A brief description of each of the aforementioned models will be given in the 

next section. First, it is necessary to emphasize the importance of the study of the 

thermal donor defect. Thermal donors serve as electron-hole recombination centers. 

This can reduce minority carrier lifetime by providing electrons or holes with a 

convenient pathway from the valence band to the conduction band or vice versa. This 

action could be detrimental, for example, in the storage of binary data in a computer 

memory chip. 

3 .1 Oxygen Complexes 

In 1958, Kaiser et al. [15] attempted to account for the [Oi]4 dependence of 

the initial TD formation rate by proposing the Si04 molecule as the core of the TD's. 

This is pictured in Figure 3 .1. Since the activation energy of TD formation is 

considerably smaller than that of the barrier to interstitial oxygen diffusion, theorists 

have proposed that the TD core is formed by the diffusion of molecular oxygen, rather 

than interstitial oxygen [16]. It is suggested that two 0 2 molecules could interact to 

form an 0 4 complex which is weakly bound to the lattice as shown in Figure 3.2 [17] . 

An additional suggestion involves the pairing of two interstitial oxygen atoms along 

two separate Si-Si bonds in a {Ill} plane as seen in Figure 3.3 [18]. 

3.2 Oxygen and Vacancy Complexes VOn 

Previous studies have shown that VOn complexes are not directly related to 

the TD's [ 19,20]. However, it has been suggested by Keller [21] that as Oi's 
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Figure 3. 1 : SiO 4 model of the thermal donor. 
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Figure 3.2: Model of the thermal donor involving 0 2 molecules. 
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Figure 3.3: Model of the thermal donor involving interstitial oxygen complex. 
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accumulate around the TD core, the oxygen in the VO complex may be forced into a 

lattice site, thus forming a donor. This model consists of a double positively charged 

substitutional oxygen atom (05++). Three of the neighboring Si4 groups present in a 

perfect silicon crystalline lattice are replaced by Si40 groups, where the interstitial 

oxygen atom (Oi) is introduced into a Si-Si bond. There are nine different 

nonequivalent ways of arranging the Si-Oi-Si bonds relative to the 0
5 
++ so that the 

Si-Oi-Si bonds compensate the strain of the Si-05 ++ bonds. Keller suggests that these 

nine combinations are associated with nine of the eleven double donors found in IR 

absorption experiments. 

A similar model was suggested by Chadi [18]. He found that a double donor 

could be produced from a structural transformation of a neutral vo2 center in which 

the two oxygen atoms within the center move closer together as a result of 

accumulating oxygen interstitials. 

3 .3 Oxygen and Semi vacancy Complexes 

The Ourmazd-Schroter-Bourret (OSB) model involves the partial dissociation 

of an (Oih complex [22]. Two of the oxygens are bonded to the silicon atom which 

has moved from a lattice site to an interstitial site as a result of the (Oih dissociation. 

The remaining oxygen saturates the two dangling bonds of the vacancy. The defect 

becomes electrically active with clusters containing five or more oxygen atoms as 

shown in Figure 3. 4. The double-donor activity arises from a silicon atom at the 

center of the cluster. The donor activity can be terminated by the ejection of this 

central silicon atom. Similar models have been proposed based on the ENDOR studies 

of the NL8 and NL 1 0 centers. 
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Figure 3.4: OSB model for the first electrically active oxygen cluster. 
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3.4 Oxygen and Self-Interstitial Complexes 

In an attempt to explain the rapid formation rate of the TD's, it has been 

suggested that silicon self-interstitials may be involved in the formation of the TD's 

[11,23,24,25]. There is experimental evidence that links the production of silicon self

interstitials with TD formation [25,26]. A model of the TD core has been suggested 

by Deak, Snyder and Corbett [27] that involves at most two oxygens and a self

interstitial as shown in Figure 3.5. Although the shape of the core resembles that of 

the OSB model, it differs in the origin of the donor activity. The electrical activity in 

this model comes from the trivalent oxygens. 



' ' ' ' ' ' ' ' ' ' 

Figure 3.5: Deak, Snyder, and Corbett model of the thennal donor. 

27 

'II 



CHAPTER IV 

EXPE~NTALPROCEDURES 

4.1 The Physical System 

The physical system is illustrated in Figure 4 .1. In order stabilize the sample 

temperature at sufficiently low temperatures, a CTI -Cryogenics closed cycle helium 

refrigeration system is employed. The system consists of a model 8300 compressor, a 

model 8001 controller, a model 22 cold head, and associated electrical cables and 

interconnecting lines. The cold head was modified from its original design to 

accommodate our sample. The cold head has three platforms, each of which 

represents a different stage of cooling. The lowest platform is at room temperature. 

The second reaches temperatures as low as 80 K. The upper platform may reach 

temperatures of around 20 K. A lead disk is attached to this upper platform and forms 

the base of the sample holder. Inside this disk, a 4-lead platinum resistance 

thermometer is mounted, which allows for the measurement of the approximate 

sample temperature. The sample holder itself consists of four copper plates. Two 

corners of the sample are each sandwiched between two of the plates. Just below the 

lead disk is a copper disk that serves as a heating plate. A 25 W heater cartridge is 

inserted into the copper plate. In an attempt to minimize the amount of thermal loss 

within the system, layers of indium foil and thermal grease are placed between the 

copper and lead plates and between the copper plate and the upper platform . Also, a 

thin layer of mica is used to electrically isolate the sample from the rest of the system. 

A thermal shroud is attached to the base of the second stage. This shroud provides 

additional protection from thermal loss within the system. Attached to the base of the 
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Figure 4.1: The IRDLTS physical system. 
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room temperature platform is a vacuum shroud, so that the entire system may be 

evacuated with a mechanical pump. At the top of both the vacuum and thermal 

shrouds, KRS-5 windows have been inserted to allow the infrared light to pass 

through with optimum transmittance. 

There are four vertical flanges attached to the room temperature platform. 

30 

Two of these flanges have four BNC connectors each. Only six of these are currently 

being used. Two of the connectors are used to pulse the sample and measure the 

capacitance of the sample. Another pair are connected to the power supply for the 

heating plate. The last pair are used in conjunction with the platinum resistance 

thermometer to obtain approximate sample temperature. To the third flange is 

attached an eight-pin electrical connector that receives signals from the two silicon 

diode temperature sensors. The fourth flange provides a connection to the mechanical 

pump. 

4.2 The Electrical System 

The electrical system for the IRDLTS experiment is a combination of standard 

DL TS electronics and basic infrared instrumentation. The individual components are 

listed below: 

Hewlett-Packard 9000-300 Computer w/ 20 J\.1B Hard Drive, 

Hewlett-Packard Model3458A Multimeter, 

Hewlett-Packard Model 3488A Switch/Control Unit, 

Lakeshore Model DRC-91C Temperature Controller, 

Hewlett-Packard Model3478A Multimeter, 

Boonton Electronic Model 72B Capacitance Meter, 



Hewlett-Packard Modei8013B Pulse Generator , 

BK Precision Modei3011B 2 MHz Function Generator 

Tektronix Model2213 60 MHz Oscilloscope, 

Constant Current Source, 

Oriel Model 77250 Grating Monochromator, 

, 

Oriel Model68735 DC Regulated Power Supply, and 

Oriel Model 7340 Universal Monochromator Illuminator. 
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The IR.DLTS electrical system, outlined in Figure 4.2, consists of three basic 

sections: temperature control and measurement, capacitance measurements, and data 

collection and digitization. I will discuss the first two here, but reserve the third for a 

later section. Temperature stability is maintained by the Lakeshore DRC-91C 

Temperature Controller through the heating element and temperature readings from 

the silicon diode sensors. With this instrument, we are able to stabilize at any peak 

temperature for a given defect. Sample temperature is more closely monitored by the 

platinum resistance thermometer. A constant current source supplies a current to the 

platinum resistance thermometer, which is connected to the HP34 78A digital 

multimeter. Using Ohm's Law, the multimeter obtains an output voltage of the 

thermometer and converts it into a temperature reading. 

The HP 80 13B pulse generator biases the samples to -5 volts. The TD 

samples are pulsed toward zero bias with a pulse height of 4.5 volts, a period of 50 

ms, and a pulse width of 4 ms. Following the pulse, the capacitance of the sample was 

measured. The output voltage of the capacitance meter was sent to the HP 3488A 

Switch/Control Unit. The signal was then sent to the HP 3458A fast digitizing 

multimeter. In the case of the TD, the digitizer would accumulate 100 discrete data 
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Figure 4.2: The IRDLTS electrical system. 
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points by measuring the output voltage of the capacitance meter every 0.5 ms over the 

entire period. The output voltage is directly proportional to the actual capacitance, 

and depends only on the range setting of the capacitance meter. 

The function generator serves as a clock source for the entire system. It 

ensures that the HP 3458A digitizer, the pulse generator, and the oscilloscope would 

all trigger at the same time. This eliminates some of the noise created in the 

capacitance meter during the filling pulse. The infrared system is illustrated in 

Figure 4.3. The Oriel DC Power Supply powers an Oriel model6363 Infrared 

Element which is housed inside the Universal Monochromator Illuminator. The 

Infrared Element is a rod of silicon carbide which operates at 1 OOW and produces 

infrared radiation over the 1 to 25 J.Lm range. This broad spectrum is then sent 

through the monochromator. The monochromator is an Oriel model 77302 1/8 m 

Grating Monochromator with a usable wavelength range of 4.5 to 16.0 J.Lm and a 

resolution ofO.l J.Lm for a 1 mm slit width. The monochromatic wavelength then 

passes through the KRS-5 windows of the vacuum and thermal shrouds and enters the 

depletion region through the bulk of the sample. 

4.3 Sample Preparation 

Samples were fabricated from a boule of Czochralski-grown silicon which 

contained -IQ15 P/cm3 and -1018 O/cm3. The TD samples were annealed at 450°C in 

air for 4, 30, and 60 hours to generate the thermal donors. The sample slices were 

2 em square and 0.6 mm thick. The slices were lapped with aluminum oxide grits of 

coarseness ranging from 22 J.Lm down to 1. 0 Jlm. Throughout the lapping process, the 

samples were cleaned repeatedly with distilled water, methanol, acetone, and 
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trichloroethylene. The samples were then etched to a mirror surface in a mixture of 

25% acetic acid, 57% nitric acid, and 18% hydrofluoric acid. A Schottky diode was 

fabricated on the surface by evaporating 1 000 angstroms of gold through a 0. 7 mm 

diameter shadow mask. A 1 mil diameter gold lead was attached to a diode near the 

center of the sample and a thin copper wire served as an ohmic contact near the 

sample's edge. The sample was then carefully placed onto the sample holder with the 

gold dots facing away from the incoming IR beam. 

4.4 Data Acquisition and Analysis 

An HP 9000-300 computer is responsible for data acquisition. We have 

modified a standard DL TS data collection program to fit the requirements for 

IRDLTS. The parameter we wish to extract is the change in emission rate due to 

absorption ofiR photons. To accomplish this we have digitized decays with and 

without IR. The program that performs this duty is provided in Appendix A. The 

computer digitizes the capacitance transient fifty times, then averages all these 

transient curves to obtain a clean transient consisting of one hundred data points. The 

"dark" transients without IR light are obtained first, followed by the "light" transients 

with IR. The two sets of data, along with the corresponding wavelength, are then 

stored on the hard drive followed by a one minute delay before the next data set is 

obtained. This procedure is executed three times for each wavelength over a 

designated range. 

Once the data is obtained, it is transferred to a different computer system for 

analysis. The data analysis consists of a series of three separate programs designed to 

(1) calculate the time constant, (2) average the time constant for each wavelength, and 



(3) normalize the data. These three programs are outlined in Appendix B. The 

normalization program also obtains a ratio of the time constants for the "dark" data 

versus the "light" data for each wavelength. 

36 



CHAPTER V 

RESULTS AND CONCLUSIONS 

5.1 Results 

In the first data run performed, transients were collected over a wavelength 

range from 6 - 12 J..Lm on the m+l++ energy level in a sample annealed for 60 hours at 

450 °C. Wavelengths were scanned every 0.16 J..Lm up to 8.64 J..Lm, every 0.016 J..Lm 

from 8.64- 9.28 J..Lm, then again every 0.16 J..Lm from 9.28- 12 J..Lm. Figure 5.1 is a 

plot of the time constant ratios of the data without IR versus the data with IR added. 

We find two distinct peaks at 8. 7 J..Lm and 9 J..Lm , which suggest that IR light has been 

absorbed at these wavelengths. 

To obtain a clearer picture of this activity, we collected a second set of data 

from the same sample, scanning from 8- 10 J..Lm by steps of0.016 J..Lm. This data is 

shown in Figure 5.2. The two peaks at 8.7 J..Lm and 9 J..Lm are present once again. 

However, in this detailed scan they are accompanied by ten additional peaks of various 

heights. The wavenumbers and wavelengths corresponding to these peaks are given in 

Table 5.1. The twelve absorbed wavelengths are consistent with theIR absorption line 

positions reported by Wagner and Hage [10], within our experimental limitations. It is 

important to note that by examining a purely electrical response, we have ensured that 

we are sensitive to only the thermal donor. Absorption ofiR radiation by anything not 

located within the TD core will not provide an electrical response, and thus cannot be 

monitored by the IRDL TS technique. Therefore, the activity near 9 J..Lm seems to 

imply that Oi 's may play a significant role in the structure of the TD. Notice that the 

activity at 9 J..Lm for the 60-hr sample is not represented by a single peak, but rather by 
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Table 5.1: Infrared absorption line positions corresponding to the peaks in Figure 5.2 
for a 60-hour anneal m+/++. 

Peak# Wavenumber(+/- 13 cm-1
) Wavelength(+/- 0.1 ~m) 

1 1,242 8.05 

2 1,221 8.19 

3 1,211 8.26 

4 1,189 8.41 

5 1,176 8.5 

6 1,147 8.72 

7 1, Ill 9 

8 1,092 9.16 

9 1,073 9.32 

10 1,049 9.53 

11 1,022 9.78 

12 1,012 9.88 
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a superposition of several narrow peaks. This suggests that the Oi's within the defect 

may exist in a number of different environments, which depend on the individual 

Si--Oi and Si-Si bond lengths. Two of the TD models discussed previously seem to 

be supported by our experimental data: the VOn complex and the model ofDeak, 

Snyder, and Corbett. 

It is known that a decrease in anneal time corresponds to a decrease in the 

concentration ofTD's. It has also been proposed that the number of oxygen 

interstitials that aggregate around the TD core is directly dependent upon the duration 

of anneal. This implies that a 30-hour anneal TD would have fewer oxygens 

aggregated about the core than a 60-hour anneal TD. Thus, we would expect that a 

plot of theIR response data obtained from a 30-hour anneal TD would not only have 

fewer peaks than the 60-hour sample data, but the remaining peaks would be of 

diminished intensity. Figure 5.316 is a plot of the data obtained on a 30-hour anneal 

TD from 8 - 10 JJ.m. Notice that the peaks are virtually nonexistent for this duration of 

anneal. We obtain similar results for a 4-hour anneal TD as seen in Figure 5. 4. The 

absence of a significant change in the value of the time constant for data with and 

without IR added in the shorter annealed samples suggests one of two possibilities. It 

may be ( 1) a direct result of a decrease in the Oi population of the different 

environments as anneal time decreases, or (2) an indication that the weak interaction 

of the IR light within the sample does not produce a measurable electrical response. 

5.2 Conclusions 

Although the IRDL TS technique has not been extensively tested, results on the 

study of the thermal donor in oxygen-rich silicon indicate that this technique could 
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prove to be a valuable aid in determining the atomic structure of electrically active 

defects. In our study of the thermal donor, we have limited the theoretically defined 

categories of its structure to two --- the V00 complex and the model by Deak, Snyder, 

and Corbett. Conceivably, a distinction between these two models could be made if 

the IRDLTS technique is employed using a higher resolution monochromator. 

I hope that others in the field of semiconductor defects will build upon the 

basic principles outlined in this thesis and establish a standard IRDL TS technique that 

is capable of determining the atomic structure of virtually any electrically active defect. 
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10 '''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' ... ··········· ............... ········ ..................... ·············· ···················· ......... . 
20 ! DAVID LAMP NOVEMBER 18, 1992 ! 
30 ! This is the data collection program. The program digitizes the "dark" ! 
40 ! transient then the transient with the addition of infrared light. The difference ! 
50 ! between the two transients is then plotted on screen. This program allows the ! 
60 ! transients to be averaged any number of times. ! 
70 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
80! 
90 OPTION BASE 1 
100 KEY LABELS OFF 
110 ALLOCATE REAL Total_samp(1:100) 
120 ALLOCATE REAL Curve1(1:IOO), Curve2(1:100), Curve3(1:IOO) 
130 INTEGER Int_samp(I:IOO) BUFFER 
140 Num _samples= I 00 
150 
160 
170 
180 
I90 
200 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
ALL DEVICES ARE DIGITIZED AND SET TO PROPER SETTINGS ! 
FOR DIGITIZATION ! 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

2I 0 CLEAR SCREEN 
220 OUTPUT I; II 
230 Channei=O 
240 MAT Total_samp= (0) 
250 OUTPUT 725; "RESET" 
260 OUTPUT 725;"SLIST IOO-I04" 
270 FOR I=O TO Channel 
280 OUTPUT 725;"STEP" 
290 NEXT I 
300 OUTPUT 725;"CMON 1 II 
310 IF Num curves<>O THEN GOTO 440 
320 INPUT -;Number of Curves to Average (ENTER=Default)?",Num_curves 
330 IF Num-curves<=O THEN Num_curves=SO 
340 ASSIGN @Dvm TO 722 
350 OUTPUT @Dvm;"RESET" 
360 OUTPUT @Dvm;"PRESET DIG" 
3 70 OUTPUT @Dvm; "TRIG EXT" 
380 OUTPUT @Dvm;"TARM SYN" 
390 OUTPUT @Dvm;"MEMFIFO" 
400 OUTPUT @Dvm; "LFIL TER ON" 
410 OUTPUT @Dvm; "NRDGS I 00, TIMER" 
420 OUTPUT @Dvm;"TIMER SO.E-5" 



430 DISP "I'M NOT TRIGGERING! II 
440 Oldmsi$=SYSTEM$("MSI") 
450 MASS STORAGE IS "/DATA:,700,0,1" 
460 INPUT "ENTER FILENAME FORIRDATA", File1$ 
470 CREATE BDAT File1$,100 
480 ASSIGN @Path_1 TO File1$ 
490 INPUT "ENTER FILENAME FOR DARK DATA", File2$ 
500 CREATE BDAT File2$,100 
510 ASSIGN @Path_2 TO File2$ 
520 ! 

49 

530 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
540 ! THE DARK TRANSIENT IS DIGITIZED 
550 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
560 ! 
570 INPUT "TURN THE LIGHT OFF" Y 

' 
580 MAT Total_samp= (0) 
590 FORH=1 TONum curves 
600 ASSIGN @Int_samp TO BUFFER Int_samp(*) 
610 TRANSFER @Dvm TO @Int_samp;W AIT 
620 MAT Total_samp=Total_samp+Int_samp 
630 DISP "Now Taking Curve Number";H 
640 NEXTH 
650 OUTPUT @Dvm; "I SCALE?" 
660 ENTER @Dvm;S 
670 MAT Curve2=Total_samp*(s*9.7351/Num_curves) 
680 OUTPUT @Path_ 2;Curve2(*) 
690 BEEP 
700 ! 
710 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
720 ! THE LIGHT TRANSIENT IS DIGITIZED ! 
730 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
740 ! 
750 INPUT "TURN THE LIGHT ON", Iwave 
760 Wave 1=Iwave*.016 
770 MAT Total_samp= (0) 
780 FOR H= 1 TO Num _curves 
790 ASSIGN @Int_samp TO BUFFER Int_samp(*) 
800 TRANSFER @Dvm TO @Int_samp;WAIT 
810 MAT Total_ samp=Total_ samp+ Int _ samp 
820 DISP "Now Taking Curve Number";H 
830 NEXTH 
840 OUTPUT @Dvm; "!SCALE?" 



850 ENTER @Dvm;S 
860 MAT Curve1=Total_samp*(s*9.7351/Num_curves) 
870 OUTPUT @Path_1;Wave_1,Curve1(*) 
880 BEEP 
890 ! 

50 

900 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
910 ! HERE, GRAPIDCS SEQUENCES ARE INITIALIZED AND THE 
920 ! DIFFERENCE BETWEEN THE TRANSIENTS IS PLOTTED ! 
930 ! ! ! ! ! ! ! ! !! !!!!! ! ! ! ! ! ! ! !! ! ! ! !! ! ! !! ! !! ! ! ! ! ! ! ! ! ! ! ! !! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 
940 ! 
950 CLEAR SCREEN 
960 GINIT 
970 PLOTTER IS CRT, "INTERNAL" 
980 GRAPIDCS ON 
990 Xmaxim= 1 OO*MAX( 1 ,RATIO) 
1000 Ymaxim=100*MAX(1,1/RATIO) 
1010 MOVE 38,95 
1020 LABEL "DELTA CAPACITANCE" 
1030 DEG 
1040 LDIR 90 
1050 CSIZE 4.5 
1060 MOVE 4,Ymaxim/2-19 
1070 LABEL "CAPACITANCE" 
1080 LDIRO 
1090 LORG4 
1100 CSIZE 4.5 
1110 MOVE Xmaxim/2+4, .07*Ymaxim 
1120 LABEL "TIME (X 5.00 X 10 SEC)" 
1130 CSIZE 2.8 
1140 MOVE 86,10 
1150 LABEL "-4" 
1160 VIEWPORT .1*Xmaxim, .98*Xmaxim, .15*Ymaxim, .9*Ymaxim 
1170 WINDOW 0, 100,-.1,.1 
1180 AXES 1,.01,0,0,5,5 
1190FRAME 
1200 CLIP OFF 
1210 CSIZE 3.0, .5 
1220LORG4 
1230 FOR I=O TO 100 STEP 10 
1240 MOVE I,26.98 
1250 LABEL USING "#,K";I 
1260NEXT I 



1270 LORG 8 
1280 CSIZE 3,.5 
1290 FOR 1=27.00 TO 27.30 STEP .05 
1300 MOVE -0.,1-.004 
1310 LABEL USING "#,K";I 
1320NEXT I 
1330 CLIP ON 
1340 FOR X=1 TO Num_samples 
13 50 PLOT X, Curve 1 (X) 
1360 NEXTX 
1370 MOVE 0,0 
1380 FOR X=1 TO Num_samples 
1390 PLOT X,Curve2(X) 
1400 NEXTX 
1410 MOVE 0,0 
1420 FOR X=1 TO Num_samples 
1430 PLOT X,Curve1(X)-Curve2(X) 
1440 NEXTX 
1450 OFFKBD 
1460 ON KBD ALL GOTO 1450 
14 70 Key$=KBD$ 
1480 IF Key$="d" ORKey$="D" THEN GOTO 1510 
1490 IF Key$=" "THEN GOTO 1450 
1500 IF Key$="S" OR Key$="s" THEN GOTO 1600 
1510 GOTO 550 
1520 DUMP DEVICE IS 9 
1530 DUMP GRAPIDCS 
1540 PRINTER IS 9 
1550 PRINT 
1560 PRINT "MONOCHROMATOR SET TO"Jwave*.Ol6;"MICRONS" 
1570 PRINT 
1580 PRINT CHR$(12) 
1590 PRINTER IS 1 
1600 GOTO 550 
1610 CLEAR SCREEN 
1620 ASSIGN @Path_1 TO * 
1630 ASSIGN @Path_2 TO* 
1640 MASS STORAGE IS "/" 
1650 USER 3 KEYS 
1660 KEY LABELS ON 
1670 END 
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53 
PROGRAM COl\1PARE 

c --------------------------------------------------------------------------------------------------
c This is the first part of the data analysis program. The program calculates the time 
C constant for the data sets with and without IR light added. 

c --------------------------------------------------------------------------------------------------
DIMENSION WAVEL(500),C(500,100),D(500,100),TAU(100), 
+ XSQRLMIN(SOO),XSQRDMIN(SOO), T AUMINL(SOO), TAmmiD( 500), 
+XSQRL(100),XSQRD(100),T(100) 

REAL FIRST,LAST,C, TAU,XSQR,LASTD,FIRSTD 

DO J=1,375 
READ(3, *) WA VEL(J) 
READ(3, *) (C(J,I),I=1, 100) 
READ(3,*) (D(J,I),I=1,100) 
PRINT*, I 
END DO 

DO K=1,375 
LAST=C(K, 1 OO)*C(K, 1 00) 
FIRST= LAST -(C(K, 1 )*C(K, 1 )) 
LASTD=D(K, 1 OO)*D(K, 1 00) 
FIRSTD=LASTD-(D(K, 1 )*D(K, 1 )) 
XSQRLMIN(K)=100 
XSQRDMIN(K)=100 
TAUMINL(K)=O 
TAUMIND(K)=O 

DO J=1,100 
T AU(J)=3 . +(J/50) 
XSQRL(J)=O 
XSQRD(J)=O 
DO 1=1,100 

T(I)=I*O.S 
XSQRL(J)=XSQRL(J)+ABS(((LAST -(C(K,I)*C(K,I)))/FIRST)-

+EXP(-T(I)/TAU(J))) 
XSQRD(J)=XSQRD(J)+ABS(((LASTD-(D(K,I)*D(K,I)))/FIRSTD)-

+EXP(-T(I)!TAlJ(J))) 
END DO 
IF (XSQRL(J).LT.XSQRLMIN(K)) THEN 

XSQRLMIN(K)=XSQRL(J) 



END 

TAUMINL(K)=TAU(J) 
END IF 

IF (XSQRD(J).LT.XSQRDl\11N(K)) THEN 
XSQRDl\11N(K)= XSQRD(J) 
TAUMIND(K)=TAU(J) 
END IF 

END DO 
WRITE(ll,*) WAVEL(K),TAUMINL(K),TAUMIND(K) 
END DO 
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PROGRAM AVERAGE 

<: --------------------------------------------------------------------------------------------------
<: This is the second part of the data analysis program. The program calculates the 
<: average time constant for each wavelength in both sets of data. 

<: --------------------------------------------------------------------------------------------------

DIMENSION WAVEL(500),TAUL(500),TAUD(500),TAULSUM(500), 
+TAUDSUM(500), TAULA VG(500), TAUDA VG(500) 

REAL 
TAUL, T AUD, T AULMAX, T AUDMAX, TAULSUM, T AULA VG, T AUDSUM, 
+TAUDAVG 

DO J=l,375 

J=1 

READ(3, *) W A VEL( I), T AUL(J), TAUD(J) 
PRINT*,J 
END DO 

DO 1=1,126 
IF (WAVEL(J+3).EQ.WAVEL(J)) THEN 

TAULSUM(J)=TAUL(J)+TAUL(J+1)+TAUL(J+2)+TAUL(J+3) 
TAUDSUM(J)=TAUD(J)+TAUD(J+1)+TAUD(J+2)+TAUD(J+3) 
T AULA VG(I)=T AULSUM(J)/4 
TAUDA VG(I)=TAUDSUM(J)/4 
W A VEL(I)=W A VEL( I) 
J=J+4 

ELSE IF (WAVEL(J+2).EQ.WAVEL(J)) THEN 
T AULSUM(J)=T AUL(J)+ T AUL(J+ 1 )+ T AUL(J+2) 
T AUDSUM(J)=T AUD(J)+ T AUD(J+ 1 )+ T AUD(J+2) 
T AULA VG(I)=T AULSUM(J)/3 
TAUDA VG(I)=TAUDSUM(J)/3 
WA VEL(I)=W A VEL(J) 
J=J+3 

ELSE IF (WAVEL(J+1).EQ.WAVEL(J)) THEN 
T AULSUM(J)=T AUL(J)+ T AUL(J+ 1) 
TAUDSUM(J)=TAUD(J)+T AUD(J+ 1) 
TAULA VG(I)=T AULSUM(J)/2 
TAUDAVG(I)=TAUDSUM(J)/2 



WA VEL(I)=W A VEL(J) 
J=J+2 

ELSE 
TAULA VG(I)=TAUL(J) 
TAUDA VG(I)=T AUD(J) 
WA VEL(I)=W A VEL(J) 
J=J+1 

END IF 
END DO 

DO 1=1,126 

END 

WRITE( 11, *) W A VEL(J), T AULA VG(J), TAUDA VG(J) 
END DO 
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PROGRAM NORMAL 

c: --------------------------------------------------------------------------------------------------
<: This is the third part of the data analysis program. The program normalizes the 
C: average time constants and calculates a ratio of time constant without IR versus 
C: with IR added. 

c: --------------------------------------------------------------------------------------------------
DIMENSION WAVEL(SOO),TAUL(SOO),TAUD(SOO),DIFF(SOO),RATIO(SOO) 
REAL TAUL,TAUD,TAULMAX, TAUDMAX,DIFF,RATIO 

DO J=l,l26 
READ(3,*) WAVEL(J),TAUL(J),TAUD(J) 
PRINT*, I 
END DO 

TAULMAX=O.O 
TAUDMAX=O.O 

DO J=l,l26 
IF (TAUL(J).GT.TAULMAX) TAULMAX=TAUL(J) 
IF (TAUD(J).GT.TAUDMAX) TAUDMAX=TAUD(J) 
END DO 

DO J=l,l26 

END 

TAUL(J)=TAUL(J)ff AULMAX 
TAUD(J)=TAUD(J)ff AUDMAX 
DIFF(J)=T AUD(J)-T AUL(J) 
RATIO(J)=TAUD(J)ff AUL(J) 
WRITE( II,*) WA VEL(J),TAUL(J),TAUD(J),DIFF(J),RATIO(J) 

END DO 
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