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Abstract:
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of devices. Contamination is unavoidable m crystal growth and wafer 
processing, but it can and should be minimized.

Tron is one of the most common and most troubling impurities in silicon.lt is a 
very common dement in nature and difficult to totally eliminate опарыш 
liney Dissolved iron concentration in the space-charge region of a Schott у 
eoniaet on silicon can be easily measured with Deep Level Transten, 
Spectroscopy (DLTS) equipment.

Impurity content in the active region of a wafer can be reduced by generi^
There are several external and internal gettermg techniques. In this work t 
main emphasis is on the internal denuded zone (DZ) gettenng. In DZ proces 
"close ,0 the surface of the wafer is firs, out-diffused a h.gh
temperature treatment. Then oxygen precipitates are grown m the bulk о 
wafer During cooling after a subsequent anneal metal impurities are trapped at 
"aces of these^ precipitates and at related punched ou, djs — and 
stacking faults. With slower cooling rates the gettenng is more efficient, because 
during !he cooling period the impurity atoms have to be able to diffuse ,0 the

gettering zone.
In this work the gettering efficiency of iron is studied as a function of the cooling 
rate and pull-out temperature of the intentionally ,ron-contam,nateci samples 
from the furnace tube. Iron concentration of the samples is measured with DLTS.

Keywords: contamination, impurity, gettering, denuded zone, DLTS,
precipitate ----------------- --------------
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Tiivistelmä:

Epäpuhtauksien kontrollointi on huomattava osa nykyaikaista
puolijohdeteknologiaa. Jopa tasolla IO10 cm"3 oleva epäpuhtausatomien tiheys 
saattaa muuttaa laitteen sähköistä toimintaa. Kontaminaation täydellinen 
estäminen on mahdotonta sekä kristallinkasvatuksessa että prosessoinnissa,
mutta sitä voidaan kontrolloida.

Rauta kuuluu yleisimpiin ja hankalimpiin epäpuhtauksiin piissä. Se on hyvin 
yleinen alkuaine, ja sen eliminointi tuotantolinjalla on vaikeaa. Puolijohteen 
tyhjennysalueella olevan liuenneen raudan konsentraatio voidaan helposti ja 
luotettavasti mitata DLTS (Deep Level Transient Spectroscopy) -menetelmällä.

Kiekon aktiivisella osalla olevia epäpuhtauksia voidaan vähentää generoimalla. 
On olemassa useita ulkoisia ja sisäisiä getterointitekniikoita. Tässä työssä 
keskitytään sisäiseen ns. DZ-getterointiin (Denuded Zone). DZ-prosessissa 
luodaan piin pintaan virheetön vyöhyke diffusoimalla ensin happea ulos 
korkeassa lämpötilassa. Sen jälkeen kiekon sisälle jäänyt happi pyritään 
erkauttamaan lämpökäsittelyillä. Tämän jälkeen näytettä korkeasta lämpötilasta 
jäähdytettäessä metalliepäpuhtaudet erkautuvat happierkaumien pinnoille ja 
muihin niihin liittyviin virheisiin, kuten dislokaatioihin ja pinousvikoihin. 
Hitaammilla jäähdytysnopeuksilla getterai nti on tehokkaampaa, koska 
jäähdytysvaiheen aikana epäpuhtausatomien on ehdittävä diffusoitua 
getterointi vyöhykkeelle.

Tässä työssä tutkitaan raudan getterointitehokkuutta jäähdytysnopeuden ja 
ulosvetolämpöti 1 an funktiona. Näytteiden rautapitoisuus mitataan DLTS - 
menetelmällä.

Avainsanat: kontaminaatio, epäpuhtaus, getterointi, virheetön vyöhyke
_________(DZ), erkauma, DLTS______________________ ______
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1 Introduction

In modem semiconductor technology the requirements for the purity of the starting 
materials and cleanness of the processes are ever increasing. There are, however, always 
some contaminants present. In silicon one of the most troubling ones is iron, along with 

copper and nickel. They are the most common transition metals. Even one in a trillion 

part of these can alter the electrical properties of silicon and a single metal precipitate in 

submicrometer structure may result in a faulty integrated circuit [1].

In addition to cleaner materials and processes also gettering can be used to reduce the 

detrimental effects of transition metals. In gettering the impurity atoms are basically 

transferred from the active surface region of a wafer to some location where they do not 
deteriorate device performance, such as the back-surface of the wafer in external 

gettering or oxygen precipitates or a region of higher solubility in the bulk of the wafer 

in internal gettering, so no additional gettering processing steps are needed.

In this thesis internal gettering by oxygen precipitates is studied. There has been interest 
in replacing extrinsic gettering methods commonly in use with internal ones, because 

after the actual formation of denuded zone the thermal budget needed for gettering is 
lower for internal gettering. This is due to shorter distance of the gettering zone to the 

active region. The internal gettering processing step can also be integrated to the last 

high temperature anneal of a process, the cooling rate after this anneal being decisive

for the gettering efficiency.

In this work the wafers are first subjected to a lengthy high-temperature anneal in order 

to create a denuded zone close to the wafer surface and to create oxygen precipitates in 
the bulk. The wafers are then intentionally contaminated with iron and the impurity 
atoms are diffused into the samples in a short anneal. The gettering efficiency is studied 

as a function of the cooling rate after this anneal.

Electrically active iron in silicon is detected with Deep Level Transient Spectroscopy 
(DLTS) equipment [2]. This reliable technique has been actively used and modified
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since first introduced in 1974. It has been applied in thousands of publications, search 

word “DLTS” produces over 4000 hits in Inspec database alone [3].

In Chapter 2 of this thesis the sources and effects of impurity contamination are 
covered. The main emphasis is on transition metals, especially on iron. Chapter 3 deals 

with minority carrier generation and recombination as a basis for DLTS theory. In 

Chapter 4 the concept of gettering and different gettering mechanisms and techniques 

are briefly discussed. In Chapter 5 alternative impurity concentration measurement 
techniques are mtroduced. Chapter 6 consists of DLTS theory, follow-up to Chapter 3, 

and it’s advantages and drawbacks, presentation of the DLTS equipment a, Electron 

Physics Laboratory, and measurements of a sample test series with intentionally iron- 
contaminated and subsequently oxidized wafers. In Chapter 7 the creation of denuded 

zone in a silicon wafer is discussed. The details of the test series made on intent,onally 

contaminated denuded zone wafers and the results of the measurements are then 

presented and discussed. Chapter 8 serves as a roundup for the work.

2



2 Defects in Silicon

There are defects and impurities in all semiconductors, also in silicon. These defects can 

be point defects like vacancies and impurity atoms, dislocations, grain boundaries, 
stacking faults or precipitates. Impurities and vacancies affect mostly the electrical 

properties of silicon while the other defects have more effect on the macroscopic 
properties, such as tensile strength and elasticity. Impurities can be either intentionally 

introduced into silicon to adjust its properties or unintentionally incorporated during 
crystal growth and device processing. Present-day Czochralski-grown silicon crystals 

are swirl- and dislocation -free [1], so the impurity contamination poses the most serious 
problem. The impurity concentration in as grown crystals is very low, usually 10 cm 
or less [4]. However processing introduces higher densities of impurities and the 
densities after high-temperature processes are typically in the 1010-1012 cm3 range [4]. 

So the requirements for cleanness have to be enhanced in order to improve the yield and 

performance and to reduce the size of individual devices.

Different kinds of defects are shown in Fig 2.1. Open circles represent silicon atoms. 
The defects are (1) foreign substitutional atom, (2) foreign interstitial atom, (3) self 

interstitial, (4) vacancy, (5) stacking fault, (6) edge dislocation, and (7) precipitate.

Fig. 2.1 Defects in silicon [4].
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2.1 Contamination

Contamination of silicon can take place during crystal growth, device processing or 

wafer handling.

The impurity content in the melt from which silicon crystals are to be grown must be 

very low. The crucible material has been chosen so that the unavoidable impurities are 
minimized. Quartz crucibles, used in Czochralski-growth, dissolve considerable 

amounts of oxygen into silicon. Carefully cleaned quartz crucibles are almost always 
used for the growth of bulk silicon crystals, because the effect of oxygen in the crystals 

is less damaging than that of most other impurities [5]. The effects of oxygen in silicon, 

which can also be beneficial, are described in Section 2.1.2.

Unintentional impurity contamination of silicon wafers is a serious problem. A silicon- 

wafer attracts all kinds of metal and nonmetal impurities to saturate its free valences. 
This contamination can be avoided by growing thermal oxide on the wafers before 

shipping them, but this is rarely done [1].

Impurity contamination can be divided into three different mechanisms [1]: the solid 

phase, the liquid phase, and the vapor phase contamination. The solid phase 
contamination takes place by mechanical contact of the silicon wafer with a metal, for 

an example in the form of tweezers, by a handling facility or by a contaminated carrier. 

Mechanical contamination can also cause lattice distortions in the surface region tf the 

metal is harder than silicon. In a subsequent heat treatment the surface contamination 

can diffuse into the bulk of the wafer.

Liquid-phase contamination takes place when the silicon wafer is in any contact with 

contaminated liquids such as etching solutions or wafer cleaning solutions. The cleanmg 
of contaminated wafers in the solution causes contamination for the subsequent wafers 
treated in the same solution. For this reason extremely clean, suitably purified chemicals 
should be used with semiconductor applications. This is especially important for nitric 

acid, hydrochloric acid, ammonium chloride, sodium- or potassium hydroxide which all
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may contaminate silicon surfaces with unwanted impurities, mainly iron, nickel, and 

copper [1].

Vapor-phase contamination can take place during various processes such as oxidation or 

diffusion in furnace tubes, dry plasma etching, ion implantation, chemical vapor 

deposition, evaporation, and sputtering. The impurity can be present in the vapor phase 

in the equipment or it can be sputtered from any metal surface in the equipment during 

the process. All transition-metal components in the equipment should be shielded by 

quartz or aluminum in order to avoid sputtering during processing [1]. The resistor 

heaters in furnace tubes are unlimited impurity sources and the evaporation of 

impurities from them increases considerably with temperature. This causes enhanced 

vapor pressure and diffusion through the quartz wall into the interior of the tube. The 

impurity content in the tube can be reduced by using double-wall quartz tubes floated by 

oxygen [6]. Contaminated wafers in furnaces can cause contamination to other wafers, 

most of it to the neighboring wafers. The contamination of wafers should be checked 

before the processing starts in order to avoid contamination of the equipment and

cleaning solutions.

The impact of defects on device performance depends on the type of device and its 
specifications. A major concern is metallic contamination at the semiconductor-oxide 

interface because it degrades oxide integrity. Metals located at high stress points and in 

junction space charge regions also deteriorate devices. The influence of dissolved and 

precipitated impurities on device performance is similar, but the physical mechanisms

are different [1].

2.1.1 Diffusivity and solubility

Both the diffusivity D and solubility S of an impurity depend exponentially on 

temperature according to Eq. (2.1) and (2.2) [1]. The solubility of an impurity in silicon 
is defined as the maximum impurity concentration that can be dissolved in thermal 

equilibrium in a sample at a given temperature.
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(2.1)-Ни
D = D0e kT

S = S0e
S.-UT (2.2)

Where ft, is the emigration enthalpy, к is the Boltzmann constant, T is the temperature, 
Do and So are the temperature independent pre-exponential factors and Ss and ft are the 

solution entropy and enthalpy. Eq. (2.2) holds only for temperatures below the eutectic 

temperature T«„„ if this is well below the melting point of silicon. Values of these 

material parameters can be experimentally resolved for different impurities.

The diffusion length L is quadratically related to the product of the diffusivity and the 

diffusion duration t, Eq. (2.3) [1].

L2 = Dt
(2.3)

During cooling of the sample at the end of the heat treatment the solubility decreases 
substantially. Following reactions are possible to overcome this supersaturation [1]:

. The impurity precipitates in the bulk of the wafer. This requires high impurity 

concentration and high diffusivity of the impurity atoms and low cooling rate.

. The impurity atoms diffuse to the surfaces of the silicon wafer. High impurity 
concentration is again required. Surface precipitation causes the haze 

phenomenon.
. The impurity atoms remain dissolved within the volume of the wafer because of 

low diffusivity and high cooling rate. Transition metal impurities are electrically 

active and form deep energy levels in the forbidden band gap.

All three phenomena can be observed in the same sample at one moment, for an 

example in a wafer with different impurities.
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2.1.2 Oxygen

Czochralski-grown silicon crystals have high concentration of oxygen, even 10 cm". 

Oxygen contamination comes from the dissolution of the quartz crucible, but only about 
one percent of the oxygen dissolved from the crucible ends up in the crystal [7]. Most of 

oxygen atoms are at interstitial sites and electrically inactive, but in some forms oxygen 
can be electrically active. Oxygen atoms can have following distinct effects in silicon

[81:
. Oxygen can be a donor dopant in the silicon lattice forming S,04 complexes and 

distort the intentional dopant distribution, especially in p-type silicon. These are 

called thermal donors [9].
. Oxygen can harden the solution of the semiconductor lattice. This can limit the 

amount of plastic deformation during cooling and thus reduce the density of

dislocations.
. Oxygen can precipitate. Precipitation and its effects are described in Section 

2.3.1.

2.1.3 Transition Metals

With the exception of the alkaline and earth alkaline metals, most of the metals forming 
deep energy levels in silicon are transition metals. They are fast diffusing, especially 

nickel and copper, and have been identified as having the most severe effects on the 

properties of devices on silicon wafers in addition to some alkali metals such as sodium 

and potassium. Especially iron, nickel, and copper are detrimental, because they are the 
most common transition metal impurities. Carrier recombination at the energy levels of 

these impurities is very fast [10] and the minority carrier lifetime is reduced 

considerably. The solubilities of transition metals in silicon are very low and they 

segregate strongly to dislocations and stacking faults, forming precipitates of silicide

compounds.

In modem technology unintentional gold and platinum contamination in silicon is 

practically negligible. When they are present, it can be due to contaminated furnace
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tubes, cleaning solutions, or other processes. Gold is a strong recombination center and 

therefore the limit for tolerable impurity content is very low. Gold and platinum are 
mostly used for carrier-lifetime tailoring, for an example in thyristors and high-voltage

transistors [1].

2.1.4 Other Impurities

The second most common impurity in Czochralski-grown silicon crystals is usually 
carbon. It is present in the silicon melt, but can also originate from graphite or safety 
gas. The amount of carbon in Czochralski-crystals is commonly under 2*10'6 cm’, but 

in the tail of the boule it can be considerably higher [7].

Contamination with hydrogen is common in a liquid etch solution. Hydrogen has 

influence in the detection of metal impurities with DLTS. The deep energy level of 

isolated impurity atoms to be detected can vanish partly because of the passivation of its 

electrical activity by hydrogen. This effect is due to the diffusion or drift of ionized 

atoms into the space charge region at the sample surface and their reaction with the deep 
energy level [1]. Also additional electrically active metal-hydrogen complexes, which 

completely change the DLTS-spectrum, can be created.

The effects of alkali metals on silicon are different than those of transition metals, but 

they are also very severe. If alkali metals such as sodium and potassium are present near 
the top surface of the silicon wafer, they can be incorporated into gate oxide, where they 

can disturb the stability of the oxide-semiconductor interface.

2.2 Point Defects

Point defects are zero-dimensional, and they include native point defects like vacancies 
and self-interstitials, and impurity atoms in the semiconductor lattice. They include 
shallow impurities and deep levels and contribute mostly to the electrical properties of

silicon.
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The energy level of an impurity can be of either acceptor or a donor nature. The charge 

of a donor level with an electron is neutral and positive without an electron, while the 

charge of an acceptor level with an electron is negative and neutral without an electron.

2.2.1 Shallow Donors

Shallow impurities control the type and magnitude of conductivity by introducing extra 

charge carriers, electrons or holes. Dopant elements create new electronic states in the 

forbidden band gap close to the conduction or valence band edges. The forbidden 

bandgap of silicon is 1.12 eV in room temperature [11]. Shallow impurities are easily 

ionized and the number of free carriers is increased. It can be assumed that the 

concentration of free carriers is about the same as that of dopant atoms when this 

number is lower than the solubility of dopant atoms in silicon. These solubility limits 
depend on the dopant elements but are generally between 1019 and 2 Ч021 cm in silicon 

at 1100 °C. The dopants used in silicon are listed in Table 2.1 [11]. The most common 

shallow impurities in silicon are phosphorous, arsenic and boron. The desiied amount of 

dopant atoms is added to silicon melt where they will be distributed preferentially at the 

bottom of the crystal [5].

Table 2.1 The dopants used in silicon.

Dopant Doping character Distance from band edge 
(meV)

Phosphorous и-type 45
Arsenic n-type 54
Antimony и-type 39
Boron P-type 45
Aluminum P-t УРе__________________ 67

2.2.2 Deep Level Impurities

Deep energy levels can be formed by impurities and a number of lattice defects, such as 

vacancies and self-interstitials, and also precipitates. They lie deep in the forbidden 

band gap, often close to the middle of the gap. Unlike shallow impurities the deep level 

impurities are not easily ionized, instead they function as recombination or generation
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centers or traps. They control charge carrier lifetimes by providing alternative 

recombination paths or by acting as trapping centers [12] and should be minimized in 

devices that require long lifetime, e.g. solar cells. However, deep levels can also useful 

in some applications such as fast switches [1]. They can also be used to make light- 

emitting diodes and many of them contribute to diffusion and material modification. 

Generation and recombination via deep levels is discussed in more detail in Chapter 3.

2.3 Precipitates

Precipitates are three-dimensional defects. In silicon device manufacturing there are 

several high temperature processes where the diffusivity, Eq. (2.1), and solubility, Eq. 

(2.2), of impurities is high. During cooling of the sample at the end of the heat treatment 

the solubility decreases substantially. Reactions to avoid this supersaturation have been 

reviewed in Chapter 2.1. If the impurity concentration and diffusivity of the impurities 

are high, they tend to precipitate.

The first phase in precipitation is nucléation. Groups of few impurity atoms are formed 

within the silicon lattice. Once formed, they can either grow on or dissolve, depending 

on the following heat treatments. Nucléation can occur at crystal lattice sites where few 

in ters tital impurity atoms are close to each other, which is called homogenous 

nucléation, or at lattice defects, which process is called heterogeneous nucléation [1]. 

The nuclei formed by both processes have a variety of distributions and sizes [13].

The growth of the nuclei formed is called precipitation. In precipitation the impurity 

atoms, normally distributed uniformly within the silicon crystal, are aggregated. The 

growth rate of the precipitates is higher with higher temperature with some other factors 
contributing like self-interstitial and vacancy concentrations, impurity type and content, 

and elastic properties. Basically with higher temperature the critical radius rc of 

precipitates is larger so that precipitates smaller than that are dissolved and the larger 
ones grow [13, 14]. Precipitates in the active regions cause soft reverse current-voltage 

characteristics and locally reduce breakdown voltages [1].
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2.3.1 Oxygen Precipitates

Oxygen precipitates both heterogeneously and homogenously. The space required by 

silicon dioxide compared to pure silicon is more than double. During precipitation this 

increase in volume creates interstitial atoms and removes vacancies. Interstitial atoms 

give rise to dislocation loops and stacking faults, which bind metallic impurities, thus 

decreasing carrier lifetimes locally [7]. This characteristic can be used to gettei 

unwanted impurities from active regions of the wafer by creating oxygen precipitates in 

the bulk of the wafer. The oxygen near the surface of the wafer can be out-diffused with 

certain high temperature treatments and following nucléation and precipitation results in 

high precipitate concentration only in the bulk of the wafer, thus leaving a denuded zone 

close to the surface. The denuded zone (DZ) and oxygen precipitation are explained 

with more detail Section 7. The gettering event is discussed generally in Section 4.

2.3.2 Transition Metal Precipitates

All transition metals are unstable at room temperature because of their low solubilities. 

At the end of high temperature treatments these impurities can precipitate and become 
electrically inactive. However, small precipitates may sometimes exhibit deep band-like 

states [15]. Fast-diffusing metals are easily out-diffused and precipitated in the bulk of 

the sample. Metals with lower diffusivities require lower cooling rates or remain 

dissolved and electrically active. Most transition metals form silicon-rich silicide 

precipitates of the type MeSi2 but some, like copper-silicide Cu3Si, are metal-rich [1]. 

The sizes and typical forms of the precipitates of different metals vary.

Continuous out-diffusion of a transition metal results in the precipitation of impurity 
atoms at the sample surfaces. This surface precipitation is called haze and is formed 

only by metals cobalt, nickel, copper, rhodium, and palladium, which all nucleate 
homogenously [1]. Haze can be observed as shallow pits on the surface of the wafer 

after etching. Not all transition metals are able to nucleate homogenously and thus need 

lattice defects or other precipitates in order to precipitate. Many impurities precipitate 

preferably at silicon-silicon dioxide interface and in doing so reduce the breakdown 

voltages.
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The quantitative effect of the density of nickel precipitates Ny on the diffusion length L 

has been experimentally resolved by Electron Beam Induced Current (EBIC) 

measurements [16].

(2.4)

Transition metal precipitates reduce the length of excess minority-charge carriers, which 

increases the leakage current. The minority-carrier diffusion length is reduced because 

of recombination of the excess carriers at the phase boundaries of the precipitates [1].

2.4 Iron in silicon

Iron is one of the most common and most troubling impurities in silicon. It is very 

common element in nature and difficult to totally eliminate on a production line. In 
modem Czochralski-grown wafers its concentration is usually less than 1012 cnT’ in the 

bulk of the wafer. For year 2000 the iron contamination tolerance in the International 

Technology Roadmap was less than 1010 cm"3 [17]. Iron is moderately fast diffusing 

transition metal due to its position in the middle region in the sequence of 3d transition 

metals. The diffusivity and solubility of iron have been determined to be [18]

[cm2/s] (30°C < T < 1200°C) (2.5)■3 -0.68/ kTD = 1.3*10 e

22^(8.2-2.94/ кт) [cm'3] (900°C < T < 1200°C) (2.6)5=5* 10 e

However, the solubility of iron is enhanced in silicon with boron, phosphorous, or 

arsenic doping [19]. Even small concentrations of boron increase the solubility as can be 

seen in Fig. 2.2.
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Temperature (°C)

Fìg 2.2 The solubility of iron as a function of temperature for different substrate doping

,evels The solid line and filled circles correspond to the intrinsic solub.hty of tron. e
* f ГЛ1 is 15*1019 cm"3 and 6.5*1014 cm'3 for [о]. For [□]

boron concentration of [AJ is 3
phosphorous doping level is 140» cm ’ and for [01 boron doping level ts 8 cm

[20].

Iron usually rema,ns dissolved and electrically active during coolmg of the wafer a. t = 

end of a high temperature treatment. It is unable to precipitate homogenous^ 
precipitates are formed only with low coolmg rates a, the end of the las, ,g 
temperature treatment or during subsequent annealing a, lower temperatures^ The 

precipitates can be either rod-1,he «-FeSi2 or ß-FeSi2 [Ц. ß-FeSi2 is expected to be the 

phase of the silicide if it is formed at temperatures below 900 °C [21]. The att.ce 

mismatch between FeSi2 and Si is small [22,. Henley et al. [21] Cairn that the max,mum 
iron precipitation occurs in the temperature interval of 500 - 600 "C. Cooling rap.dly 

through this critical regime will decrease the overall amount of iron precp.tauon, non 

precipitates before it is gettered. the gettering efficiency is reduced.

Substitutional iron is not stable in silicon. Interstitial iron has only one donor level in the 

lower half of the band gap. It is positioned 0.39 eV from the valence band. Determ,nmg 

this by an Arrhenius plot results in a value of 0.43 eV. because the major,,y-came, 
capture cross-section is temperature dependent. In „-type silicon iron reacts w„h the 
dopant element, and forms donor-acceptor pairs such as FeB, FeAl, FeQa. and Fein. All
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these have donor levels with activation energies between 0.1 and 0.2 eV from the 
valence-band edge [1]. Iron forms pairs also with gold in both n- and p-type silicon and 

a vast amount of other impurities [20]. Half of the iron atoms are paired with boron at 
room temperature within hours of the last heat treatment and after sufficiently long 

storage, a couple of days, nearly all of the iron is paired. Interstitial iron and FeB-pa,rs 

can easily be detected with DLTS, examined in Chapter 6. Also lifetime-measurements 
are suitable for the control of the iron content. F=-B -pairs can be dissociated by 

annealing the sample at 200 °C for a few minutes or by irradiating the wafer with high 

intensity light [23, 24]. This can be used to determine the iron concentration with 

Surface Photovoltage (SPV) measurements, see Chapter 5.2.

There are many sources of iron contamination in wafer processing. Mechanical contact 
with iron or stainless steel introduces a nearly unlimited source for subsequent diffusion 

processes. Liquid-phase contamination is also a risk, especially during etching in 
alkaline solutions. Furnace tubes too are notable source of contamination, as are other 

contaminated wafers undergoing the same processes. The impurity content m wafers 

can be reduced in two ways: by reducing the contamination or by gettermg the 

impurities. Gettering is discussed in Section 4.
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3 Minority Carrier Generation and Recombination

Deep energy levels can function as generation and recombination centers and traps. One 
energy level can behave in either fashion depending on such factors as temperature and 

doping. Three things are needed to characterize the behavior of a particular center:

• The location of the energy level Et in the band gap

e The capture cross sections for electrons tx„ and holes <JP

• The thermal emission rates for electrons en and holes ep

In Fig. 3.1 a simplified energy band diagram is displayed. The impurity in question has 

an energy level E, and concentration of N, impurities per cm"3 evenly distributed 

throughout the silicon crystal. Ec and E, are the conduction and valence band edges 
respectively and Ep is the Fermi energy level. G represents the generation rate of 

electron-hole pairs due to an external source and Anp represents the dtrec, 
recombination rate, while c„ and cp represent the capture of electrons and holes and «„ 

and ep are the corresponding emission rates of electrons and holes for the deep level.

oooooooooo00000000600

Fig. 3.1 Simplified energy band diagram with deep level impunités [12]

In a recombination event via a deep level the level first captures an electron from the 
conduction band (c„ in Fig. 3.1) followed by a capture of a hole from the valence band 

(c,). In a generation event electron is first emitted from the impurity energy level to the 

conduction band (e„) followed by a hole emitting from the energy level to the valence
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band (e,). In a trapping event a carrier is first captured and subsequently emitted back to 

the band from which it came. In Figure 3.1 this is represented by c. followed by «. or c,

followed by ep.

The combined concentration of energy levels containing electrons nT and holes pT has to 

be equal to the total impurity concentration N„ During generation and recombination the 

concentrations n (of electrons), p (of holes), m, and pr vary as a function of time 

according to Eq. (3.1) and (3.2) [4].

^ = егРт-с,Рпт (3.2)

where emission rates «„ and e, represent the number of electrons and holes emitted per 
second from the centers and capture rates c,n and cpp represent the number of carriers 

captured per second from the respective bands. Auger and radiative recombination are

not considered.

The capture coefficient cn is defined as Eq. (3.3) [4]

(3.3)

where v,„ is the thermal velocity of the electrons and an is the capture cross section of 

the center. Capture cross sections vary widely, depending on whether the center is 

neutral or positively or negatively charged.

When a deep energy level emits or captures a earner, its occupancy changes and the rate 

of change is given by following Eq. (3.4) [4]

dnI_=dp__dn=[c„n + ep\Nl -nT)-(cpP + en)nT (3-4)
dt dt dt
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In neutral regions n and p can be considered constant. Solving Eq. (3.4) for neutral 

regions gives thus Eq. (3.5)

ttT(r) = nr(°K'/r +
ep+c

en + cnn + ep +cpp
n—-------NT(l-e',/r) (3.5)

where nm is the concentration of centers occupied by electrons a. , = 0 and r 

ll(e„+c„n+ep+cpP). The steady state concentration as t -> “is Eq. (3.6)

_ ep+cnti (3.6)
Пг

The Eq, (3.5) and (3.6) are the bases for most of the deep-level impurity measurements- 

The Eq. (3.5) for ttHD is difficult to solve in general case because the capture an 
emisston rates could be unknown and n and p vary with time, often also with d,stance 
within a device. In these equations generation and recombination were only constdere 

through deep energy levels. Radiative and Auger processes were neglected.

When looking at n-type silicon the concentration of holes can be neglected, Eq. (3.7).

„r(t)=n,(0 У'+jfTn
ep+cnn

+ e,
-NT(l-e-,lT) (3.7)

where T= ll(en+cnn+ep).

Schottky diode on an n-type substrate is shown in Fig. 3.2. In Fig. 3.2(a) capture 
dominates emission and steady-state concentration in Eq. (3.7) is m - №. When the 

diode is reverse pulsed at < = 0 as in Fig. 3.2(b), the electrons are emitted from the 

centers. Emission dominates during this reverse-bias phase, because the em.tted 
electrons are swept out of the space-charge regton very quickly, thus reductng the

chance of being recaptured.
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Fig. 3.2 A Schottky diode for (a) zero 

—>00 [4].

bias, (b) reverse bias at t = 0, (c) reverse bias as t

During the emission period the emission of holes can be neglected because only a few 

centers am occupied by holes and the time dependence of nr becomes

nT(t) = nT(o)e ~ NTe -l/r« (3.8)

whem « = 1/e, Following electron emission from centers holes remam and are 

subsequently emitted followed by electron emission etc. In steady-state the center 

concentration nr in the reverse biased space-charge region ,s

<?„ +er
■N,

(3.9)

Some of the centers will be in nT state while some will be in the pr state. When the 

diode is pulsed from reverse bias to zero bias, electrons rush in to be captured by centers

in the рт state.

Similar equations to these hold also for interface-trapped charge.
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The ,mpuri,y energy levels can be negatively charged, pos,lively charged, or neutral. 
Capacitance transients are well su,ted to determine such impurities. The сарае,lance of 

the Schottky diode in Fig 3.2 is [11]

C = A,
N.

m-v)
(3.10)

where A is the area of the diode, „ is the elementary charge, 6 is the d.electncty 

constant of silicon, * is the permittivity in vacuum, N„ is the ionized .mpunty 
concentration in the space-charge region, VM is the built in potential, and V ,s the b,as

voltage.

The change in the space-charge region width W with bias voltage and the em.ss.on of 

electrons from centers can be seen in Fig 3.2. In transient capacitance measurements ,t 
is this time-varying W that is detected as a time-varying capacitance. From Eq. (3.10)

we find

C = A.
qSs£0ND 1-

пт (0 

Nr
= Cr

N
l-

nT (0

iVn
(3.11)

where No is the dopant concentration in silicon and Co is the capacitance w.thout any 
deep-level impurities at reverse bias -V. Usually the dopant concentration m s.hcon ,s 

much higher than the .mpurity concentration. No » NT. Using a first-order expans,on 

of Eq. (3.11), valid for low impurity concentrations, we get

c = c0 1-
V

Wf(0
2N n

(3.12)

In a Schottky diode, Fig.3B, after a reverse pulse, majority carriers are emitted 

function of time as in Eq. (3.8). Substituted into Eq. (3.12) we find

C = C, 1-
»t(°)

2 Nn
-t/T' (3.13)
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The capacitance transient of Eq. (3.13) is shown in Fig. 3.3. The capacitance « at ,ts 
lowest and the space-charge region width is highest immediately after the reverse btase 

pulse As majority earners are emitted from the centers, W decreases and C mcreases 
until steady state is atta,ned. The capacitance increases with time regardless whether the 

deep-level tmpurities are donors or acceptors. This is also true for p-type substrates. The 

capacity increases with time for majority carrier emission.

C (V=0)

Fig. 3.3 The capacitance transient of the Schottky diode in Fig 3.2 [4].

From the decay in Fig. 3.3 we can derive r„ 

obtain m{0)- The change of capacitance is

and from the capacitance change ДСе we

ДС = C(r = °°)- C(t = 0)
2N r

(3.14)

The capacitance difference as a function of time is

cW-c(,)=ffc^"r- (3.15)

Capture and emiss.on coefficients are coupled together through Eqs. (3.1) and (3.2). 

Under equilibrium conditions [4]

enOnTO
= cn0n0pTO=cn0n0(NT nT0) (3.16)
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where the subscript 0 refers to &
quilibrium conditions. Nro and n0 are defined as [25].

n0 = n¡e
ef-e,

kT
(3.17)

iVT
ïlTnTO E-Ef

l + e kT

where m is the intrinsic carrier concentration 

carrier concentration is defined as [11]

(3.18)

and Ei is the intrinsic Fermi level. Intrinsic

n, = N..Nve
g

'ikT

Nf. and Nv are the effective density of states in

(3.19)

the conduction and valence band. For

conduction band this is [11]

Nc =
J 2mnnkT
l

.3/2
(3.20)

where m„ 
constant.

is the density-of-state effective mass for electrons and h is the Planck

275 < T < 375 K, m in cm"3 can be described
For silicon, over the temperature range 
more accurately by the following experimental equation [26]

=9.15*10,9(7V300)2e2 -6880 IT (3.21)

Combining Eqs. (3.15), (3.17), and (3.18) gives

E,-E,
en0 = cn0n(e kT = cn0n{

(3.22)
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An assumption ,s matto that the emission and capture coefficients remain equal to the,,' 

equilibrium values under nonequilibrium conditions [4]. This gives

= c„n.
(3.23)

where

n, = nte
E-E,

kT
(3.24)

For small deviations from equilibrium the assumption can be cons.dered accurate. 
However it is a poor approximation in the reverse biased junction with a h.gh Лете 
field but .ha, is nevertheless whem most сарае,tance transient measurements are made. 

This causes some emo, to capture cross sections determined from em.sston 
measurements. The assumption is. however, usually made and the results should be

viewed with this in mind.

With en=l/re and cn = the emission time constant r, is

E/-E, 
, kT

E'-E, 
, kT (3.25)

T. = <ТЛ/Л- °„v,hNc

A similar expression for holes is

et-gy
, kT (3.26)

T. =

The thermal velocity v,„ differs somewhat for electrons and holes. For electrons ,t is

гЪкТЛ
m„V "

MT (3.27)
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This allows the emission time constant for electrons to be written as

t.T =■

Er~ET
, kT

Yn°n

(3.28)

where [4]

Yn =
[40< N. ) -3 25*1021

fm„i

{TmjJ''2)
E°

[cm'V'K 2] (3.29)

where mo is
the electron rest mass. For n-type yn is 1.07П021 cmVlC1 and for p-type

silicon Yp is 1.78* 102 cm s К .-2 -Itz-1

A plot of Eq. (3.28) ln(r„f) versus 1000/Г is called an Arrhenius plot. The capture 
cross section CT„ can be extracted from the intersection of the plotted line and 1000/T 

axis, and the impurity energy level E, can be resolved from the slope of the Ime.

Energy levels located in the upper half of the band gap can be detected with majority 
carrier pulses with n-type substrates and in the lower band gap with p-type substrates. 
The other half of the band gap can be investigated with minority carrier pulses. Schot,ky 

diodes do not inject minority carriers efficiently unlike pn-diodes. W„h pn-d,odes 
minority earner emission can be examined in addition to majority earner emiss.on and 

impunties in both upper and lower half of the band gap can be identified [4].

23



4 Gettering of Impurities

Getting is a common method for the reduction of metal impurities in the active 
regions of semiconductor wafers. Graff [1] has defined it to be the dtssolutton of 

unwanted metal impurities followed by their diffusion and precipitaban tn an area of 

the sample where they do no, deteriorate the derice performance. This area can be a 

heavtiy doped zone or any region outs,de the electncaUy active zone where the tmpunty 

precipitates do no, affect the eiectricai behavior of the device. Utt.ce tmperfect.ons m 

the back surface or in the bulk of the wafer are effective gettering centers. The meta 

rmpunties segregate strong,y to these defects. Different gedenng mechan,sms are

displayed in Fig. 4.1.

Extrinsic/Internal Gettering |

Contaminants

HCl, TCE

si h
•© 40)
/

Chemical
Gettering

_•___i.
Epl. SI

si(Ge) °zoneed , 1 Intrinsic/internal Gettering

x\ Internal 
defects

Stress, Delects

W—’ШНШ'

poly-Si film Si3N, film

I I у P diffusion 
Ion Implantation 

Laser irradiation

Sand-blasting 
Mechanical abrasion

I Extrinsic/External Gettering

Fig. 4.1 Different gettering techniques for silicon wafers [9].
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Gettering is always linked to temperature processes at sufficiently high temperature to 

dissolve all previously precipitated impurities and for the solubilities of the impurities to 

exceed their concentration in the sample. The cooling rate at the end of the treatment 
when the impurity atoms become supersaturated is decisive for the gettering efficiency 
in relaxation gettering. During this period the impurity atoms have to be able to diffuse 

to the gettering zone. This is illustrated in Fig 4.2.

Dissolution of Fe Into Si

Solubility
Limit

\ Lower
— Silicide

¡\ Temp.

Time -
Nucléation and Precipitate 

Growth Regime

Fig. 4.2 A typical thermal cycle of IC fabrication showing where nucléation and 

precipitation are most likely to occur [21].

The necessary diffusion time for the impurity metal depends on the distance to the 
gettering zone and on the squared diffusion length L of the respective impurity metal,

Eq. (2.3).

Nickel and copper are fast diffusing while iron is moderately fast diffusing. Thus iron 
can be used as a trace impurity for gettering [1]. If iron is gettered during a given 

cooling period, nickel and copper are also gettered.

4.1 Gettering mechanisms

There are two main gettering mechanisms, relaxation gettering and segregation 

gettering [27]:
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. In relaxation gettering heterogeneous precipitation sites are intentionally formed 

away from the device region. Impurity supersaturation, which typically occurs 
during cooling of the sample, is required. The driving force is the disequilibrium 

of the interstitial impurity concentration caused by precipitation in the bulk. The 

difference from equilibrium is expected to decay as exp(-!/i), where r is a 
characteristic time for the approach to local equilibrium within the gettering

zone [27].
. Segregation gettering is driven by a gradient or a discontinuity in the impurity 

solubility. The region of higher solubility acts as a sink for impurities from the 
lower solubility region. Segregation coefficient S is defined as the ratio of 

equilibrium impurity solution in the gettering region C,«„ to the solubility in the

gettered region C*v [28]

s=Sf!L (4.1)
Crfev

At lower temperatures the segregation coefficients increase while metal 

diffusivities decrease. So at a given temperature the impurity atoms are 
supersaturated in the lower solubility region and migrate to the higher solubility 

region. The ideal temperature for segregation gettering is a balance between the 

segregation coefficient and diffusivity.

4.2 Extrinsic Gettering

In extrinsic gettering a high concentration of dislocations or stacking faults is introduced 

to the back surface of the wafer. This can be done by grinding, scratching, sound 

stressing, ion implantation, or sandblasting the surface or with an intense laser beam [5]. 

The sample is then subjected to high temperature treatment; at about 1000 °C. 

Segregation gettering is usually the active mechanism. Metal impurities diffuse rapidly 

in silicon at high temperature all the way to the area of high defect concentration and are

trapped there.
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4.3 Internal G ette rl n g

In traditional internal gettering the high oxygen concentration of Czochralski-grown 
silicon wafers is utilized. Oxygen is first out-diffused from both front and back surfaces 

in a long heat treatment at very high temperature (1050 - 1200 °C) in a nitrogen 
atmosphere, forming denuded zones. Oxygen in the bulk of the wafer can then be 

nucleated and grown with proper heat treatments, discussed in Section 7. Basically after 

the denuded zone formation there has to be a low temperature nucléation process and 

high temperature precipitation growth process. Precipitates of oxygen are formed within 

the wafer, outside the electrically active zone, where they act as gettering centers for the 

impurities. During a following heat treatment at about 900 °C and a subsequent cooling, 

metal precipitates are formed close to these centers. Possible sinks for internal gettering 

are displayed in Fig 4.3. Iron precipitates preferably at oxygen precipitate surface [29,

30]

Contaminants

• ••
Strain field

SI interstitials Oxygen atomsSI-0 precipitates
Oxy. ppt-lnduced 
lattice defects

Silicon substrate

Fig. 4.3 Possible sinks for internal gettering [9].

The cooling period at the end of this heat treatment is shorter for internal gettering than 

for extrinsic gettering because of the distance of the impurities to the gettering zone. 
Relaxation gettering is the active mechanism. The denuded zone width is typically 

substantially below 100 (xm while the wafer thickness is about 500 firn.
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There are also other internal gettering techniques such as implantation induced gettenng 

[31, 32] and gettering by epitaxial wafers. There is also modem alternative for oxygen 

precipitation gettering and DZ formation that utilizes RTA. During a RTA treatment 
the grown-in oxide precipitate nuclei shrink and because of vacancy outdiffusion during 

cooling the subsequent growth of the precipitate nuclei is suppressed in the region near 

the surface of the wafer [33]. The vacancy out-diffusion takes place if the cooling rate 
after the RTA treatment is sufficiently high. Middle of the wafer will not be affected by 

vacancy out-diffusion. In a traditional high-low-high anneal these precipitate nuclei are 

destroyed during the out-diffusion phase and have to be recreated during following 

phases. The denuded zone defect density is claimed to be much lower after RTA than 

after conventional outdiffusion anneal, while the depth profile of the defect density is 

less steep. This allows the creation of excellent denuded zones without oxygen out

diffusion anneal. Falster et al. have patented a so-called MDZ® technique [34] that uses 

RTA for DZ formation. They claim that with this method it is possible to precisely and 

reliably control the oxygen precipitate density and denuded zone width independent of 

the oxygen content of the wafers or the crystal growth parameters [35].

28



5 Detection Methods

There are a multitude of methods to detect impurities in silicon. With aid of these the 

unwanted impurities in the bulk of wafers and on their surfaces can be investigated. The 

methods can be divided into three groups: detection of total impurity content, detection 

of dissolved and electrically active impurities, and the detection of precipitates.

5.1 Total Impurity Content

The detection of total impurity content, by chemical or physical techniques, is 
expensive. It requires special equipment, which is generally located in chemical 

analytical laboratories because they are widely used in purposes other than to the 

analysis of semiconductors. Their sensitivity is limited and often varies, depending on 

the impurity to be detected. For these reasons experts should be consulted before

starting investigations.

All the techniques to detect total impurity content are based on similar principles. An 
electron, ion, or photon beam is directed at the surface, which causes backscattering of 

incident particles-waves or the emission of secondary particles-waves. The properties of 

these particles-waves like mass, energy, or wavelength are characteristic of the taiget 

elements or compounds.

Some analytical methods and their features are listed in Table 5.1 NAA stands for 

Neutron Activation Analysis, SIMS for Secondary Ion Mass Spectrometry, TXRF for 

Total-Reflection X-Ray Fluorescence Analysis, and RBS for Rutherford Backscatteiing 

Spectrometry. The term spectroscopy is used for qualitative methods, and spectrometry 

for quantitative methods.
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Table 5.1 A few properties of some analytical techniques [4].

Technique Depth
Resolution

Detection Limit 
(atoms / cm"3)

Destructive Analysis lime

NAA 1 pm о о No 2d

SIMS 1-30 nm io14-io18 Yes 1 h

TXRF 5 nm 10IU cm'4 No 30 min

RBS 20 nm 101У - ioiU_ No 30 min

5.2 DissolMed Impurities

Transition metals dissolved in silicon are electrically active. They have deep energy 
levels in the forbidden band gap. There are three bulk properties in silicon that are 

mainly used to investigate electrically active defects:

• The capacity of the space-charge region

• The minority carrier lifetime

• The charge carrier concentration

Deep Level Transient Spectroscopy, DLTS, is based on the capacitance variation of the 

space-charge region. The technique is extensively covered in Section 6.

Another method for the detection of dissolved impurities in the bulk of the sample is to 

measure the minority-carrier lifetime % which is affected by deep-level impurities,

basically according to Eq. (5.1)

1 (5.1)7 OC ----
NT

Distinguishing between different impurities is however not possible with these 

techniques, because the inverse total lifetime is the sum of the inverse partial lifetimes. 

Short lifetimes can also result from high concentration of defects with low capture 
cross-sections or from low concentration of defects with high capture cross-sections or 
precipitates. Another problem is the dependence on surface recombination velocity of 

the sample, especially in thin wafers of high purity. The surface recombination velocity 

can be somewhat decreased with proper treatment, oxidation, dipping in certain
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solutions, or etching. The major advantage is that that these methods are contactless and 
measurements can be made at room temperature. Of these techniques Photoconductance 

Decay (PCD) and Surface Photovoltage (SPV) are the most commonly used. As the 

names imply they are optical methods.

In PCD excess carriers are created by illuminating the wafer with a pulsed light source. 

Electrons and holes are created in pairs and charge neutrality in the sample is preserved. 

The sample conductivity is however increased proportionally to the light intensity. After 

the illumination the conductivity decreases. The time-dependent decay can be measured 

with microwaves thus enabling determination of the carrier lifetimes at many points of 

the wafer and high-resolution mapping. The maps can be used to indicate regions of the 

wafer that have been contaminated during processing.

Squared diffusion length of charge carriers and respective lifetime are correlated. In 

SPV this is utilized by measuring the diffusion length instead of the carrier lifetime. The 

method is based on the generation of excess charge carriers in the near-surface region of 

the sample by irradiation of light at various wavelengths. Due to band bending at the 

sample surface minority carriers are collected and photovoltage can be measured 

between the front- and backside of the sample.

The diffusion lengths of Fe and FeB -pairs vary and that can be used to determine the 

iron concentration in the bulk of silicon with SPV measurements. The diffusion length 

is first solved with Fe and В paired, then the pairs are dissociated with heat or light and 

the measurement is repeated. From this information the iron concentration can be 

calculated [23, 24].

5.3 Precipitates

Almost all atoms of some impurities, including common Cu and Ni, precipitate even 

during quenching from high temperature. Precipitates could be de investigated with the 

methods described in Section 5.1, but these are, as noted, expensive and time 
consuming. There are no other methods for the accurate detection of precipitate 
concentration or their chemical nature, but the so-called haze test can be used for quick
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and inexpensive investigation. The test consists of a short heat treatment at about 1050 

°C followed by a medium-fast cooling period and a subsequent preferential etch of the 

wafer [1]. The haze forming impurities, Co, Ni, Cu, Rh, and Pd, accumulate precipitates 

at the surface region of the wafer. The precipitates can be revealed with etching and 

subsequently examined in a spot light. For a semi-quantitative evaluation of impurity 

concentration the intensity of the scattered light can be measured. Sensitivity of the haze 
test is claimed to be about 1012 cm"3 for nickel and 1013 cm"3 for copper [1].
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6 DLTS

Deep Level Transient Spectroscopy (DLTS), developed by Lang [2], is a powerful tool 

for the investigation of electrically active defects in semiconductors. It is based on 

earlier C-t and I-t measurements, which were time-consuming. With DLTS the data 

acquisition techniques became automated and the measurements feasible. Almost all of 

the parameters associated with electrically active deep impurities can be determined, 

including impurity concentration, energy level, capture cross section, and concentration 

distribution. With these the impurity in question can be identified. Very low impurity 

concentrations can be detected with DLTS, even four or five orders of magnitude less 

than the shallow donor concentration ND of the sample. In a silicon sample with 50 £2cm 
resistivity this means the detection of contamination concentration of about 1010 cm"3. 

At present there are no alternative techniques for measuring deep energy levels of such 

low concentrations [4, 36].

6.1 Theory

DLTS can be explained with capacitance transients, discussed in Section 3, and “rate 

window” -concept. The sample to be measured has to be a Schottky contact or a pn- 

diode, because the measurements are made on the space-charge region of the 

semiconductor. Suitable metals for Schottky contact formation are titanium and 

magnesium for p-type silicon and gold and palladium for л-type silicon [1]. Periodic 

reverse biased voltage pulses are applied to the contact while the sample is cooled or 

heated. The capacitance over the space charge region changes between pulses. The rate 

window produces a peak output when the time constant of the input transient 

corresponds to a reference value set on the instrument [37]. Peaks are generated in a 

temperature scan when trap emission time and the reference value match. In boxcar 

integrator, a simple rate window, the capacitance is measured at two selected points of 

time, t\ and r2, and the DLTS signal at a given temperature is the difference between 
these capacitances. This is illustrated in Fig 6.1. With high temperature the transient is 

fast and there is no difference between the capacitances, and with low temperature there
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is no difference because the transient is slow. Between these extremes the capacitances 
vary and DLTS signal is formed.

C(t,)-C(t2) 
Capacitance [a.u.]Time [a.u.]

Fig. 6.1 The formation of DLTS spectrum with a boxcar integrator [1].

The capacitance difference SC in a boxcar integrator can be derived from Eq. (3.13)

SC = C(,,)-C(t2) = £!^(e-'’'’- -«-'■"•) (6.1)

where emission time constant re is temperature dependent, which is displayed in Eq. 

(3.28). DLTS signal is formed when re is of the same order of magnitude with t\ - i2. 

This is displayed in Fig. 6.2.
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Fig. 6.2 (a) Transient capacitance curves and (b) corresponding SC versus T data [4].

The capacitance difference SC in Eq. (6.1) has a maximum SCmax at temperature 7,. 

Differentiating Eq. (6.1) gives a corresponding те,max

t2-h (6.2)
ln(f2/f,)

Eq. (6.2) is independent of the magnitude of the capacitance and the signal baseline 

need not to be known. Measuring the DLTS -spectrum for a particular gate setting h 

and h gives one point on а 1п(те^) versus 1 IT plot, called the Arrhenius plot, named 

after the Swedish chemist Svante Arrhenius. The measurement is then repeated for
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another gate setting to generate a second point. In this manner several points am 
obtained and an entire Arrhenius plot generated. Typically ratio .2 / -, remains fixed, 

because that way only the position of the peak is changed, not the shape.

The signal to noise ratio is proportional to the square root of the gate width [38], so the 

gate width should be sufficiently large. Eg. (6.2) should be modified by changing f, to t, 

+ Ar and t2 to Г2 + At, where At is the gate width.

The impurity density N, can be derived from Eqs. (6.1) and (6.2) by setting ¿Стах - SC, 

at the peak of SC - T curve, and assuming тф) = N„

N. =
C

<5Cmax 2Nne[[rKr-')Ur]] = SCmM 2NDr
Cn 1-r

r/(r-l)

1-r
(6.3)

where r = hl t\.

Several refinements have been made to the basic boxcar DLTS technique. In Double- 

Correlation DLTS (D-DLTS) [39] pulses of two different amplitudes are used instead of 

the one-amplitude pulse. With this technique the impurities within a given spatial 

observation window in the space-charge region can be detected and thus trap density

profiles can be obtained.

In Constant Capacitance DLTS (CC-DLTS) the capacitance of the space-charge region 
is held constant during the carrier emission measurement by dynamically varying the 

applied voltage during the transient through a feedback path [40]. The time-varying 
voltage holds the trap information. CC-DLTS has slower circuit response due to the 

feedback circuits. It is however well suited for trap density profiling, has been used for 
interface-charge measurements, and it permits more accurate DLTS measurements of 

defect profiles for high Generation-Recombination center densities [4].

Lock-in amplifiers are used instead of boxcar integrators because they are more 
standard instruments and cheaper. Lock-in amplifier DLTS has also been shown to have 

a better signal to noise ratio than the boxcar DLTS [41].
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The operation principle of a lock-in amplifier is displayed in Fig. 6.3 and the signals of 

a lock-in amplifier in Fig 6.4. The operation of the system is synchronized with three 
time based signals, the reference signal for lock-in amplifier, the hold signal for track- 

and hold circuit, and the trigger signal for the pulse generator [42].

Trigger Pulse

Cryogenic
System

Pulse
Generator

Capacitance
Meter

Pulse
Transformer

D.C. Bias

Temperature
Controller

Up/Down
Counter

Oscilloscope 
CHI CH2

X-Y
Recorder

Lock-In
Amplifier

Sample

Time Base 
Generator

Track-and-Hold

Fig. 6.3 The operation principle of lock-in amplifier DLTS [42].
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(a)
Trigger Pulse

Output of Track-and-Hold

Lock-In Reference Signal

(b)

(c)

(d)

(e)

(f)

Fig. 6.4 The signals of lock-in amplifier DLTS: (a) trigger pulse, (b) pulse generator 
output, (c) capacitance meter output, (d) holding signal, (e) output of track-and-hold,

and (0 lock-in reference signal [42].

The pulse generator sends pulses like in Fig 6.4 (b). DLTS peak can be obtained, when 

the frequency of the pulses has the right relation with Te. The junction capacitance acts 
as in Fig. 6.4 (c). It can be seen that the capacitance signal is very large during the bias 

pulse and shortly afterwards, which would overload the capacitance meter. The lock-in 

amplifier is also very sensitive for transients and is easily overloaded. For this reason 
the largest transients are removed from the capacitance signal with the aid of holding 

signal in Fig 6.4 (d). The result is the signal displayed in Fig 6.4 (e). Usually the 

sufficient delay time for the elimination of the transients is td = 0.1 T, where T is the

pulse period.
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The output of a lock in amplifier is [41]

SC = - GC0nT(0)re
Nr

-1,1'r, r, j2 (6.4)

where G is the lock-in amplifier and capacitance meter gain. Differentiating Eq. (6.4) 

allows Te max to be determined from the transcendental Equation (6.5) [4]

Ty e,max y

For a typical delay time of t¿ = 0.17’, те тм = 0.447’. An Arrhenius plot can be generated 

when pairs of re and T are known. The trap density N, for SC = ¿¡¡Cmax can be derived 

from Eqs. (6.4) and (6.5) assuming m{0) = N, and /¿ = 0.17’

, T-t.
1 +--- d-

-(Г-2(,,)/2/,.г (6.5)

ДГ _ ^^max NQ

' cn G (6.6)

Instead of keeping the lock-in frequency constant and varying the temperature, it is also 

possible to make the measurement the other way round, by keeping the temperature 

constant and varying the frequency instead. With constant temperature the emission rate 
is also constant.

Other DLTS techniques include Correlation DLTS [41], Isothermal DLTS [43], 

Computer DLTS [44], Interface Trapped Charge DLTS [45], Optical DLTS [46], and 
Scanning DLTS [47].

6.2 Error sources in DLTS measurements

There are some problems with DLTS measurements. Some devices have high reverse- 
bias leakage currents. The DLTS peak amplitude of leaky MOS capacitors decreases 
much more strongly than expected with slower rate windows [4]. This is induced by
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competition between earner capture due to leakage cunen, and thermal emission. The 

leakage current can be assumed to be [48]

, rril -Ы kT
J,enk=aT e

(6.7)

.Here a and » are temperature independent constants that can be determined from 

measurements of Л„* vs T using leas,-squares method. The same equation has also been

assumed to be [4]

Ji,nk ~ с{АТ2е~Ел1кТ
(6.8)

Considering this Eq. (3.28) becomes [4]

<Ec-E,)kT

теТ1 =•

(6.9)

Assuming Eq. (6.9) is valid i, can be concluded that there will be errors in the trap 

energy and capture cross section extracted from an Atfhenius plot. DLTS measuremen 
on highly leaky have been earned on, with two similar dtodes driven ,80 out of ph.

[49]. The schottky contacts should be evaporated in sufficiently good vacuum 

conditions, pressure < 10 s mbar, in order ,0 achieve low leakage currents [1].

The effective area of the contacts may vary somewhat from the actual area, especially if 

the contacts are evaporated through a grid mask. This may cause some error 
capacitance signa, as can be seen in Eq. (З.П) and subsequently ,0 the measure 

impurity concentration. The effective area of a contact is usually slightly larger t an

actual area [1].

The DLTS rate window is based on the assumption that the transient signal is

unsuitable for DLTS analysis. Possible causes for these non-exponent,al decays are 

[37]:
• Nt is not small compared to ND.

40



. „ depends on «he cleome field and vanes with position through the depiction

region due to the spatial variation of the electric field.

. Value of =„ at a particular trap depends on the loca, env,tournent m , = «У-
• a tnr there is variation in the nearest neighbor species In an alloy semiconductor there is varmuu

leading to distribution of e„ values through the sample.

Interfacial layers, such as thin ox.de rematning on the semieonduc— bamer mem,

a rtPiiifc into the spectrum and modity tne is evaporated, may introduce peaks into P hVh mav release
. , ,,71 The peaks are associated interface states, which may release

capacitance transient [37]. ine реакь a

trapped carriers.

Another problem with DLTS measurements is the device series resistance Ы par*l 

conductance. With high series resistance the DLTS signal can become zero or 
reverse sign Majority earner traps can be mistaken for minor,,у earner traps. The e 
Ilice prob,L can be tackled by inseriing additional external resistance , , 

circuit and a check for sign reversal. In modem DLTS the senes resistance 

particular problem because it is basically dc measurement [4].

Incomplete trap filling, «he ,-effect, can also be a problem (50,. This causes drffemnee 
between the free catrier depletion width nv and the deeP-dono, epletion width ^ 

This effect should especially be taken into consideration when relation ,

not hold [51].

IP addition to these the sample temperature has to be controlled and measured 
L U у m order to do this the temperature meter should be placed as Cose a 

"Io ,he sample and «he rate o, temperature change kep, low. The = ne 

me,=r should be sufficiently fas, to follow the smalles, transient of intere «. 
measurement should be carried out in dark in order to avoid radiation effects.
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6.3 Equipment

The Electron physics .abora,о,y has a, its disposa, DLS-82E DLTS equtpment, owned 

by Okmetic. It has a lock-in amplifier. Basically the operation pnnciple ,s the same as 

displayed in Fig 6.3. The equipment consists of a sample holder, DLS-82E, a cryosta , a

compressor, a vacuum pump, and a computer.

The sample, size about 10 mm * 10 mm, is placed within a vacuum chamber, where the 
temperature can be controlled from 8.5 К to 330 K. The temperature can be measured 

With two silicon diodes and controlled with a closed cycle helium refngerator and a 

Q heating resistor. One of the diodes is placed directly below the sample local,on * 

the other is funher away. The temperature controller and DLS-82E are connected to 

computer, DLS-82E through a GBIB adapter and cable. DLS-82E can t e con r 
Zgh the computer. The measurement results can be collected with Sem ab 

evaluation software, which automatically calculates the shallow donor concentra ,on 

and built-in voltage from C-V data with linear regression and the .mpunty concen ra ton 
and energy level from DLTS scans with either Gaussian or true shape f.ttmg. In t e 
tn meter the test signa, frequency is 1 MHz and the s.gna, is ICO mV rms. The 

carrier cross-section can be deduced by Arrhenius plott,ng several D scans 
program also includes comprehensive impurity library and the Arrhen.us plots 

impurities for silicon and some other semiconductors.

DLS-82E provides voltage as DLS output level and peaks are normally plotted in пЛЛ 

The voltage scale is between -1000 mV and +1000 mV. Trap concentration is obtamed 

by re-plotting the vertical axis using following expressions [52]:

D *BSо _ *__ * /V
' 1000 c0

r BS^

\ c° 1.8
(6.10)

(y.. -V)
X/ - 9 * <? *N,-2 i

(6.11)
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where 5 is DLTS level in »C units, D is DLTS leve, in mV, BS is bndge sens, v iy, 

„ЮСЙ is the sensitivity function of the capacitance bridge, 1/1.8 .. shape acor 
Xnaülg from lock-in averaging of transients, and V, and V, are levels of the f 

pulses. The sensitivity function takes into account the dependency of the sens,,,«,у 

the bridge on the compensated capacitance.

m addition to C-V measurement, temperature scan, and frequency scan, DLS-82 can be 

used to measure depth profiles, with two pulses of different amplitudes a, constan 
temperature. This measuremen, should be perfonmed at a frequency corresponding 

peak maximum. The amplitudes of the pulses are vaned wh„e ,he difference between

them remains constant.

Capture cross section can also be measured a, constant temperature by selecting two 

pulses of equa, amplitude and decreas,ng the width of the second pulse. The capture 
Loss section is then calculated from the dependence of the peak ampliti, e on the pu, 

width. The benefit of this is the elimination of the influence of the edge layer effect У 
repeating measurements a, different temperatures the temperature dependence of 

capture cross section can be investigated.

Electrica, field dependence can be exam,ned by mak,ng frequency scans at constant 
temperature and varying the reverse pulse amplitude. Constant capactance feedback

loop is also provided.

6.4 Measurements and discussion

the experiments silicon wafers were intentionally contaminated by iron in SCI 

solution. Then thermal oxides, both we, and dry, were grown in furnaces. After tins the 

iron concentration was measured w„h DLTS. Also a clean wafer was measure or

comparison.

The object of the measurements was to study if high surface iron contamination can be 

gettered by oxidation, as is implied by Graff [1]. He claims that when ox,dation ,s
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impurities are gettered within the oxide layer. In less clean furnaces the earner lifetime 
may be reduced due to indiffusion of additional impurities from the surroundings. In 
these experiments both dry- and wet oxidation were tried, also on the same wafer, and 

with oxide removal phase in between.

Experiments were performed on p-type Czochralski-grown four-inch silicon wafers, 

resistivity 50-100 £2cm, thickness 525±25 pm, which were clean before processing. The 

wafers were first subjected to different heat treatments and cleaning solutions, listed ,n 

Table 6 1 The oxide was first removed with HF and then the samples were intentionally 

iron contaminated in SCI solution (5:1:1 H2O:H2O2:NH40H) in order ,0 cause 
sufficient iron concentration on the surface. Heat treatments were carried out in order to 

diffuse the iron into the bulk of the wafers. A2.900 DRY refers to dry oxidation for 15 

min and 15 min in inert atmosphere at 900 °C in the A2 tube of the furnace in Helsinki 

University of Technology Microelectronics Center and 1000WETOX to dry oxidation 

for 5 min, wet oxidation for 80 min, and 5 min in inert atmosphere at 1000 °C at 

Okmetic. Oxide thickness of the samples is estimated with Icecrem 4.3 software.

Table 6.1 Wafers and their treatments.

Name Cleaning 1st heat
treatment

After 1st heat 
treatment

2nd heat
treatment

Simulated oxide 
thickness fnm]

10 SCI A2.900DRY 8
496

13
17

21
25

SCI

SCI
SCI

1000WETOX
A2,900DRY

A2.900DRY
1000WETOX

Removal of 
oxide + SC 1

iooowetox 496

1000WETOX 497
496

After the treatments listed in Table 6.1 SPY measurements were made, after which the 

oxide layer was removed and all the wafers were cut in two halves. About 5-10 pm 

silicon was further etched from the other halves of the wafers. This was done to gam 
some information on the differences of iron concentration on the surface and in the bulk 

of the sample. The letter E is hereafter added to the names of the etched samples, for an 

example the etched half of wafer 10 is called 10E.

The samples were prepared for DLTS measurements by cutting them to 10 mm wide 
slices and before evaporation of titanium Schottky contacts treating them in diluted 1:10
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HF solution in order to remove the native oxide. 4.15 mm2 circular contacts were then 

evaporated with electron beam evaporator through a grid mask. Titanium exhibits getter 

effects during evaporation, which improves the vacuum.

After evaporation the silicon slices were further cut to pieces of about 10mm* 10 mm m 
order to fit them to the sample holder of the DLTS system. In/Ga (75.5%/24.5%) alloy 

was used for backside ohmic contact. The alloy is liquid in room temperature and can be 

scratched through the native oxide layer into the surface of silicon with a diamond file. 

Atoms of both In and Ga form acceptors in the silicon lattice and dope it [53]. The 

contact resistance of In/Ga -contact on a p-type wafer is sufficiently low and remains so

for a long time [54].

The DLTS measurements were made several days after the last heat treatment and the 

contact evaporation so that almost all Fe atoms were paired with B. C-V measurements 
were carried out first by sweeping the reverse biased voltage over the diode from 0 to 5 
V. The shallow donor concentration and the built in voltage were acquired from 1 / C2 

fit. Examples of the C-V measurement and 1 / C2 fit of sample 10E are displayed in Fig.
6.5 and Fig 6.6 respectively. The temperature scans were then performed with 2.5 kHz 

frequency from 300 К to 40 K, an example in Fig 6.8, in order to make sure that no 

other peaks were present than the expected Fe-В peak. The Fe-В peak is situated at 

about 57 К when the frequency is 250 Hz. The C-V measurement was repeated at this 

temperature in order to achieve more accurate Fe-В concentration data [1], because 
carrier concentration and built in voltage are temperature dependent. The amplitude of 

the peak was then measured with a frequency of 250 Hz and a low rate of temperature 
change, because the measurement is more accurate when carried out slowly. From this 

peak the concentration of iron was solved. The results are presented in Table 6.2 and

Fig 6.9.
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Fig. 6.5 C-V measurement of sample 10E.

3.5 ■

3.0 •

2.5

Uo1 tage CU1

From the slope of the 1/C2 fit of Fig. 6.6 the No value can be calculated, when the area 
of the eontact is known. V« can be denved from the cross-section of the straight Ime 

with the x-axis. The V« values obtained this way often deviate from the tabulated values 

of Schottky-theory. According to the theory the Schottky barrier height <*. of titan,urn 

on p-type silicon is 0.61 eV, and the relation of the qV<„ and <i«W is Eq. (6.12) [11]

'Bn

kT . ,
=vu+vH+—-W

(6.12)

where is the depth of the Fermi level below the conduction band and Ьф is the image 

force barrier lowering.
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From Fig. 6.6 a value of 1 V can be estimated for Vu. In the 50- 100 Qcm range and 

type samples the V„ value is approximately 0.83 V. If the terms KTtq and A# are ignored 

as they are quite small, we get a banter heigh, ф, of about 1.8 eV. So the value of П, 
by far too high. The vana,ion of V„ can be explained by several factors. In an .deal 

Schottky diode there is no interfacial layer between the metal and the sem,conducto,, 
but actually a narrow oxide layer or a layer of some other material could be presen, for 

an example. In this work an effort was made to remove the native oxide pnor to the 

evaporation of titanium, but it took about 10 minutes to transfer the samples to the 

evaporator after the removal of oxide in diluted 1:10 HF solution and further two hours 

of pumping to sufficient vacuum confions, dunng which time some nat.ve ox.de may 

have grown. There could have been some impurities present in the HF solut.on 
contributing to the interfacial layer. The leakage current and series resistance as well as 

a capacitance due to periphery of the depletion region and a stray capacitance assoc,ated 

with the mounting arrangement and leads may affect the measured capacitance too [37].

The interfacial layer introduces a potential difference between the metal and 

semiconductor and it may give rise to localized charge at the semiconductor surface, as 
well as interface states of the diode [37]. These contribute to the сарае,tance of the 

diode. Also the deep states present in silicon close to the surface may influence the 

evaluated V», value. Deep states may also affect the capacitance, if their dens.ty « h.gh, 
over 1» of the dopant concentration [4]. The effect of deep states is a complicated 

function of density and energy level of the traps. The influence of these states ,s 
pronounced with low measurement frequencies, when the deep states are able to 
respond to the signal [11]. The frequency dependence of the measured V« was stud.ed 

with two different equipment and two different measurement frequencies, 1 Mhz and 1 

kHZ. The measurement results are displayed in Fig. 6.7.
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6.7 The frequency dependence of evaluated V« value. The V« value obtained for

this sample was -0.4 V.

From Fig 6.7 it can be seen that by fitting the straight line in voltage range from О V to 

1 V or from -1 V to -5 V a different value for both V« and ND is obtained. With higher 
reverse btas voltage the width of the space-charge region is larger and thus the effect of 

defects close to the surface is decreased. In this work the fitting of the stratght Ime -s 

mostly done on the whole voltage range from 0 V to -5 V. However, to get a more 
accurate value of V« the fitting should actually be made as close to 0 V value as 

possible, because effective majority carrier dens,ties further away from thejunct.on may 
alter the shape of the curve and thus the evaluated V„ value. Also high electncal fields 

increase the effective barrier height by contributing to the image bamer he.ght, even by 

0.2 eV with an electrical field magnitude of - 8* 105 V/cm [11].

The effects of the Vu values listed in this work on the measurements are small and 

should be constdered accordingly. For the evaluation of the barrier hetght to be less 
dependent on the interfacial effects Blood et al. suggest the measurement of the I-V

characteristics of the diode [37].
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Fig. 6.8 The DLTS spectrum of sample 10E at 2.5 kHz, Fe-В peak seen at about 63 K.

Table 6.2 The Fe concentrations measured. Almost all of Fe was paired with B, so the 

actual Fe concentration can be considered equal to the measured Fe-В concentration.

Name
sample

of the

10
13
17

Surface 
concentration 
DLTS [cm 3]
3.6*10
1.1*10

21
25

3.0*10Tг
2.7*10ТГ

1.7*10ТГ

Fe
by

Bulk
concentration
DLTS [cm"3]

Fe
by

2.9*10tг
9.7*10
2.3*10TГ

2.5*10'-
ГПГ1.3*10'

Fe concentration by 
SPV [cm 3]

4.7*10
1.6*10Ж
5.2*10тг
5.5*10
3.0*10

тг
тг
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Fig. 6.9 Fe concentrations measured. The samples are from left to right 10, 13, 17, 21, 

and 25. » and + are surface and bulk concentrations measured with DLTS and ♦ is the 

concentration measured with SPY.

SPY measurement results can be used to determine the iron concentrations in bulk 

samples see Chapter 5.2. The concentrations evaluated with SPY are, as usual [24], 

somewhat higher than the concentrations measured by DLTS. They are however of the 

same order of magnitude. Comparing the measurement results of the samples we can 
see that iron concentration of sample 13 is two orders of magnitude less than the 

concentrations measured for other samples. This was expected, because this sample was 
not contaminated like the others. Sample 10, which underwent only dry ox.dat.on 
anneal, has the highest non concentration, but only slightly higher than samples 17 and 

21 which received wet oxidation treatment subsequent to the dry ox.dat.on. Of the 

contaminated samples the lowest iron concentration, about half of the concentration 
measured from other samples, was found on sample 25. This was the only sample that 

received wet oxidation treatment first, so the difference in iron concentration could be 

due to faster oxidation rate and higher oxide thickness acquired during this anneal. More 

iron close to the silicon surface was trapped within the oxide layer, but the difference is 

small due to the high diffusion rate of iron compared to the oxidation rate.

Comparing DLTS and SPY measurements we see that there is a slight deviation with 

the sample 10, where the Fe-В concentration measured by DLTS higher than those of
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samples ,7 and 21, while the concentration measured by SPY is lower, Th,s could reso , 
from the heat treatment at higher temperature that samples 17 and 21 have recetve^ 
However, more probably this is due to the lower oxide thickness of sample 10 [55]. The 

low oxide thickness can cause measurement emo, in SPY. Generally the hunt of 

inaccuracy in SPY measurements is about 10%, for DLTS even less. The tnegubr tron 

distribution resulting from the nature of SCI contamination was cons.dered 

dominant error. More reliable contamination methods are being developed.

Comparing the surface and bulk measurement results we see that the surface Fe-B

concentration of sample 17 is higher than .ha, of sample 21, 
concentration of sample 17E is lower than that of sample 21E. The distort en^h 

maps measured with SPY can explain this. Diffus,on lengths vary somewhat «.dun the 

wafer due to the nature of the SCI contamination and it can be assumed that t e iron 
concentrations vary as well. The DLTS measurements on sample 17 were made on s о 
diffusion length area and the measurements on sample ITE on higher diffus,on length 

area. With samples 21 and 21E the situation was reverse.

From these measurements it can be concluded that oxidation is no, an efficient method 

for the ge,tering of surface iron contamination, a, leas, with «lus low nupun,y 
concentrations. However, with higher oxidation rates and oxide thickness the mon 

concentration could be somewhat diminished.
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7 Denuded Zone

The surface reg.cn of Czochra,ski-grown siheon wafer .ha, is processed so .ha, the 

oxygen concentration is reduced is catted a denuded zone. It ,s formed m g 

temperature process when the oxygen is ou,-diffused. The oxygen content rema,ns g 

in the bulk of the sample and this can be used in internal gettenng by growmg 
precipitates in the bulk. In a subsequent hea, treatment the meta, impunttes c ose ,0 , 

surface are diffused into the bulk and precipitate there on the surface of the «И» 

precipitates and related defects, such as punched ou, dislocations and stack,ng - 

thus improving the cleanness of the active surface region.

this experiment the denuded zone was first grown and oxygen precipitates formed. 

The wafers were subsequently contaminated with iron in SCI solut,on. Then the wa eri, 
were hea, treated after which the cooling rate and the pul. out temperature were vaned. 

The cooling rate detennines the ge,tering efficiency, which was measured by DLTS.

Y 1 Formation of Denuded Zone

The denuded zone can be formed by a three step high-low-high 

example of this is displayed in Fig. 7.1.

heat treatment. An

PRECIPITATE'DENUDE

NUCLEATE

8 12 16 20 24

TIME (h)
Fig. 7.1 An example of a three step thermal cycle to form a denuded zone [13]
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The first step in the high-low-high anneal is a h.gh temperature denuda,ton. In thts 

phase oxygen close to the surface is out-diffused and a zone of lower oxygen content is 

formed The higher the temperature and the longer the treatment, the more oxygen is 
out-diffused. Examples of oxygen profiles after anneals a, 1,00 °C are shown in Ftg.

DEPTH (цт)

Fig. 7.2 Interstitial oxygen profiles as a function of depth for different annealing times 

(marked on the curves in hour units) a, 1100 °C. The initial oxygen content C„,„ =

8*1017 cm"3 [13].

The second step is the nuc,cation, where cores of oxygen precipitates are formed within 

the silicon lattice at relatively low temperature, typically in the range from 400 C to 

750 °C [56]. The oxygen clusters are mostly formed homogenously and cannot be

detected by present techniques.

In the third step the centers formed in the previous phase are grown, so that they can be 

detected and so that their surface area increases. Once the precipitates are formed, they 

can either grow or dissolve. If the radius of the precipitate in a given temperature is 
higher than the critical radius the precipitate grows. The higher the temperature, the 

higher the critical size, as is shown in Fig. 7.3. With higher temperature also the growth
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rate is higher, for which reason the temperature is often ramped with low rate of change 
between steps two and three of the high-low-high anneal, in accordance with the critical 

sizes. The bigger the precipitate, the more lattice imperfections and subsequently

gettering sites around it.

—д— High Oi

Low Oi

Temperature (°C)

Fig. 7.3 Critical size for oxygen composition in silicon samples containing high and low 

oxygen concentrations, simulated by Kehon et al. [141. n* is the number of oxygen 

atoms in the precipitate.

7.2 Sample Preparation

In this work the as received Czochralski-grown wafers were subjected to high 

temperature anneal, presented in Table 7.1. There were n-type wafers of resistivity 

between 3-3.9 Qcm, p-type wafers of resistivity between 5-15 Qcm, and high resistivity

p-type wafers, 50-100 Qcm.
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Table 7.1 The first anneal of the process.
Temperature [°C] Rate of temperature 

change [°C / min]
Time

850LUdUl Hi-,
850 10 min

oldUlllZullig,
Ramp up 10 20 min

15 min
Oxidizing
Ramp up

1050
4 12 min 30 s

20 h
Denudation
P amn Hnwn

1100
-4 1 h 15 min

Unloading 800

The total time of this process was 22 h 12 min. Iron-boron pair concentration measured 

by DLTS after this anneal was 6*10 9 cm3.

After this anneal some wafers were removed from the batch and measured with the 

lifetime scanner. This was done in order to confirm that the wafers had not become 

contaminated during the process. From SPY and jtPCD maps it was concluded that the 

high temperature anneals in the furnace tube did not cause excessive contaminai,on on 

the wafers. These wafers were not returned to the batch after measurements because 

they might have become contaminated when brought out of the clean room.

The remaining wafers were subjected to two subsequent anneals, listed in Tables 7.2 

and 7.3. The whole annealing process. Tables 7.1-3 combined, is displayed in Fig. 7.4.

Table 7.2 The nucléation anneal.
Temperature [°C] Rate of temperature 

change [°C / min]
Time

550 _________________

Nucléation
Unloading

550
550

6 h
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Table 7.3 The growth anneal.

Loading
Ramp up

Ramp up

Ramp up
Growth
Ramp down
Unloading

Temperature [°C]

550

800

950

1100

800

Rate of temperature 
change [°C / min]

0.5

Time

8 h 20 min

2 h 30 min

-4

1 h 15 min
16 h
1 h 15 min

The
total time of the growth anneal was Id 5h 20 min. Iron-boron pair concentration

measured by DLTS after this anneal was 2.8* 1010 cm 3.

Time [h]
7.4 The whole three-step anneal used for DZ formation.

There was a bit of somewhat unnecessary handling of the wafers in the process, as they 
were transferred to the storage box and held there between anneals of the Tables 7.1-3. 

This was done because the total time of the process would have been awkward if all the 

heat treatments were carried out uninterrupted. Additionally by splitting the process into 

three parts it was possible to monitor the cleanness of the processes and the oxygen
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behavior individually phase by phase. The contamination levels acquired during this 

handling were considered to be negligible compared to the subsequent intentional iron 

contamination. Samples were sent for STRM and EB1C measurements and preliminary 

results of both techniques show DZ widths in the range of 40 to 80 pm.

The oxide was removed and the wafers were RCA cleaned before contaminating them 
in SCI solution. After this some wafers were removed for TXRF measurements. The 

rest of the wafers were annealed at 900 °C for 30 min in order to diffuse the surface iron 

contamination into the bulk. The cooling rates, pull out temperatures, and pull out 

velocities were varied after this step. The iron contamination was expected to be about 

з-ю'2 cm-3 according to the measurements of Chapter 6, so the highest pull out 

temperature was set to 850 °C. According to Eq. (2.2) the solubility of iron at this 

temperature is 1.2Ч013 cm 3, which is well above the expected iron concentration.

The samples, high resistivity p-type silicon, were prepared for DLTS measurements in 
the same way as the samples in Chapter 6.4. They were first cut to slices and before 

evaporation of titanium Schottky contacts dipped in diluted 1:10 HF solution. Contacts 
were then evaporated with electron beam evaporator through a grid mask. After 

evaporation the silicon slices were further cut to pieces of about 10mm* 10 mm tor 

DLTS measurements. In/Oa (75.5%/24.5%) alloy was used for backside ohmic contact.

7.3 Measurements and discussion

DLTS measurements were carried out about one week after iron in-diffusion anneal and 

subsequent cooling. At this time over 90% of the iron had paired with boron, but not all. 

The results can be seen in Table 7.4. The measurements were made with 2.5 kHz 
frequency, because there were some problems with the temperature sensor. This did, 

however, not affect the evaluation of FeB pair concentration.
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Table 7.4 The measurement results of the first internal gettering test series

Sample Cooling Fe
concentration
[cm3]

Vbi (from 
C-V data) 
[V]

Nd (from
C-V
data)
[cm3]

EL-01-11-14-01 
(No DZ)

900—>850°C: 4°C/min 
pull-out at 850°C,
velocitv 25 cm/min

4.4*10“ 0.69 1.3*10

EL-01-11-14-02 900—>850°C: 4°C/min 
pull-out at 850°C,
velocity 25 cm/min

6.9*10‘l " 0.23 1.2*10

EL-01-11-14-04 900—>850°C: 4°C/min 
pull-out at 850°C,
velocity 3 cm/min

4.4* 1011 ~ -0.27 1.2*1014

EL-01-11-14-06 900—>850°C: 4°C/min
850—>700°C: l°C/min 
pull-out at 700°C,
velocity 3 cm/min

5.5*10“ -0.40 1.3*10

EL-01-11-28-01 900—>750°C: 4°C/min 
750—>600°C: 0.5°C/min 
pull-out at 600°C,
velocitv 25 cm/min

3.5*10“ -0.57 1.4*10

EL-01-12-13-01 900—>800°C: 2°C/min 
800—>520°C: 0.2°C/min 
pull-out at 520°C,
velocity 25 cm/min

6.6*10'‘ " -0.33 1.4*10

As can be seen from the table the iron concentrations obtained in this test series were 
lower than expected. The contamination procedure was, however,^ the same as with the 

samples of Chapter 6.4, where iron concentration was about 3*10 cm .

Varying the cooling rate had no impact on the iron concentration in the space-charge 
region. It was concluded that the cooling rates required are more easily controlled 

during ramping in the furnace tube than during pull-out from the furnace tube. Neither 
was however sufficient for the gettering of iron at concentrations of about 5*10n cm"3. 

However slow ramping in the furnace had some effect on the capacitance of the space- 
charge region, which grew consistently with lower cooling rates, resulting in lower and 

even negative barrier heights in C-V data fitting. The one exception to this rule was the 
slowest cooling tested on sample EL-01-12-13-01. The variation of Vbi is discussed in

Chapter 6.4, see Fig. 6.6.
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According to Eq. (2.3) and (2.5) the diffusion time of iron through 80 pm denuded zone 

at 700 °C is 164 s, while the solubility at the same temperature according to Eq. (2.6) is 

1 l*10n cm"3, so the cooling rates tried were at least sufficiently low. The Eq. (2.6) is 

actually valid only in the temperature range of 900-1200 °C, but can be used for lower 

temperatures in the case of intrinsic or lowly doped silicon [19]. Fig. 2.2 displays the 

effect of doping on the solubility of iron in silicon, but only little data on the subject was 

found. The measurements of McHugo et al. [19] indicate that the solubility of 50 - 100 
£2cm p-type silicon at 700 °C is quite close to 1.1*10H cm"3. As the cooling was 

extended to 520 °C with sample EL-01-12-13-01, the solubility enhancement is not the 
only phenomenon responsible for the internal gettering limit of about 5*10n cm"3. 

Shabani et al. [57] have measured the Fe solubility of 1.3*1015 cm"3 boron-doped silicon 

(10 £2cm). According to their results the Fe solubility at 700°C is about LTO cm and 

the solubility at 600°C is about 5*10n cm"3. The solubility is still increased with higher 

doping concentration.

After acquiring these results the remaining DZ samples were re-contaminated in SCI 

solution with added Fe impurities. In this test the container for the SCI solution was 
made of glass, which resulted in even more impurity atoms being incorporated to the 

samples, also other than iron. Quartz container would have been better for controlled 

contamination of the samples, but such containers were unavailable during this work.

DLTS measurements were again first carried out about one week after iron in-diffusion 
anneal and subsequent cooling. The C-V measurements were repeated one month after 

the annealing to acquire more precise Np values. The DLTS measurements were made 

with 2.5 kHz frequency. The results are displayed in Table 7.5 and Fig. 7.5.
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Table 7.5 The measurement results of the second test series of internal gettering of iron

in silicon.

Sample Cooling Fe
concentration
[cm3]

Vbi (from 
C-V data) 
[V]

Nd (from
C-V
data)
[cm''1]

EL-02-02-01-03 900—>850°C: 4°C/min 
pull-out at 850°C,
velocity 25 cm/min

8.9*10IZ 0.11 1.3*1014

EL-02-02-01-04 900—>850°C: 4°C/min 
850—>700°C: l°C/min 
pull-out at 700°C,
velocity 25 cm/min

2.6* 10l2 -0.2 1.4*1014

EL-02-02-08-02 900—>850°C: 4°C/min 
850—>600°C: l°C/min 
pull-out at 600°C,
velocity 25 cm/min

2.1*10'z -0.15 1.3*1014

Also p-type silicon samples without DZ treatment, resistivity between 5-15 fícm, were 

contaminated simultaneously with the DZ wafers. The iron concentration of these 
samples was measured by SPY. The measurement results of DZ wafers and similarly 

treated non-DZ wafers are compared in Fig 7.5 and Table 7.6. The variation of Vbi is 

discussed in Chapter 6.4, see Fig. 6.6.
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3

Pull-out temperature [°C]

Fig. 7.5 Measured iron concentration as a function of the pull-out temperature from the 
furnace tube as measured on non-DZ wafers with SPV (squares) and DLTS (mangles) 

and on DZ wafers with DLTS (diamonds). The cooling rate of the samples w.thm the

furnace tube was ГС/min below 850°C.
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Table 7.6 Comparison of measurement results of SPY and DLTS samples ________
.--------------- ---------tt; _____Pp rnn centrati on Fe concentration
Cooling Fe concentration

measured in DZ 

samples by DLTS 

[cm"3]

Fe concentration

measured in non-

DZ samples by 

SPY [cm"3]

Fe concentration

measured in non-

DZ samples by 

DLTS [cm"3]

900—>850°C: 
4°C/min
pull-out at 850°C, 
«toirv-it-v rm/min

8.9*10li 2.3*10^ 6.1*10

------- ----------Г5

900—>850°C: 
4°C/min
850—>700°C: 
l°C/min
pull-out at 700°C, 
xjolncitx/ OS rm/min

2.6*10l¿ " 8.6*10i2 2.5*10

900—>850°C: 
4°C/min
850—>600°C: 
l°C/min
pull-out at 600°C, 
velocity 25 cm/min

2.1*10,¿ 7 1*1012 2.6* 1012

In Tables 7.5-6 and Fig. 7.5 we can see that the iron concentration of the samples was 

diminished with lower pull-out temperatures, so some Bettering did take place, both m 
DZ wafers and non-DZ wafers. The Bettering in DZ wafers was a bit more efficient with 
cooling, but some of this could result from the difference of the Fe solubilities of the 

samples due to the doping concentrations [57]. The iron contaminations after the 

cooling are still rather high, and the lower concentrations measured by DLTS on non- 
DZ wafers than in DZ wafers with high pull-out temperatures were unexpected. The 

wafers did have different dopant concentrations, which could affect DLTS 

measurements and the oxygen content of the non-DZ wafers and their possible defect 
distribution were unknown. In the contamination procedure HA was added to the SCI 
solution after every two wafers, of which first one was a DZ wafer and the second a 

non-DZ wafer. This could affect the iron content of the solution a little, but not much. It 
should be noted that the No values obtained by C-V measurements from samples of 

Table 7 5 were about double compared to those listed when first measured one week 

after the in-diffusion anneal. The No values displayed in Table 7.5 were measured about 
one month after the anneal. The amplitude of the DLTS peaks remained prachcally
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constant during this period. According to Eq. (6.11) N, is directly proportional to ND. 

The Nd value obtained through C-V measurements is actually the effective majority 

carrier density, not the dopant concentration [4]. Usually they are approximately the 
same, but this is not always the case, for an example when interface traps or deep-level 

dopants are present. In the samples of Table 7.5 the iron concentration alone is quite 

high compared to the actual dopant concentration, and there might be some additional 

impurities present, from the glass container of the SCI solution, that may as well have 

contributed to the effective carrier density. In the non-DZ samples the dopant 

concentration is substantially higher and this effect is negligible.

The SPY measurements on non-DZ wafers yielded exceptionally high iion 

concentration when compared to DLTS results. This could again be due to additional 

impurities originating from the glass container. It should be noted that the DLTS 

measurements were all taken from rather small area, 1 cm , while the SPY result is 

calculated from the average diffusion length of the contaminated area, about 60% of the 

four-inch wafer. Iron concentrations measured by SPY in the area of DLTS contacts aie 

presented in Table 7.7. SPY cannot be used for accurate evaluation of iron 
concentration in DZ wafers, because the oxygen precipitates affect the diffusion length. 

If the concentration of iron in DZ samples is low, below 5*10 , SPY cannot be used at 

all.

Table 7.7 Iron concentrations on non-DZ samples by SPY in the approximate area of 

DLTS contacts.

Cooling Fe concentration measured in non-DZ 

samples by SPY [cm 3]

900—>850°C: 4°C/min
pull-out at 850°C, velocity 25 cm/min

2.2* 1013

900—>850°C: 4°C/min
850—>700°C: l°C/min
null-out at 700°C, velocity 25 cm/min

8.4*1012

900—>850°C: 4°C/min
850—>600°C: l°C/min

1 pull-out at 600°C, velocity 25 cm/min

6.9* IO12

___________________________________

Extending the cooling below 600°C or lowering the cooling rate could possibly result in 

lower iron concentrations, especially with DZ wafers. However, Henley et al. [21] claim
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that maximum iron precipitation occurs in the temperature interval of 500-600°C. 

Cooling slowly through this critical regime could result in homogenous non 

precipitation within the denuded zone.

The measurement results are consistent with those of Graff et al. [58]. where some 
ge,tering is observed in non-DZ wafers, also in float zone wafers, in add,non to IG 

wafers Their measurement results are displayed in Fig. 7.6. With high cooling 

there is practically no difference between the IG and Czochralski non-DZ iron 

concentrations, but with slower cooling the gettering in IG samples is more eff.cent.

CZ-Si >

10000100 '000 
Cooling rote (orbiti, units)

Fig. 7.6 Iron concentrations of FZ, CZ and IG silicon wafers as a function of the cooling 

rate. Between 10 and 1000 the arbitrary units are the velocities in mm/min used durmg 

pull-out of the sample from the furnace tube. Higher and lower values, achieved by 
quenching to room temperature or ramping down in the furnace tube are estimated and

converted to the same scale [58].

Others have also found that there is a limit for iron concentrations obtained in internal 
gettering. Geranzani et al. [59] have never found iron concentrations lower than 2- 

3*10“> or 2-3*10" in internal gettering samples, depending on the initial concentration. 
For low level of contamination the gettering temperature is lower, but with higher level 

of contamination the same final concentration cannot be reached. They expla.n the Imut 

of internal gettering by an iron solubility value significantly higher than expected by 

using Eq (2 6). For low iron contamination levels the supersaturation takes place at 
relatively low temperature, thus a shorter time is available for the relaxation mechanism.
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Their simulations predict that higher gettering efficiency could be achieved through 

increasing the oxygen precipitate density.

The simulations of Smith et al. [60] yielded similar results to those of Geranzani et al. 

[59]. In Fig. 7.7 three different wafer designs are displayed. Their results show that 
highest gettering efficiency is attained by combining oxygen precipitate gettering with 

epitaxial gettering. With only oxygen precipitates present the Fe concentration reaches 
an asymptotic value of about 3*10u cm"3. The gettering efficiency of only the epitaxial

layer is the lowest of these three.

IG only 
epi and IG 
solubility limit

Temperature (C)
Fig. 7.7 Simulation of cooling from 1000°C at 0.5°C/s for three wafer designs. Fe 

solubility limit in silicon is also displayed [60].

In Fig. 7.7 in the IG gettering the iron concentration drops quickly in the early part of 

the cooling, but remains fixed below 600°C. Smith et al. [60] explain this by the 

inability of the system to transport mass across the DZ width. They state that these 

simulation results are consistent with their experiments. Their simulations also show the 

dependence of the final iron concentration on the initial concentration and the increase 
of the gettering efficiency with higher gettering site densities. The total volume of the 
gettering sites was held constant in these simulations to show that the increased 

gettering effect is based only on their density. On the other hand Takahashi et al. claim
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that oxygen precipitates with large size and low density have larger gettering efficiency 

of iron during cooling from high temperature [61].

The oxygen precipitates in the DZ samples were small and their density high according 

to preliminary SIRM measurements. This should be ideal situation for iron gettering, 
but the measurement results show somewhat poor gettering behavior. Both SIRM and 

preliminary EBIC measurements show DZ widths in the range of 40-80 pm. Higher 

gettering efficiencies could be achieved with lower DZ widths.

66



8 Conclusions

DLTS is a useful and well-established tool for studying deep level impurities such as 
iron in silicon. Very low concentrations can be measured, even below IO10 cm3 in high 

resistivity samples. The measurements are, however, destructive and time consuming 

and require the fabrication of Schottky-diodes on the samples. Impurity concentration is 

measured in the space-charge region of the diode.

In this thesis DLTS was used for studying the internal gettering efficiency of iron in 

silicon. The samples were heat treated through a high-low-high cycle to create a 

denuded zone close to the surface and oxygen precipitates in the bulk. The internal 

gettering of iron on a silicon precipitate surface occurs through the relaxation gettering 

mechanism, which takes place during slow cooling of the sample from high 

temperature. Iron is gettered first when the solubility decreases below the impurity 

concentration. Only then iron is forced to precipitate and does this favorably on the 

oxide precipitate surface [29, 30]. When iron concentration close to the precipitates 

decreases, atoms close to the surface diffuse into the bulk in order to reach equilibrium. 
The lower the cooling rate, the more efficiently iron is gettered. Once the gettering 

centers are formed, internal gettering can be incorporated into the last high temperature 

treatment of a fabrication process.

The first contamination test series of the thesis showed no gettering behavior. The 

impurity levels attained in the intentional contamination procedure were lower than 
expected, in the region of 5*10" cm"3. It is widely known that there is a limit on the iron 

concentration that can be reached in internal gettering with oxygen precipitates [59, 60]. 

In the second contamination test series the iron content in the contamination procedure 

was increased to about 1*1013 cm'3. Now gettering was observed in both DZ and non- 

DZ samples, as was expected. The iron concentrations after the gettering were, 

however, still rather high, even with slow cooling to low temperatures. Cooling of the 

DZ samples from 700 to 600°C resulted in better gettering efficiency, while no more 

iron was gettered in the non-DZ samples in this temperature range. The resistivity of the 
samples to be used for gettering studies by DLTS in the future should be chosen 

according to the impurity concentration range being planned.
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At present the gettering efficiencies that can be achieved with internal gettering on 

oxygen precipitates are not sufficient to reach the levels imposed by ITRS [17]. 
However, the actual threshold of contaminant concentration to bring about functioning 

silicon devices is higher, so optimized internal gettering could be used in many 

applications. The effect of impurities should be examined directly by studying the 

leakage currents of actual devices after gettering treatments. Lowering the DZ width 

and altering the density and size of oxygen precipitates should result in improved 

gettering behavior.
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