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ABSTRACT 

Microdefect-free denuded zones at the surfaces of wafers sliced 

from selected positions along Czochralski (CZ)-grown silicon single 

crystals were investigated by means of both optical microscopy (0PM) 

and transmission electron microscopy (TEM). Specimens were taken from 

the central region of these wafers, previously subjected to specific 

thermal treatments. 

The results of this investigation show that the denuded zones 

formed at the wafer surfaces depend strongly on the thermal history of 

the wafers, e.g., annealing sequence, ambient, and time, etc. Evidence 

shows that oxygen out-diffusion in the near-surface region of a wafer 

is the dominant mechanism for denuded zone formation. Clear denuded 

zones were observed in wafers containing high initial oxygen concentra

tions, when annealed employing conditions in which oxygen out-diffusion 

is enhanced (e.g., in a high-low, two-step annealing). 

xi 



CHAPTER 1 

INTRODUCTION 

Since the 1950's, semiconductor technology has grown very 

rapidly, especially during the last two decades. The geometry of 

semiconductor devices shrinks continuously and the number of semicon

ductor components in a silicon chip has steadily increased. The 

density of devices has advanced from integrated circuits (IC) to large-

scale integrated circuits (LSI). The same trend is continuing to 

advance toward very-large-scale integrated circuits (VLSI) in which a 

single silicon die will contain more than one million components (Liaiv, 

1982). 

Along with the development of semiconductor devices, semicon

ductor material technology has always played an important role in 

providing the high-quality starting materials necessary for the elec

tronic industries. The development of single-crystal growth techniques 

has facilitated the production of semiconducting substrates of high 

purity and perfect crystallinity. There are two major methods, float-

zone and Czochralski, for growing silicon single crystals for semicon

ductor device applications. Silicon crystals grown by the float-zone 

technique contain fewer impurities than crystals grown by Czochralski 

technique, but the latter has historically been more economical. The 

Czochralski technique has been scaled up for production very rapidly. 

1 
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More than 75% of the silicon crystals grown for semiconductor fabrication 

employ the Czochralski method (Butler, 1982). The current industry 

standard for Czochralski crystals is 4 to 5 inches in diameter, with 

a pilot production size of 6 inches or larger. 

The Czochralski technique produces essentially dislocation-free, 

high-quality single crystals. But the crystals still contain two major 

unintentionally added impurities: oxygen and carbon. The oxygen is 

usually derived from the dissolution of the quartz crucibles during 

crystal growth. It exists in the silicon crystal as isolated intersti

tial atoms. Typical concentrations of oxygen in silicon crystals range 
1 O lO *7 

from 1.2 x 10 to 2.0 x 10 atoms/cm . At the melting point of 

silicon, the equilibrium concentration of oxygen is much higher than at 

lower temperatures. Hence, after cooling, a silicon crystal is over-

saturated with oxygen. During the high-temperature diffusion and 

oxidation steps in device fabriation processing, the oxygen tends to 

restore to its equilibrium value at the processing temperatures, hence 

oxygen precipitation occurs. The oxygen precipitates are primarily 

substrate defects and are detrimental to the electronic devices. 

Furthermore, the oxygen precipitates may generate secondary defects such 

as dislocations and stacking faults, and may act as preferential conden

sation sites for metallic inpurities. 

The carbon in Czochralski crystals is usually derived from the 

graphite susceptors used to heat the crucibles, but some may result from 

carbon contamination in the polycrystalline silicon-source material. 

Carbon is believed to exist in the form of substitutional atoms in a 
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silicon crystal. Carbon concentrations are usually about 1 or 2 orders 

of magnitude lower than that of oxygen (Hu, 1973). Some precipitation 

of carbon can also be expected to take place during cooling of 

Czochralski crystals after growth. Carbon precipitates are believed to 

act as nucleation sites for oxygen precipitation during high-temperature 

diffusion and oxidation processing (Inoue et al., 1981). 

The existence of primary microdefects (precipitates) and secon

dary microdefects (dislocation loops and stacking faults) in the silicon 

substrate active areas where the devices are built up, can affect the 

performance of mainly: (1) p-n junction leakage enhancement; (2) current 

channeling or tunneling in either the forward or reverse direction; and 

(3) minority carrier lifetime degradation (Monkowski, 1981). These 

defects can severely reduce the quality and yield of semiconductor 

devices. To fabricate electronic devices, various diffusion and oxida

tion steps are involved. The diffusion and oxidation processes are 

usually carried out at high temperatures (e.g., 750°-1200°C) under 

different anibients, such as Ar, N2, O2, and N2 + HC1, depending on the 

process. The active region of devices is generally several microns 

below the substrate surface (Monkowski, 1981). 

In order to meet the performance requirements of semiconductor 

devices, especially for VLSI development, it is desirable to have high-

quality silicon substrates with a defect-free or nearly defect-free zone 

in the active region of the substrates. Such a zone is called a 

"denuded zone" (DZ). If a denuded zone can exist at the silicon wafer 
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surface, the quality and yield of the semiconductor devices will be 

greatly increased. 

Denuded zones have been studied since 1975. A denuded zone is 

generally defined as a defect-free zone, although Kugimiya, Akiyama and 

Nakamuta (1981) defined the denuded zone as a zone in which the density 

5 3 of microdefects is less than 10 /cm . Work has been done to investigate 

the formation of the denuded zone on silicon wafers under different 

heat-treatment conditions. Denuded zones ranging from a few microns up 

to 170 microns have been observed by different authors (Matyja et al., 

1975; Magee et al., 1981; etc.). 

There are several factors affecting the formation and depth of 

the denuded zone in wafers. They are heat-treatment sequence, tempera

ture, ambient, time, initial oxygen concentration in grown-in silicon 

wafers, and controlled extent of back-surface damage in wafers. The 

effect of some of these factors as investigated by different authors 

are not conclusive. Furthermore, the mechanisms of the formation of 

denuded zones suggested by different authors still remain controversial. 

In this study, the effects of heat-treatment variables, such as 

sequence, ambient, time, and the effects of initial concentration of 

oxygen and carbon, on the formation and depth of the denuded zone have 

been investigated by optical microscopy (OPM) and transmission electron 

microscopy (TEN!). The mechanism of the denuded zone formation is dis

cussed. The optimum heat-treatment conditions for obtaining denuded 

zones on the silicon wafer surface are also suggested. 



CHAPTER 2 

THEORETICAL BACKGROUND 

Major Impurities in As-Grown Czochralski 
Silicon Crystals 

As mentioned in the introduction, the Czochralski (CZ) method, 

first practiced by Czochralski (1917), is the most widely employed 

method for silicon crystal growth today. Czochralski-grown silicon 

crystals are essentially free of dislocations. However^ there are still 

several kinds of impurities that are either intentionally or unintention

ally added to silicon crystals during crystal growth. They are mainly: 

dopants, oxygen, carbon, and metallic impurities. The two major 

unintentionally added impurities in silicon crystals are oxygen and 

carbon. 

Carbon 

Carbon is introduced into crystals through the original poly-

crystalline silicon-source material and the graphite susceptors used to 

heat the crucibles (Bonora, 1981). Graphite heaters react with oxygen 

which is always present in the inert growth ambient (Ar or He) in a 

concentration of several ppm. The reaction products, CO and CO2, dis

solve into the silicon melt (Liaw, 1979). 

Carbon atoms in silicon crystals generally occupy the substitu

tional sites (Newman and Willis, 1965). They are electrically inactive. 

5 
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The maximum solubility of carbon in CZ-silicon is approximately 5.0 x 

17 3 
10 atoms/cm (Liaw, 1979). The carbon concentration varies along a 

crystal since the equilibrium distribution coefficient of carbon in 

silicon is far from unity (Kc = 0.07; see Table 1). It varies from 

16 3 17 3 
10 atoms/cm at the seed end to 10 atoms/cm at the tang end of a 

typical CZ-grown silicon crystal (Hu, 1973). 

Carbon concentration can be measured by several techniques: 

activation analysis, solid mass spectrometry (SMS), lattice parameter 

measurement using double-crystal X-ray diffraction, and the infrared 

absorption method. The infrared absorption method is the most widely 

used method and it has become a standard technique for the measurement 

of carbon and oxygen concentration in the semiconductor industry (Liaw, 

1979). The presence of carbon atoms in substitutional sites causes 

absorption of infrared at the 16 ym absorption band. The concentration 

of carbon is proportional to the intensity of the absorption (Liaw, 

1979). 

Carbon precipitates present in silicon crystals are in the form 

of g-SiC (Newman and Wakefield, 1962; and Hu, 1973). In general, the 

precipitation rate of carbon is very slow (Bean and Newman, 1971). The 

covalent bonding of carbon with silicon can hardly be changed by heat 

treatment (Liaw, 1979). Wang and Kulkarni (1980) disagreed with Newman 

and Wakefield (1962), and they indicated that since both the diffusivity 

and concentration of carbon impurities are quite small, it is unlikely 

that carbon could precipitate out as carbide particles. 
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Table 1. Equilibrium distribution coefficients and diffusion 
coefficients of some impurities in silicon.* 

Impurity k D(10"4 cm2/sec)** 

Boron 0.8 2.4 

Phosphorus 0.35 5 

Antimony 0.023 1.5 

Oxygen 1.25*** 1 

Carbon 0.07 0.485 

Iron 8 x 10"6 2 

Aluminum 0.002 7 

Copper 4 x 10"4 2 

* From Wakefield, 1978, 1980. 

** For diffusion in solid near the melting point. 

***Contrary to the previously accepted value of k = 1 for oxygen 
(assumed by Kaiser and Keck, 1957, the value of k = 1.25 was 
experimentally determined by charged particle activation 
analysis, Yatsurugi et al., 1973). 
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Carbon is always interrelated with the presence of oxygen. 

Matsushita et al. (1980) found that an increasing thermally induced 

microdefect density has a strong correlation with initial carbon concen

tration in the wafer. They pointed out that the oxygen precipitates are 

heterogeneously formed at sites which had certain correlation with carbon 

atoms. These results imply that the agglomerates of carbon atoms may act 

as nucleation sites for oxygen precipitation. Craven (1981) also found 

17 *5 that high-carbon material (1.5 x 10 /cm ) caused oxygen precipitation 

more readily than low-carbon material with equal initial oxygen concen

trations. Recently, Dehrlein et al. (1982) proved that carbon-oxygen 

complexes act as nucleation centers for the precipitation of oxygen. 

Oxygen 

Oxygen is also unintentionally added to silicon CZ crystals 

during crystal growth. Oxygen comes from the dissolution of the quartz 

(Si02) crucible wall. The surface of the crucible which is in contact 

with the silicon melt is gradually dissolved into the melt by the 

reaction: 

Si02 + Si -*• 2SiO 

This reaction during crystal growth contributes to the presence of 

oxygen in silicon crystals (Liaw, 1979). 

Oxygen atoms normally occupy interstitial sites of the silicon 

lattice. They are electrically inactive. The maximum solubility of 
i o 3 

oxygen is about 2.0 x 10 atoms/cm (Liaw, 1979). Unlike carbon, the 

equilibrium distribution coefficient of oxygen is greater than unity 
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(Ko = 1.25; see Table 1). This implies that oxygen is preferentially 

taken up into the crystal from the melt during the growth process. The 

oxygen concentration decreases linearly from seed end to tang end of 

silicon crystals (Butler, 1982). It was found that the oxygen concen

tration reaches a minimum value at the position where 80% of melt is 

pulled, and then starts to increase slightly toward the tang end (Varker, 

1981). This is due to the increase of surface/volume ratio of silicon 

melt. Generally, the seed end may contain twice as much oxygen as the 

tang end in a normal CZ silicon crystal (see Fig. 1). 

The radial distribution of oxygen concentration in a wafer is 

also nonuniform and shows a steep decrease of oxygen in the region near 

the rim of the wafer due to the out-diffusion of oxygen during the 

crystal growth process. The widths of the oxygen out-diffusion region 

may range from 0.5 cm at the tang end to 1.0 cm at the seed end in a 

3-inch-diameter crystal (Liaw, 1979). 

Oxygen concentration also can be measured by the infrared adsorp

tion method. The presence of oxygen atoms causes absorption of infrared 

at the 9 ym absorption band. The concentration of oxygen is propor

tional to the intensity of absorption (Hrostowski, 1959). 

The solubility of oxygen in silicon crystal strongly depends on 

the temperature (see Fig. 2). At temperatures below the melting point, 

the oxygen in silicon is in a supersaturated, non-equilibrium state. 

When silicon wafers are subjected to device fabrication processes, 

i.e., to thermal treatments at temperatures above room temperature for 

appropriate durations, the supersaturated oxygen tends to precipitate 
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High Oxygen 40 

Medium Oxygen 

01 
CO Low Oxygen 

8 20 • • 

Ingot Diameter 100mm 10 
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Ingot Length (top-to-bottom/inches) 

Typical process variance of oxygen concentration 

Fig. 1. Qxitrol® process controls oxygen concentration. --
Typical process variance of oxygen concentration 
in a silicon ingot ranges over 16 ppma, top to 
bottom. With NBK's Qxitrol process, this vari
ance range can be narrowed to a 6 ppma window. 
Silicon specifiers can choose +_ 3 ppma of oxygen 
concentration variance about any point--from 20 
to 40 ppma. Three of the many possible 6 ppma 
"control windows" are shown (from Butler, 1982). 



Fig. 2. Solubility of oxygen vs. 10^/T(K) (from 
Craven, 1981). 
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out from interstitial sites to reach its thermodynamic equilibrium 

value. Kaiser and co-workers (Kaiser, 1957; Kaiser et al., 1958) 

observed that precipitation of oxygen starts at 400°C by forming thermal 

donor complexes which are electrically active. During high-temperature 

processes, the donor complexes lose their electrical activity and form 

the nuclei of the precipitates. 

Oxygen atoms can play both beneficial and detrimental roles, 

depending on applications. Butler (1982) pointed out that oxygen atoms 

have a pinning effect on dislocations in silicon. Higher oxygen concen

trations can increase the critical resolved shear stress in silicon by 

a factor of four, which translates to reduced thermal slip in wafer 

processing. Also, oxygen can act as the intrinsic gettering sites for 

metallic impurities, e.g., copper, gold and other heavy metals (Butler, 

1982). However, higher concentrations of oxygen also cause higher 

density of microdefects (Craven, 1981). If the microdefects appear in 

the active region of the substrate material, they can severely affect 

the properties of the device, such as junction leakage enhancement, 

minority carrier lifetime degradation, etc. (Monkowski, 1981). There

fore, oxygen level control is very important for improving wafer 

quality, and hence the yield and performance of semiconductor devices. 

Today, some companies, like NBK Corporation and Monsanto, can 

produce silicon single crystals with a specific concentration of oxygen 

uniformly distributed along the axis (see Fig. 1). Compared to the 

typical process variance of 16 ppma over the length of the ingot, NBK 

can offer oxygen concentrations within much narrower bands, e.g., any 
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point of oxygen concentration--from 20 to 40 ppm (Butler, 1982). Benson, 

Lin and Martir (1981) have shown that the use of double crucibles and/or 

continuous melt replenishment will achieve a uniform axial distribution 

of oxygen. 

Oxygen Precipitation in Silicon 

As mentioned in the last section, the supersaturated oxygen 

atoms tend to precipitate out to reach the equilibrium solubility limit 

at the processing temperatures during diffusion and oxidation. The 

oxygen precipitation in silicon mainly depends on the critical nucleus 

radius, r*, and the nucleation rate, I. It is believed that nucleation 

in solids can be treated by the application of the classical nucleation 

theory (Becker, 1938; Turnbull and Fisher, 1949; Hornbogen, 1969). 

Critical Nucleus Radius 

According to nucleation theory (Verhoeven, 1975), there is 

always a critical nucleus radius, r*, for nucleation to occur in a solu

tion at a certain temperature. If the radius of a cluster originally 

existing in the solution is greater than r*, it will become the nucleus 

for a new phase to precipitate out, because in this case, the free 

energy change for the nucleation is negative, i.e., the precipitation 

is favored. If the radius of a cluster is smaller than r*, it will tend 

to shrink, because the free energy change for nucleation is positive in 

this case. The value r* can be determined by the equation (Verhoeven, 

1975): 
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for homogeneous nucleation, and: 

* , "2t»B 
aB AGg 

for heterogeneous nucleation, where y and yag are the surface free ener

gies of the nuclei simply taken as the surface tensions for homogeneous 

and heterogeneous nucleation, respectively. AGg is the bulk-free energy 

change of the nucleus. 

Craven (1981) calculated the critical radius, r*, for oxygen 

precipitation in silicon crystals. The equation he used was r* = 

(2a/AH) (T /T -T), where a is the interfacial energy between oxygen pre

cipitate and matrix, AH the volume enthalpy of formation, Tg the solu

bility temperature for the oxygen content outside the precipitate, and 

T, the processing temperature. Both Tg and T are in °K. He assumed a 

spherical shape of oxygen precipitates for ease in calculations, 

although previous results (Wada, 1980) indicated that the majority of 

precipitates may be platelets. The results from our TEN! study (discussed 

in later chapters) also show that the oxygen precipitates are platelets 

lying on {100} habit planes. Craven (1981) used 2a/AH = 1.2 x 10 ® cm 

for his calculations. His results showed that r* depends both on 

temperature and oxygen concentration. The higher the temperature and 

the lower the oxygen concentration, the larger r* will become (see 

Fig. 3), since the value (T /Tg-T) is greater in both cases. Hence, 

during heat treatments, the clusters whose radii are greater than the 

r* for oxygen nucleation, will continuously grow, while those clusters, 
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CROW 

Fig. 3. Critical radius for various oxygen concentrations. --
Curves plotted are for oxygen concentrations from 25 
ppma to 40 ppma (from Craven, 1981). 
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of which the radii are smaller than the r*, will gradually shrink in the 

silicon crystals. 

Nucleation Rate 

The nucleation rate I, is also temperature-dependent. It is 

defined (Verhoeven, 1975) as: I = dn/dt = no. of atoms joining a nucleus/ 

sec-vol. The nucleation rate I can be determined by the equation: 

AG. + AG* 
I = Kyexp ( ) 

where Ky is taken as a constant, AG^ is the activation energy for an 

atom jumping from the liquid onto the solid nucleus, and AG* is the free 

energy of formation of critical-sized nuclei. 

AG. 
The term exp (- is a measure of the mobility of the atoms, 

AG* and it increases as the temperature increases. The term exp (- -^-) is 

a measure of the driving force for nucleation and it decreases as the 

temperature increases. The competition between these two terms causes 

the nucleation rate, I, to peak at a certain value of temperature. For 

oxygen precipitation, the mobility of the atoms depends on the diffu

sivity of oxygen atoms in silicon and the driving force for nucleation. 

The diffusivity of oxygen atoms increases with increasing temperatures. 

The driving force for nucleation depends on the extent of supersatura-

tion, which decreases with increasing temperature. 

Craven (1981), and Inoue, Wada and Oosaka (1977) found that the 

maximum nucleation rate was at about 750°C for oxygen precipitation in 

silicon. Inoue et al. also found that at 750°C, and for oxygen content 
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17 3 
of '11 x 10 atoms/cm , the nucleation rate for oxygen precipitation was 

7 3 about 10 nuclei/cm -sec. 

Oxygen Nucleation Mechanisms 

There are several mechanisms proposed by different authors for 

oxygen precipitate nucleation process such as the homogeneous nucleation 

mechanism (Freeland et al., 1977; Oosaka and Wada, 1979; Takaoka, Oosaka 

and Inoue, 1979), the heterogeneous nucleation mechanism (Ravi, 1975; 

de Kock and Van de Wijgert, 1979; Chikawa and Shirai, 1979; Shimura, 

Tsutomu and Kawamura, 1980a; Series, Barraclough and Bardslau, 1981; etc.), 

the combination of homogeneous and heterogeneous mechanisms (Batavin, 

1970), as well as the homogeneous nucleation involving the reaction of 

oxygen atoms with vacancy complexes (Hu, 1981). 

The homogeneous nucleation model is based on simple oxygen 

supersaturation nuclei formed by simple agglomeration of oxygen atoms. 

According to Freeland et al. (1970), a critical supersaturation ratio, 

CQ/CS = 1.5 is required for oxygen precipitation to occur, where CQ is 

the initial oxygen concentration in silicon crystals, and Cg, the equi

librium oxygen concentration at the processing temperature. Some 

authors believe that homogeneous nucleation can only occur at low temp

eratures, generally < 950°C; at higher temperatures, heterogeneous 

nucleation will take place (Inoue, Wada and Oosaka, 1981; Craven and 

Korb, 1981). Craven (1981) indicated that homogeneous precipitation is 

negligible about 950°C, because the precipitates which act as nucleation 

centers can be dissolved at high temperatures. 
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The heterogeneous nucleation mechanism is explained by assuming 

that the oxygen precipitates are heterogeneously formed at nucleation 

sites. The nucleation sites are believed to be carbon atoms (Schaake 

et al., 1981; Matsushita, Kishino and Kanamori, 1980), the condensation 

of either silicon self-interstitials or vacancies (Series et al., 1981), 

or grown-in microdefects (Kugimiya, Akiyama and Nakamura, 1981). 

The combination of homogeneous and heterogeneous mechanisms was 

proposed by Batavin (1970). He indicated that whether the oxygen pre

cipitation process is homogeneously or heterogeneously nucleated may well 

depend on the dominant point defects existing in the crystal in addition 

to interstitial oxygen atoms. Thermal treatment in various conditions 

(temperature, duration, and ambient) may modify the equilibrium concen

trations of these point defects, hence changing the nucleation process. 

Hu (1981) suggested a homogeneous nucleation model involving the 

reaction of oxygen atoms with vacancy complexes. He assumed that the 

active nucleation centers for oxygen precipitation are some form of 

vacancy complexes existing in as-grown crystals. 

Microdefects and Device Performance 

Microdefects present in the active regions of silicon substrates 

are very harmful because they degrade the yield of high-density circuits 

(see Table 2). Many of the defects, through a perturbation of the sili

con lattice, introduce energy levels lying within the bandgap of silicon. 

These energy levels can subsequently degrade the minority carrier life

time and increase the leakage current of p-n junctions (Monkowski, 1981). 



Table 2. Defects in silicon (from Monkowski, 1981). 

Defect Origin 
Influence on 

Material Properties 
Influence on 

Device Performance 

Stacking fault 

Dislocation 

Oxygen impurity 

Oxidation; 
Epi growth 

Mechanical or 
thermal stress; 
Misfit of dopant or 
impurity atoms; 
Swirl defects 

Crystal growth; 
Oxidation 

Carbon impurity Crystal growth 

Metallic impurity Crystal growth; 
Processing 

Precipitation site; 
Affects diffusion 
profile 

Precipitation site; 
Affects diffusion 
profile; 
Slip lines 

Precipitate formation; 
Origin of OSF; 
Donor formation 

Junction leakage 
enhancement; 
Soft breakdown; 
Lifetime degradation 

Junction leakage 
enhancement; 
Lifetime degradation; 
Current gain degradation 

Junction leakage 
enhancement; 
Lifetime degradation; 
Donor concentration 
enhancement 

Precipitate formation; Junction leakage 
enhancement; 
Lifetime degradation 

Origin of swirl 
defect 
Origin of OSF 

Precipitate formation; Junction leakage 
Affects diffusion enhancement; 
profile Lifetime degradation 
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Unfortunately, microdefects can be introduced at almost any time during 

processing. Furthermore, the defects can take on many forms. The 

effects of various microdefects on the performance of electronic devices 

are now reviewed. 

Stacking Faults 

Stacking faults have received much attention in the literature, 

particularly oxidation-induced stacking faults (OSF) introduced during 

oxidation (Claeys, Declerck and Overstraeten, 1979; Rozgonyi, Petroff and 

Read, 1975; Shevlin and Demer, 1979; etc.). OSF originate at grown-in 

defects, and they grow due to the segregation of silicon interstitials 

at these defect sites (Monkowski, 1981). Cleays et al. (1981), using 

transmission electron microscopy (TEM), showed very convincingly that OSF 

growth emanates from some form of precipitates which are generally 

believed to be composed of oxygen atoms. Oxygen-induced stacking faults 

can also be generated during oxidation of silicon wafers containing sur

face damage (Shevlin and Demer, 1979). Another type of stacking fault 

is the substrate-epi interface during growth of the epitaxial layer 

(Marcus et al., 1977). Both kinds of stacking faults have a deleterious 

effect on the performance of many devices and negative influence on the 

yield of devices. For example, stacking faults which penetrate p-n 

junctions greatly enhance the recombination current, and consequently 

enhance the junction leakage current (Shiraki, 1976; Rozgonyi et al., 

1975). Stacking faults in the channels of MOS (Metal-Qxide-Semiconductor) 

devices enhance both the leakage currents and 1/f noise (Shiraki, 1976). 
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Stacking faults can lower minority carrier lifestimes (Hattori, 1979). 

They have also been shown to perturb the diffusion profile, resulting 

in locally enhanced electric fields which cause excessive leakage cur

rent and soft breakdown in diodes (Ravi, Varker and Volk, 1973). Ravi 

et al. (1973) found that the degradation of the p-n junction character

istics are correlated not with the faults themselves, but with the 

impurities which had condensed on the faults. 

Dislocations 

Dislocations often form as a response to a stress in the silicon 

crystal. The stress may be a result of thermal gradients in the wafer. 

In this case, the familiar slip lines are usually seen (Rozgonyi, 1973). 

Dislocations can also be formed from stresses built up by oxygen pre

cipitates (Tan and Tice, 1976). According to Tan and Tice (1976), 

dislocation loops are generated by precipitates through the mechanism of 

prismatic punching by a compressive misfit stress field introduced into 

the silicon matrix. This stress field arises from precipitation and from 

differential contractions between oxygen precipitates and the silicon 

matrix during wafer cooling after heat treatments. 

The primary electrical effects of dislocations are an enhance

ment of junction leakage current when a dislocation crosses a p-n junc

tion, and a degradation of the minority carrier lifetime (Monkowski, 

1981). Shiraki (1977) showed that dislocation loops and stacking faults 

cause dark current increases of spikes in charge-coupled devices. The 

electrical activity of dislocations is believed to be due primarily to 
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the metallic impurities which condense on the dislocations (Tan and 

Tice, 1976). 

Oxygen and Carbon Impurities 

As mentioned previously, oxygen and carbon are grown-in defects 

in silicon crystals. The primary source of oxygen and carbon is from 

the environment of the crystal during its growth. Morikowski (1981) 

believed that the detrimental effects on electronic devices associated 

with oxygen and carbon are not due to the impurities themselves, but 

rather are a result of the defects which they induced. The oxygen 

precipitates can act as nucleation sites for OSF and dislocations, as 

mentioned before. Also, they are preferential condensation sites for 

metallic impurities which are detrimental to the devices (Tice and Tan, 

1976). Consequently, oxygen and carbon contamination ultimately leads 

to an enhancement of the junction leakage current and a degradation of 

minority carrier lifetime (Monkowski, 1981). Liaw (1982) pointed out 

that oxygen precipitates can induce wafer warpage and consequently reduce 

photolithography yields. 

Metallic Impurities 

The metallic impurities in silicon wafers originally come from 

the residual impurities in the polycrystalline silicon source material 

(Chang, 1982). They also can readily enter the silicon at many differ

ent processing steps (Monkowski, 1981). The most dominant metallic 

impurity found in silicon crystals is copper. Other metallic impurities 

such as Fe, Al, Au, Ni, Co, etc. may also be present. The metallic 
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13 3 impurity concentrations are normally below 5 x 10 atoms/cm (Chang, 

1982). The distributions of metallic impurities are not uniform axially 

or radially, due to their small equilibrium distribution coefficients 

(see Table 1), and crystal microgrowth fluctuations. Depending upon the 

metal and the particular processing of the silicon, the metal atoms may 

occupy either substitutional or interstitial positions in the silicon 

lattice. The precipitation of metallic impurities alone is unlikely to 

occur due to their low concentrations. But due to their high mobilities 

(see Table 1) in silicon, they are most likely attracted to other micro-

defects existing in the silicon crystal, such as to stacking faults 

(Marcus et al., 1977), dislocations (Paz, Hearn and Fayo, 1979), and 

oxygen precipitates (Tan and Tice, 1976). 

The primary electrical effect of metallic impurities is their 

introduction of energy levels which exist within the bandgap of silicon. 

These levels act as recombination centers, thus decreasing the minority 

carrier lifetime and increasing the leakage currents of p-n junctions 

(Monkowski, 1981). 

Denuded Zones 

Since microdefects have many harmful effects on the performance 

of the semiconductor devices, it is highly desirable to restrict the 

high-density microdefects only to the bulk region and leave a clear 

defect-free zone near the wafer surface for the fabrication of electronic 

components. The high-density of microdefects in the bulk has a benefi

cial effect since they can act as gettering sites for metallic impurities 
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which are introduced into silicon wafers at any of the wafer processing 

steps. This effect is regarded as "intrinsic gettering" (Tan, Gardner 

and Tice, 1977). The clear defect-free zone is generally called the 

"denuded zone" (DZ). An ideal microdefect distribution on the cross-

section of silicon wafers is illustrated in Fig. 4. 

To the author's knowledge, it was Tan, Gardner and Tice (1977) 

who first reported that they had observed a clear surface region formed 

on the silicon wafer in 1976. After 60 hours annealing at 1050°C in an 

N2 ambient, a clear region about 30 ym from the wafer surface with a 

high density of PDC (precipitate-dislocation complexes) remaining in the 

bulk could be seen. Since then, the defect-free zones on silicon wafer 

surfaces have been widely investigated. It was not until 1977 (Rozgonyi 

and Pearce, 1977) that people began referring to this defect-free zone 

formed near the silicon wafer surface as the denuded zone. 

Many research workers believe that the formation and the width 

of denuded zones on silicon wafers depend on several factors, such as 

heat-treatment sequence, ambient, time, temperature, initial oxygen 

concentration of the wafer, etc. Unfortunately, the effects of each of 

these factors from different authors' experimental results are not in 

agreement. Some of their results are rather contradictory. Also, the 

mechanism of the formation of denuded zones proposed by different authors 

still remain in dispute. The effect of each factor and the mechanisms 

of denuded zone formation are reviewed in the following sections. 
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Factors Affecting the Denuded Zone 
in Silicon Wafers 

Annealing Sequence 

For the purpose of obtaining a denuded zone at the silicon wafer 

surface, many authors suggest several preannealing sequences before the 

silicon substrates are subjected to regular diffusion and oxidation pro

cesses. These sequences are low-high, single high, and high-low tempera

ture annealings. 

Low-High,Two-Step Annealing. Tsuya, Tanno and Shimura (1980) 

performed experiments employing a low-high preannealing process. The 

material used was 76-mm-diameter, p-type, 450 ym in thickness <111>-CZ, 

silicon wafers. The initial oxygen concentrations of the wafers were 

17 3 
16.2 - 17.4 x 10 atoms/cm . They observed 4 ym and 8 ym of clear 

denuded zone for the wafers preannealed at 820°C and 1000°C, respec

tively, for 64 hr. in dry C>2, followed by a second annealing at 1140°C 

for 2 hr. in wet C>2. They found that the depth of the denuded zone 

depended on the first annealing temperature and extended more deeply 

after the second annealing. 

Inoue et al. (1981) used 75-mm-diameter, <100>-Cz silicon wafers 

17 
with an initial oxygen concentration of 9.5 x 10 atoms/cm , and applied 

a low-high temperature, two-step annealing (750°C for 97 hr. in Ar + 

1050°C for 0.5 hr. in Ar). Several microns of denuded zones were formed 

at the front surface. They proposed that during the first step, low-

temperature annealing, a high-density of oxygen precipitates occurred, 

while during the second step of high-temperature annealing, oxygen 
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out-diffusion took place and resulted in undersaturation of oxygen 

concentration over a wide depth below the surface. Precipitates at the 

surface region introduced during the first annealing step were then 

redissolved back into the solid solution, due to the undersaturation, 

and left a clear denuded zone. 

Magee, Leung and Kawayoshi (1981) reported that after a low-high 

temperature, two-step annealing (600°C for 12 hr. in Ar + 1050°C for 3 

hr. in Ar), a defect-free zone of about 45 vim was present at the wafer 

surface region without the application of back-surface damage. Wafers 

used for their studies were n-type, 75-mm-diameter, 500 ym in thickness, 

sliced from a <100>-CZ silicon crystal. The average initial oxygen 

18 ^ concentration was 1.7 x 10 atoms/cm . To investigate any possible 

correlation between oxygen out-diffusion and defect-denuded zones at the 

front surface, they performed secondary-ion-mass-spectrometry (SIMS) 

profiles of oxygen concentrations for the wafers with no annealing, after 

single annealing at 600°C for 12 hr. in Ar, and after low-high tempera

ture annealing as described above, respectively. From the results shown, 

no significant correlation was observed between the width of defect-

denuded zones and the oxygen depletion regions at the front surface. 

The formation of defect-denuded zones at the surface of silicon 

wafers after low-high, two-step annealing has also been reported by 

Shijnura et al. (1980), Matsuoka and Ikuta (1981), Tempelhoff et al. 

(1981), and Yamamoto et al. (1980). 
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Single High-Temperature Annealing. Kishino et al. (1978) 

annealed some silicon wafers in atmosphere for 6 hr. at 1000-1100°C. 

The samples used were p- and n-type CZ silicon wafers, 350 ym thick, with 

17 <100>-orientation. The initial oxygen concentration was 9 x 10 -

18 3 
3 x 10 atoms/cm . The resistivity was 10-30 cm. After the single-

step annealing, a TEM investigation was carried out. When the surface 

layer of about several microns of a TEM specimen was removed, and the 

specimen was thinned from the back surface, no defects were observed. 

After a 50 to 100 ym surface layer was removed, stacking faults were then 

observed. Liaw (1982) and Yamamoto et al. (1980) also showed that 

denuded zones did form at the silicon wafer surface after a single 

1050°C annealing. They described that the formation of defect-denuded 

zones was due to oxygen out-diffusion from the sub-surface region of 

silicon wafers during the high-temperature annealing. 

High-Low, Two-Step Annealing. Kugimiya et al. (1981) 

showed that after high-low, two-step preannealing, clear denuded zones 

of about 10-20 ym were formed at the wafer surfaces. The starting wafers 

they used were p-type, 5-ft cm, 3"-diameter, sliced from a <100>-CZ 

17 3 
crystal with initial oxygen content of 6-10 x 10 atoms/cm and initial 

1 f\ 7 

carbon content of less than 3 x 10 atoms/cm . The heat treatments 

were carried out at 1100°C for 4 hr. in an Ar + 0.1% 02 atmosphere for 

the first annealing, followed by a second annealing at 700°C, 750°C, or 

800°C for 16 hr. in dry atmosphere. They pointed out that the pri

mary factor for the denuded zone formation was oxygen out-diffusion. 
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Therefore, the width of the denuded zone could be well controlled by 

the first high-temperature annealing time and temperature. 

Nagasawa, Matsushita and Kishino (1980) also examined the effect 

of heat-treatment sequence on the formation of a denuded zone. The 

starting material used was n- and p-type, 76-mm-diameter, 400 ym thick, 

17 ^ <100>-CZ wafers, with oxygen concentrations of 7-9 x 10 atoms/cm . 

The heat-treatment sequence was 1050°C in ̂  for 1-16 hr. + 650°C in 

dry 0>2 f°r 64 hr. Denuded zones of 2-20 microns were observed after the 

high-low temperature, two-step pre-annealing. They explained that in the 

first step, 1050°C high-temperature annealing in non-oxygen ambient, the 

annealing was carried out to diffuse dissolved oxygen from the wafer sur

face. It was also possible that the tiny microdefects would shrink 

during the first annealing, even if they were present in the as-grown-in 

state. In the second step, extremely low-temperature (650°C) annealing 

was added to introduce a high density of microdefects in the bulk of the 

wafer. This produced a wafer having both a defect-free zone near the 

surface and defect-gettering region in the bulk. 

They also explained that a low-temperature annealing would result 

in the growth of microdefects near the surface, if not preceeded by a 

high-temperature, non-oxygen-ambient annealing. If relatively large-

sized microdefects formed near the surface during a low-temperature 

annealing, it was believed that they could not completely shrink and 

disappear during the subsequent high-temperature, non-oxygen annealing. 

The experimental results from Kishino, Nagasawa and Iizuka (1980), 

Series et al. (1981), Craven (1981), and Liaw (1982) also showed that 
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denuded zones could form at the wafer surfaces if wafers were subjected 

to high-low temperature, two-step preannealing before the conventional 

silicon diffusion and oxidation processes. 

Once the denuded zone is formed, it will remain stable (Kugimiya 

et al., 1981; Craven et al., 1981). One can continue to go through the 

device processing in a normal fashion with little danger that oxygen 

precipitates will be nucleated in the denuded zone region. Craven et al. 

(1981) believed that this was because the oxygen content in the denuded 

zone region was quite low, even after an oxidation cycle, and it became 

very difficult to nucleate further oxygen precipitates in this region. 

From the reviews above, we can see that the effect of annealing 

sequence on denuded zones still remains unclear. Further work is neces

sary to clarify this effect. 

Annealing Ambient 

Inert Ambient. Some authors have reported (Tan, Gardner and Tice, 

1976; Yamamoto et al., 1979; Magee et al., 1981; Series et al., 1981) 

that the denuded zone could form at the silicon wafer surface during 

preannealings in an inert ambient, such as Ar and N2, since a great 

oxygen concentration gradient exists between the silicon wafer and the 

ambient, and this allows the process of oxygen out-diffusion to occur. 

Tan, Gardner and Tice (1977) showed that after annealing for 

6 hr. at 1050°C in an N2 ambient, a clear denuded zone of 30 ym formed 

at the surface region of the wafer. The silicon wafers they used were 

p-type, 10-fi cm, with <100>-orientation. They explained that the clear 
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surface was due to oxygen out-diffusion occurring from the initial 

wafer annealed in an oxygen-free ambient. Similar results were obtained 

by Yamamoto et al. (1980). 

Series, Barraclough and Bardsley (1981) showed that at least 

30 ym denuded zones at the wafer surfaces could be produced by a two-

step process involving a high-low temperature (1050°C for 16 hr. + 

750°C for 16 hr.) heat treatment in Ar atmosphere for both steps. 

Many research workers only used inert gas during the high-

temperature annealing of a two-step heat treatment (Yamamoto et al., 

1979; Nagasawa et al., 1980; Kishino et al., 1980; Kugimiya, Akiyama and 

Nakamura, 1981; Matsuoka and Ikuta, 1981). As discussed in the last 

section, they believed that oxygen out-diffusion mainly occurred during 

the high-temperature step, in spite of the heat-treatment sequence (high-

low or low-high) employed. Yamamoto et al. (1980) used low-high, two-

step annealing of 800°C for 64 hr. in a dry ambient + 1050°C for 16 

hr. in an Ar ambient to examine the denuded zone formation. Their 

results showed that a clear denuded zone was formed at the surface of 

the wafers with a high density of PDC (precipitation-dislocation com

plexes) in the bulk after this two-step annealing. 

Oxidation Ambient. The experimental results from Yue and Ruiz 

(1979), Rozgonyi, Deysher and Pearce (1976), and Craven et al. (1981) 

showed that denuded zones could also form in an oxidation ambient during 

preannealing. Yue et al. (1977) indicated that out-diffusion could 

occur in a steam or dry C>2 ambient when the temperature was about 1000°C. 

They found that after a wafer was annealed at 1100 °C in steam (to an 
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oxide thickness of 4000 A) for about 25 min., the oxygen precipitates 

(in pit form after Sirtl etch) were not found at the wafer surface, but 

were only found about 25 ym below the wafer surface. 

On the basis of their repeatable experimental results, Craven 

and Korb (1981) explained that the widths of the denuded zones formed 

in nitrogen or oxygen ambient were essentially equivalent under all 

process conditions and never went to zero. They believe that the denuded 

zones formed in an oxygen ambient can be interpreted by considering the 

oxygen precipitation mechanism proposed by Hu (1981), which has been 

discussed in the oxygen precipitation section in this chapter. Accord

ing to Hu (1981), small vacancy clusters take part in the formation of 

nuclei of oxygen precipitation. The excess silicon interstitials could 

be expected to annihilate the vacancy clusters, and hence, to retard the 

oxygen precipitation. 

By now it is well established that during the oxide growth, 

silicon self-interstitials are injected into silicon from the SiC^-Si 

interface, basically because of an incomplete adaptation of the two-

times-larger volume of a SiC^ unit cell compared to the atomic volume of 

silicon (Gosele, 1981). Therefore, as Craven and Korb (1981) pointed 

out, steam or dry oxygen cycles can give a silicon interstitial-rich 

atmosphere near the front surface region of the water. Hence, these 

excess silicon interstitials can annihilate the vacancy clusters, and 

retard the oxygen precipitation at the near-surface region. A clear 

denuded zone, then, was ready to form. 
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Craven and Korb (1981) do not agree with the oxygen out-

diffusion mechanism. They argue that if oxygen out-diffusion is the 

mechanism for the denuded zone formation, one would not expect both 

oxygen and nitrogen ambients to show the same denuded zones, as they 

observed, because the oxygen concentration gradients between the silicon 

wafer surface and the ambient were quite different when annealing the 

wafers in these two ambients. 

The author would like to argue that if applying the mechanism of 

the denuded zone formation proposed by Craven and Korb (1981) as men

tioned above, one would not expect both oxygen and nitrogen ambients to 

show the same denuded zones, as they observed, because a nitrogen ambient 

does not give a silicon interstitial-rich atmosphere near the front sur

face region of the wafer as oxygen does. Craven and Korb (1981) did not 

make the effect of N2 ambient clear. 

HC1 Ambient. Over the last ten years, the beneficial influence 

of the addition of small amounts of HC1 to the oxidizing ambient on the 

performance of semiconductor devices has been studied in detail. Today, 

the technique of oxidation with a few percent of HC1 in the ambient 

is widely adopted by the industry. It is well known that by using this 

technique, oxidation-induced stacking faults (OSF) can shrink or even 

completely be eliminated in the silicon wafers (Claeys et al., 1981). 

Hattori (1981) indicated that wafers annealed in HC1 ambient had longer 

minority carrier lifetimes than those annealed in standard non-HCl 

ambient. 
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Stacking faults are generally extrinsic in character and con

sist of an extra plane of atoms on a {111} plane (Shiraki, 1975). 

Therefore, stacking faults will expand by the absorption of silicon 

interstitials, and shrink by the absorption of vacancies. The addition 

of a few percent HC1 into the annealing ambient leads to a chlorination 

reaction resulting in a lower concentration of silicon interstitials and 

the generation of excess lattice vacancies at the silicon surface, due 

to the formation of Si-Cl bonds (Claeys et al., 1981; Hattori, 1982). 

These excess vacancies cause the stacking faults at the wafer surface to 

shrink. 

In fact, during the oxidation in HC1 ambient, the oxidation 

reaction generates more silicon interstitials, as described in the last 

section, and the chlorination reaction generates more vacancies. The 

competition between these two reactions results in a lower concentration 

of excess silicon interstitials than in the normal oxidation process. 

Thus stacking faults will grow slower and after some time, depending on 

the temperature and HC1 concentration, the chlorination reaction becomes 

dominant, so that OSF begin to shrink in near-surface region (Cleays et 

al, 1981). 

Rozgonyi and Pearce (1977) did an annealing experiment in dry 

ambient with the addition of 0.5% HC1 at 1250°C for 4 hr. using n- and 

p-type, 3"-diameter, <100> and <111> wafers. A 100 to 125 ym zone 

denuded of OSF was found after the annealing. They also noticed from 

their infrared absorption results that the interstitial oxygen concen

tration in silicon wafers after subjection to an HCl-added, dry 
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ambient, was reduced. They interpreted this behavior as the gettering 

of interstitial oxygen from the host crystal by incorporation into the 

growing oxide layer. 

Butler (1982) annealed silicon wafers in an inert ambient (^ 

and Ar) containing HCl prior to switching over to an oxidation ambient. 

He found out that a 15-min. anneal was sufficient at 1050° to 1100°C to 

prevent stacking fault nucleation in most cases. He also pointed out 

that if the ambient contained more than II HCl, corrosion pits would 

form on the wafer surface. Because of the corrosivity of HCl, some 

possible substitutes for HCl have been suggested, for example, trichloro-

ethylene (TCE, C2HCI2) (Clark, 1979), and 1,1,1-trichloroethane (TCA, 

C2H2CI2) (Janssens and Declerck, 1978). 

Craven and Korb (1981), on the other hand, reported the opposite 

effect of an HCl-containing ambient on the formation of denuded zones. 

They pointed out from their repeatable experimental results that dry 

oxygen plus HCl retarded the formation of a denuded zone, and dry nitro

gen plus 3% dry O2 and 3% HCl gave a very small denuded zone (< 5 ym). 

Large denuded zones were only observed in wafers subjected to steam or 

a dry C>2 oxidation process. They used Hu's theory (see the oxygen 

precipitation section) to interpret the HCl-effect as follows: because 

HCl will generate more vacancies near the wafer surface, these vacancies 

will form conplexes with oxygen interstitials and enhance the oxygen 

precipitation near the wafer surface region; therefore, none or very 

small denuded zones are found after annealing in an HCl-containing 

ambient. 
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Annealing Time 

Regardless of the mechanisms of the denuded zone formation, an 

increase in the annealing time always has a beneficial effect on the 

widths of denuded zones, according to several authors (Rozgonyi and 

Pearce, 1977; Kugimiya et al., 1981; Butler, 1982; etc.). In their 

opinions, the longer the annealing time, the wider the denuded zone that 

will be formed. 

Craven (1981) examined the effect of time on denuded zone depths. 

His results are shown in Fig. 5. His data were based on averaging the 

effects of ambients. Denuded zone depths are shown to increase with 

increasing annealing time at 1000°C and 1100°C. However, for annealing 

at 900°C, the denuded zone depth first decreased before it started to 

increase again after 120 minutes. According to Craven (1981), this is 

due to the fact that since the oxygen is not as mobile at 900°C as at 

1000°C or 1100°C, homogeneous nucleation started the precipitate growth 

in the surface region before the oxygen could escape. This explanation 

seems to contradict his mechanism of the denuded zone formation. In 

his opinion, the formation of denuded zones only depends on the annihi

lation or generation of lattice vacancies, because the nuclei for the 

oxygen precipitation are oxygen atoms and vacancies complexes (Hu, 1981). 

He doubted the oxygen out-diffusion mechanism for the formation of 

denuded zones, but still talked about the effect of the escape of oxygen 

on the formation of denuded zones. He also did not explain why, after 

120 min. annealing at 1000°C, the width of the denuded zones did not 

increase further. Little information is available for the effect of 
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Fig. 5. Denuded-zone depth after precipitation as 
a function of time and temperature of the 
denuding treatment (from Craven, 1981). 
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time on denuded zones during the low-temperature annealing of two-step 

heat treatments. 

Annealing Temperature 

As discussed in the annealing sequence section, several authors 

(Kishino et al., 1980; Nagasawa et al., 1980; etc.) believe that oxygen 

out-diffusion mainly occurs during the high-temperature step of a two-

step heat treatment, regardless of the annealing sequence. This is 

because the diffusivity of oxygen increases rapidly with increase of 

temperature. Much information about the formation of denuded zones 

during either single high or high-low, or even low-high preannealing 

treatment has been reported (see the Annealing Sequence section), but it 

seems that no report about denuded zones being formed during single 

low-temperature (~ 900°C) annealing has been published so far. Yue and 

Ruiz (1977) have reported that during high-temperature (1100°C or 1200°C) 

annealing, the oxygen precipitation is suppressed from nucleating near 

the wafer surface because of oxygen out-diffusion. On the other hand, 

during low-temperature annealing (1000°C or lower), the oxygen out-

diffusion rate appears to be much too slow to prevent oxygen from pre

cipitating even at the surface of the wafer. 

Craven (1981) showed that a preannealing at 1100°C or above in 

dry C>2 or an inert ambient (N2 or Ar) would increase the denuded zone 

depth. Craven called this high-temperature annealing a denuding treat

ment. The denuded zone depth generally increased with increasing anneal

ing temperature (see Fig. 5). The low-temperature (~ 800°C) annealing 
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was mainly to allow homogeneous nucleation of oxygen precipitation to 

occur in the bulk. 

In many authors' opinions (Nagasawa, 1980; Series et al., 1981; 

etc.), the low-temperature step of a two-step preannealing is as impor

tant as the high-temperature step, because the oxygen precipitation can 

be enhanced during the low-temperature annealing. A high-density of 

oxygen precipitates in the bulk of the wafers can act as the intrinsic 

gettering sites for metallic impurities entering into silicon wafers 

during subsequent diffusion and oxidation processes. The performance 

of semiconductor devices can be remarkably improved by using silicon 

substrates with a clear denuded zone in the near-surface region and a 

high density of oxygen precipitates remaining in the bulk. 

Back-Surface-Damage Gettering 

The back-surface-damage gettering technique has been applied to 

form a denuded zone in the near front-surface region of silicon wafers. 

Magee et al. (1981) describe how lightly damaging the back surface of 

silicon wafers can generate a stress field at the back surface. The 

stress field will introduce defects such as dislocations, microtwins, 

polycrystals, etc. at the back surface of wafers (Tice and Geipel, 1979; 

Cullis and Seidel, 1979). Therefore, the stabilized, back-surface 

damage will be effective in attracting and gettering the internal 

impurities and metallic impurities during subsequent thermal cycles. 

This effect is called extrinsic gettering. 
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There are several methods used to generate back-surface damage, 

such as by a rotary-abrasion technique (Magee et al., 1979); by laser-

induced damage (Pearce and Zaleckas, 1979); by depositing pure, fine

grained polycrystalline silicon on the wafer backside (Hill and Sandow, 

1982), and by ion-implant gettering (Cullis and Seidel, 1979). After 

being subjected to back-surface damage, the wafers are annealed for some 

time to allow impurities to diffuse to the back-surface-damaged sites 

of the wafers (Magee, 1981). 

Magee et al. (1981) examined denuded zones on back-surface-

damaged wafers. The samples used were n-type, 75-mm-diameter, 500 ym 

18 thick, CZ-<100> wafers. The initial oxygen concentration was 1.7 x 10 
•z 

atoms/cm . A rotary abrasion technique was used to introduce the back-

surface damage (Magee et al., 1979). The experimental results showed -

that after 600°C, 24 hr. andl050°C, 3 hr. annealing in Ar ambient, a 

maximum denudation width of ~ 170 ym was detected in back-surface-

damaged wafers, whereas in conparable annealed wafers without back-

surface damage, a denudation width of only ~ 45 ym was observed. They 

also varied the annealing time at the 600°C annealing, and observed an 

increasing defect denudation width at the front surface of back-surface-

damaged wafers as a function of primary annealing duration. 

Initial Oxygen Concentration 

Although it is believed that the depths of denuded zones depend 

on the initial oxygen concentrations (Shimura, 1980b), and that a high 

concentration of oxygen in silicon is an essential ingredient for forming 
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a denuded zone (Liaw, 1982; Series et al., 1981), there is still little 

information available so far about the qualitative relationship between 

the initial oxygen contents and the depths of denuded zones. 

However, in order to achieve effective intrinsic gettering, there 

must be a high density of microdefects in the bulk region of the wafer. 

This requires starting materials with a high initial oxygen concentra

tion. d'Aragona, Tsui and Liaw (1982) indicated that the initial oxygen 

18 3 
concentration in silicon should be greater than 1.4 x 10 atoms/cm for 

intrinsic gettering. 

Series et al. (1981) preannealed both seed-end and tang-end 

18 3 
wafers (containing about 1.5 and 0.7 x 10 atoms/cm of oxygen, respec

tively) at 1150°C followed by 750°C, both for 16 hr., in Ar ambient. 

Their results showed that at least 30 ym of denuded zone had formed 

on seed-end wafer surfaces with a high density of microdefects in 

the bulk. On the other hand, the tang-end wafers showed little evidence 

of precipitation in the bulk due to their low oxygen content. Series 

et al. (1981) pointed out that no meaningful measurements of a denuded 

zone were possible for tang-end wafers. The author quite agrees with 

their views. 

However, Tan et al. (1977) showed that a complete SiOx PDC 

(precipitate-dislocation complex)-free surface section did not form for 

wafers with extremely high oxygen content (concentration is not avail

able from the authors) after a preannealing at 1050°C in ̂  but did 

18 3 
form for wafers with a medium to high (> 1 x 10 atoms/cm ) oxygen 

content. 
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Initial Carbon Concentration 

Craven and Korb (1981) studied the effect of carbon concentration 

on denuded zones. The wafers were controlled to an almost constant oxy-

17 gen concentration between 14 and 15 ppma (i.e., 7.0 and 7.5 x 10 atoms/ 

3 
cm ). They were sliced from a series of crystals into which additional 

carbon was intentionally doped to levels ranging from 0.1 to 6 ppma 

1 f\ 7 

(i.e., 0.5 to 30 x 10 atoms/cm ). Then, the wafers were subjected to 

a preannealing process of 1300°C for about 1.5 hr. and 1000°C (or 900°C, 

800°C, 650°C, respectively) for 24 hr. The results showed that denuded 

zones were formed regardless of the carbon concentrations. As mentioned 

before (see Major Impurities in As-Grown Czochralski Silicon Crystals 

section in this chapter), carbon may act as nucleation sites for oxygen 

precipitation. Unfortunately, not much work has been done to study the 

carbon effect on denuded zones. 

Mechanisms of the Denuded Zone Formation 

There are mainly three different mechanisms proposed by differ

ent authors for the denuded zone formation. They are the oxygen out-

diffusion mechanism, the mechanism involving the retardation of oxygen 

precipitation at the wafer surface due to excess silicon interstitials, 

and the mechanism involving the annihilation of stacking faults at the 

wafer surface due to excess vacancies. These mechanisms have already 

been discussed to some extent in previous sections. In this section, 

a summary of these proposed mechanisms is presented as follows. 
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The Oxygen Out-Diffusion Mechanism 

Most of the authors who examined denuded zones in silicon wafers 

believe that oxygen out-diffusion is responsible for the denuded zone 

formation (Tan et al., 1977; Nagasawa and Kishino, 1980; Liaw, 1982; 

etc.)- The interstitial oxygen atoms which enter the silicon wafer 

during crystal growth can diffuse out of the wafer from the wafer 

surface, if there is an oxygen concentration gradient between the wafer 

surface and the ambient. Oxygen out-diffusion can cause: 

1. Interstitial oxygen undersaturation at the near-surface region 

of silicon wafers; and 

2. An increment in the critical nucleus radius, r*, due to the fact 

that r* increases with decreasing oxygen concentration, as dis

cussed before (see Fig. 3). 

Since oxygen precipitation can occur only when the silicon is 

supersaturated with oxygen, the interstitial oxygen undersaturation in 

the near-surface region will retard oxygen precipitation and cause some 

oxygen precipitates formed during previous thermal cycles to become 

unstable and to redissolve back into the silicon lattice. 

The increment of the critical nucleus radius, r*, also will 

make further oxygen precipitation more difficult, and cause some oxygen 

precipitates with smaller radii than r* to shrink during subsequent 

processes. 

A theoretical approach was made by Gawarzewski and Retter (1981) 

to derive a solution for the oxygen profile in silicon wafers after 

oxygen out-diffusion. 
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The diffusion equation is: 

where 

— = D (1) 9t ax* M 

3 C = concentration of oxygen in silicon, atoms/cm 

v 

t = diffusion time, sec 

2 D = diffusivity of interstitial oxygen in silicon, cm /s 

D = 0.091 exp (-2.4/KT) (Takano and Maki, 1973) 

T = diffusion temperature, °K 

k = Boltzmann's constant, 1.38 x 10"^ erg/°K, mol 

X = distance from the silicon wafer surface, cm 

Hie solution of this diffusion equation was derived by assuming: 

1. The initial oxygen concentration in the silicon matrix is C. 

everywhere, or, C(X, 0) = Cy (2) 

2. The diffusion length 2/Dt « thickness of the sample; i.e., 

in the bulk of the wafer, the oxygen concentration did not 

change, or, C(~, t) = Cy (3) 

3. The escape rate of oxygen interstitials from silicon wafer 

surface is proportional to the difference between the momentary 

concentration at the surface C(0, t), and the oxygen concentra

tion in the ambient, C , or, 
o 

-d||= a[Cg - CCO, t)], at X = 0 (4) 

where a is a constant of proportionality. By using the initial 

condition (2) and boundary conditions (3) and (4), Gawarzewski 



and Ritter found the solution for the diffusion equation (1) 

as: 

. Jjt • (1. jfc erf jl_ (5) 

v Sr v 2/Dt 

for annealing in an inert ambient, e.g., in ̂  or = 0; 

therefore, Equation (5) becomes: 

= erf JL. (6) 
v 2/Dt 

Gaworzewski and Ritter reported that the calculations from 

Equation (5) were in good agreement with their experimental results. 

Kugimiya et al. (1981) proposed an equation for calculating 

the width of denuded zones, X, in silicon wafers: 

C* = (C - Ce) erf (X//DT) + Ce (7) 

where 

C = initial oxygen concentration in silicon wafers before 

annealing, atoms/cm 

Cg = equilibrium oxygen concentration in silicon wafers at the 

annealing temperature, atoms/cm 

X = distance from the wafer surface, cm 

t = annealing time, sec. 

C* = a critical value of the oxygen concentration, below which 

oxygen precipitation will not occur 

Kugimiya et al. suggested that the width of denuded zones could 

be measured from the wafer surface to where the interstitial oxygen 
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concentration was equal to the critical value, C*. From their experi-

17 
mental results, they found that C* was equal to about 10.3 x 10 atoms/ 

3 
cm , when the wafers were annealed at 1100°C for various hours in Ar 

followed by 700°C for 16 hr. in dry C^. 

The above value was different from that reported by Kishino, 

Matsushita and Kanamori (1979). They indicated that the oxygen precipi

tation would not occur when the oxygen concentration in silicon was 

17 3 below 5 x 10 atoms/cm . Kugimiya et al. (1981) believe that the 

difference between the two critical concentration values could be due to 

the different annealing conditions. The annealing condition Kishino et 

al. (1979) used was 1300°C for 18.5 hr. in dry O2 + 800 C for 1, 4, 16, 

or 64 hr. in dry C^. 

Excess-Silicon-Interstitial Mechanism 

Hu (1981) proposed that vacancy complexes in silicon wafers can 

act as the nucleation sites for oxygen precipitation. According to his 

theory, Craven and Korb (1981) believe that excess silicon interstitials 

generated in the near-surface region of wafers during oxidation will 

annihilate some vacancies and result in a retardation of the oxygen 

precipitation in the near-surface region. From this, a clear denuded 

zone will then be formed. On the other hand, they believe that excess 

vacancies generated at the near-surface region during preannealing in 

HC1 ambient will enhance the oxygen precipitation and under these condi

tions, no clear denuded zone can be formed near the surface region. 
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Excess-Vacancy Mechanism 

As discussed before, many authors (Hottori, 1982; etc.) believe 

that the excess vacancies generated at the wafer surface during anneal

ing in an HC1 ambient will cause stacking faults to shrink, and result 

in the formation of a zone denuded of stacking faults in the near-

surface region of wafers. The stacking faults are generally found to be 

extrinsic in character and to consist of an extra plane of atoms on a 

{111} plane (Shiraki, 1975). Hence, the stacking faults will shrink by 

the absorption of vacancies or expand by the absorption of silicon inter-

stitials. 

To conclude this chapter, one can see that the denuded zone of 
vv 

microdefects formed at the silicon wafer surface is very important for 

the development of semiconductor devices. There are many factors 

affecting the formation of denuded zones, and some of the effects of 

these factors are still in dispute. The mechanisms of the denuded zone 

formation proposed by different authors are also in controversy. 



CHAPTER 3 

OBJECTIVES OF THE INVESTIGATION 

The specific objectives of this investigation were as follows: 

1. Using optical microscopy (OPM), to investigate the effects of 

various factors on the formation of denuded zones in CZ-silicon 

wafers. These factors are initial oxygen and carbon concentra

tions, annealing sequence, annealing ambient and annealing time. 

2. To investigate the mechanism of formation of the denuded zones. 

3. Using step-thinning and transmission electron microscopy (TEM) 

to prove the existence of the denuded zones displayed in the 

OPM study, and to characterize and compare the types of micro-

defects formed in non-denuded regions of CZ-silicon wafers under 

various heat-treatment conditions. 

4. To investigate the optimum annealing conditions for formation 

of a large denuded zone at the surface of CZ-silicon wafers. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE 

Starting Material 

The starting material used in this investigation was {100}-

oriented, 3-inch-diameter wafers, sliced from specified positions in 

dislocation-free, silicon single crystals grown by the Czochralski (CZ) 

method. The crystals were designated Crystal #41 and Crystal #42, both 

grown by Motorola, Inc. The major properties of these crystals are 

shown in Table 3. 

Crystal #41 was sawn in five sections from shoulder to shoulder 

of the seed and tang ends, as shown in Fig. 6. The seed-, central-, and 

tang-end sections were used for the study. Crystal #42 was sawn into 

three sections from shoulder to shoulder of either end, as shown in 

Fig. 7. Only the seed-end section was used for the study. 

A fixed-width flat of <110> orientation was ground through the 

length of each crystal for the purpose of orientation identification. 

Wafers were sliced from each section. Each inch of these sections was 

sliced into 20 wafers which were chemically thinned to remove saw damage, 

and finally chemical-slurry-polished to a mirror finish on one side. 

The final thickness of the wafers was about 20 mils. The wafers were 

then laser-marked sequentially from 1 to 80 for Crystal #41 and from 1 

to 120 for Crystal #42 from the seed-end toward the tang-end in each 

section for the purpose of identifying their positions in the crystals. 
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Table 3. Major properties of Crystals #41 and #42. 

Oxygen Content Carbon Content 

Resis- Ingot , 0 . . 
Crystal Dopant Orien- tivity Length xlO a ° ŝ xlO a °?s 

No. Type tat ion ft-cm (in) ppm cm ppm cm 

26.3 (min.) 1.32 (min.) 0.2 (min.) 1.0 (min.) 
41 N <100> 4-6 17.6 

37.8 (max.) 1.89 (max.) 1.0 (max.) 5.0 (max.) 

26.0 (min.) 1.30 (min.) 1.4 (min.) 7.0 (min.) 
42 P <100> 14-20 18.1 

35.6 (max.) 1.78 (max.) 5.7 (max.) 28.0 (max.) 



Crystal #41, n-type, <100>, 4-6 ft-cm 

VT 

Unsliced Unsliced 

T-39, 40, 41 C-40, 41, 42 S-50, 51, 52 

S-10, 11, 12 T-1 

C-1 S-1 

Figure 6. Section scheme employed for obtaining wafers from various 
regions along the length of the crystal. -- S, C and T 
denote seed, center and tang sections, respectively. 
About 80 wafers in each section. 

Ln 



Crystal #42, p-type, <100>, 14-20 n-cm 

Flat 

T-1 C-1 
T-80, 81, 82 

T-40, 41, 42 

C-65, 66, 67 

C-38, 39, 40 

S-96, 97 

S-38, 39, 40 

C-25, 26, 27 S-11, 12, 13 

S-1 

Fig. 7. Section scheme employed for obtaining wafers from various regions 
along the length of the crystal. -- S, C and T denote seed, center 
and tang sections, respectively. About 120 wafers in each section. 

Ln ts) 
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Wafers selected from various positions in the crystals containing 

a range of oxygen and carbon concentrations were then annealed using the 

specific conditions shown in Table 4. 

After being annealed, the wafers were sawn through 3/4 of their 

thickness into small rectangular (2 mm x 3 mm) samples for ease of 

breaking into small pieces (see Fig. 8). The edges of the small rectan

gular samples were parallel or perpendicular to the flat, i.e., in <100> 

directions. Then, the samples were ready for optical microscopy (OPM) 

and transmission electron microscopy (TEM) studies. 

Specimen Preparation for Optical Microscopy (OPM) 

Several small pieces, 2 mm x 3 mm, were first separated from 

the center of each wafer. Six (6) small pieces arbitrarily chosen were then 

stuck together with face-to-face mirror surfaces and back-to-back 

non-mirror surfaces by using epoxy glue (Duratite, from DAP Inc.), as 

shown in Fig. 9. It was important to squeeze the small pieces together 

very tightly to make the epoxy glue layers as thin as possible. Speci

mens were then left in air overnight for achieving permanent bonds. 

After that, the specimens were mounted using 20-3100 AB black Bakelite 

mounting powder (Buehler, Ltd.) for ease of holding during polishing. 

The cross-section surface of about 3 mm x 3 mm in size with {110} 

orientation (see Fig. 9) lays on the bottom of the mount. Then, the 

cross-section surfaces of the specimens were polished on emery papers 

by hand. The emery papers used were in the following order: 



Table 4. Wafer annealing conditions. 

Wafer 
No. 

Crystal 
No. Annealing Condition 

Annealing 
Sequence 

S-17 41 1050°C, 16 hr. , in Ar Single high 

S-18 41 1050°C, 16 hr. , in dry 02 + 800°C, 16 hr., in dry CL High-low 

S-19 41 1050°C, 16 hr. in Ar + 800°C, 16 hr., in Ar High-low 

S-21 41 1050°C, 4 hr. in Ar + 800°C, 16 hr. in dry 02 High-low 

S-23 41 1050°C, 16 hr. in Ar + 800°C, 16 hr., in dry 02 High-low 

S-27 41 1050°C, 16 hr. in Ar + 800°C, 4 hr., in dry 02 High-low 

S-57 41 800°C, 16 hr. in dry 02 Single low 

S-59 41 800°C, 16 hr. in dry 02 + 1050°C, 4 hr. in Ar Low-high 

S-61 41 800°C, 16 hr. in dry 02 + 1050°C, 16 hr in Ar Low-high 

S-62 41 800°C, 16 hr. in dry 02 + 1050°C, 16 hr. in Ar Low-high 

S-64 41 800°C, 16 hr. in dry 02 + 1050°C, 16 hr. in H2 + 3% HC1 Low-high 

S-69 41 800°C, 16 hr. in dry 02 + 1050°C, 1 hr. in Ar Low-high 

S-72 41 1050°C, 16 hr. in N2 + 3% HC1 + 800°C, 16 hr. in dry 02 High-low 

C-49 41 1050°C, 4 hr. in Ar + 800°C, 16 hr. in dry 02 High-low 

C-51 41 1050°C, 16 hr. in Ar + 800°C, 16 hr. in dry 02 High-low 

C-53 41 1050°C, 16 hr. in Ar + 800°C, 4 hr. in dry 02 High-low 

T-18 41 1050°C, 1 hr. in Ar + 800°C, 16 hr. in dry 02 High-low 

T-19 41 1050°C, 4 hr. in Ar + 800°C, 4 hr. in dry CL High-low 



Table 4. -- Continued 

Wafer Crystal Annealing 
No. No. Annealing Condition Sequence 

T-23 41 1050% 4 hr. in Ar + 800°C, 16 hr. in dry High-low 

T-24 41 1050°C, 16 hr. in Ar + 800°C, 16 hr. in dry 0£ High-low 

T-27 41 1050°C, 16 hr. in Ar + 800°C, 16 hr. in dry O2 High-low 

T-54 41 1050°C, 4 hr. in Ar + 800°C, 16 hr. in dry O2 High-low 

T-56 41 1050°C, 16 hr. in Ar + 800°C, 16 hr. in dry O2 High-low 

T-59 41 1050°C, 16 hr. in Ar + 800°C, 4 hr. in dry O2 High-low 

S-12 42 1050°C, 4 hr. in Ar + 800°C, 4 hr. in dry High-low 

S-23 42 1050°C, 1 hr. in Ar + 800°C, 16 hr. in dry High-low 

S-84 42 1050°C, 4 hr. in Ar + 800°C, 16 hr. in dry 0^ High-low 

S-87 42 1050°C, 16 hr. in Ar + 800°C, 16 hr. in dry High-low 

S-98 42 1050°C, 16 hr. in Ar + 800°C, 16 hr. in dry High-low 
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'lat <110> 

2 mrn x 3 mm 

Fig. 8. Schematic illustration of a wafer cut 
through 3/4 of the wafer thickness 
into small rectangular pieces. 
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Cross-Section Surface, {110} 

Epoxy Glue 

<100> , 
20 mils 

rH 

3 mm 

F: Face-to-face 

B: Back-to-back 

Fig. 9. Schematic illustration of a composite wafer 
sample of small pieces. 



Commercial Grain 
Number 

Grain Sizes, 
ym 

1. 

2 .  

3. 

4. 

240 

320 

400 

600 

45 ~ 53 

31 ~ 37 

27 ~ 31 

18 - 22 

After being polished on the emery papers, the specimens were 

further polished on the aluminum oxide lapping film sheets (Imperial, 

3M Co.) by hand. The sheets were used in the following order: 

Finally, the specimens were polished on a rotating wheel with 

alumina powders Linde "A" (0.3 ym) and Linde "B" (0.06 ym) (Adolph 

Meller Co.). The final cross-section {110} surfaces of the specimens 

exhibited a high luster. 

In the next step, the specimens were etched using the Wright 

etching technique (Jenkins, 1977). The composition of Wright etchant 

solution used is as follows: 60 ml. conc. HF (49%), 30 ml. conc. HNO^ 

(69%), 30 ml. of 5 M CrO^ (1 gr. CrOj/2 ml. F^O), 2 gr. Cu (NOj^* 

3 H2O (reagent grade), 60 ml. conc. acetic acid (glacial), and 60 ml. 

deionized water. Etch pits and stacking faults were clearly delineated 

after Wright etching. The etching time was generally 8 minutes, but 

Grade Grain Size, ym 

1. 

2 .  

3. 

4. 

12 mic 

9 mic 

5 mic 

3 mic 

12 ym 

9 ym 

5 ym 

3_ym 
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10 3 
for high-density microdefect wafers (> 10 pits/cm ), it was reduced to 

only 90 sec. The etch rate was about 1.27 ym/min. 

After all the above procedures had been completed, the specimens 

were photographed in a microscope using both bright and dark field 

conditions. Magnifications used were 50x, lOOx, 150x, 200x, 250x, 400x, 

and 800x. 

Specimen Preparation for Transmission 
Electron Microscopy 

Step Thinning and Jet Thinning 

Step Thinning. For the purpose of examining the distribution 

of microdefects through the thickness of silicon wafers by TBI, step 

thinning method was employed to remove several tens of microns of 

material from the front surfaces of {100} silicon specimens, 2 mm x 3 mm, 

20 mils in thickness, cut from wafers of interest (see Fig. 8). Then, 

the specimens were jet thinned from their back sides to electron trans

parency and readiness for TEM studies. 

The step-thinning solution consisted of 1 part of HF (491) and 

6 parts of HNO^ (691). It was about the optimum ratio for the step-

thinning process. Too much HF makes the specimen surface dirty after 

step thinning, due to a fast reaction; less HF causes the thinning rate 

to be very slow, < 1 ym/min. Another condition which must also be 

satisfied in order to keep the front surface shiny and clean after step 

thinning is that the specimens must stay still in the solution. Agita

tion causes non-uniform reactions and results in unclean wafer surfaces. 
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In preparation for the step thinning, the back surfaces of the 

specimens were first coated with Apiezon wax (an acid-resistant wax). 

Then, these specimens were placed into a beaker containing the step 

thinning solution by plastic tweezers. During the thinning with the 

front surface up, these specimens were lying on the bottom of the 

beaker, and the solution was kept still. The thinning rate was about 

1 ym/min. The thinning time depended on how much material was desired 

to be removed from the front surface. 

After thinning, the specimens were rinsed in cold trichlorethy-

lene (TCE) to remove the Apiezon wax on their back surfaces, and were 

then dipped into acetone for the purpose of cleaning their surfaces. 

A micrometer was employed to measure the thickness changes of 

each specimen before and after the step thinning. The error of the 

measurements was about +2.5 ym. 

Jet Thinning. After step thinning, the specimens were jet 

thinned from their back surfaces. For the purpose of examining the 

microdefects present at the front surface of silicon wafers, some spe

cimens were also jet thinned from their back surfaces without previous 

step thinning. 

The jet thinning setup is shown in Fig. 10. The thinning solu

tion was 1 part of HF (49%) and 4 parts of HNOg (691). 

Specimens (usually four) were mounted on a glass slide with the 

front surface held against the glass by yellow wax. The edges of each 

specimen were then coated with Apiezon wax, leaving the central area 

exposed for jet-thinning. 
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Fig. 10. Schematic drawing of jet-thinning apparatus for preparing 
TEM specimens. 
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The arm holding the glass slide with the specimens attached was 

motor-driven through an eccentric, causing the chemical jet to cover a 

slightly larger area on the specimen surface. A light source was mounted 

in the base of the jet assembly. The color of the light transmitted 

through the thin portion of the specimen during thinning was used to 

judge when the specimen was thin enough for electron microscopy studies. 

The quality of the thinned foil surface was related to the 

freshness of the solution and its concentration, the distance from the 

jet orifice to the specimen surface, and the acid flow rate. A small 

amount of HF should be added to the solution after the solution had been 

used frequently, since HF is much more volatile than HNOj. The thinning 

rate was increased by increasing the HF concentration. Too fast a thin

ning rate could cause a problem in stopping the thinning on time. For 

l:4/HF:HN0g, the thinning rate was about 2 mils/min. 

The distance from the jet orifice to the specimen surface was 

set by lowering the specimen slowly toward the jet puddle and stopping 

as soon as these surfaces met. It was very important that the surface 

of the jet puddle be smooth and not oscillating for obtaining a smooth 

thin foil surface. The flow rate must be high enough to efficiently 

remove the reaction products and low enough not to cause oscillation. 

An adequate solution flow rate was found to be about 120 drops/min. 

(Chang, 1982). 

After the thinning was completed, the specimens were removed 

from the slides by first rinsing off all the Apiezon wax with cold TCE 



and secondly, immersing them into hot TCE. Cleaning was accomplished by-

dipping in acetone. 

Preparation of Cross-Section TEM Specimens 

In this investigation, cross-section specimens with {110} orien

tations were also prepared for TEM study by chemical thinning. 

First, small specimens of 3 mm x 3 mm in size were prepared, as 

shown in Fig. 9, by following the procedure described in the Specimen 

Preparation for Optical Microscopy (OPM) section in this chapter. Since 

the epoxy glue used to make permanent bonds between pieces of silicon 

wafers in a cross-section specimen was strongly acid-resistant, its 

thinning rate was much slower than that of silicon wafers. This would 

cause a non-uniform thinning on the cross-section surface of the 

specimen. 

For obtaining similar thinning rates between the epoxy glue and 

the silicon wafers, the small specimens were subjected to a furnace 

heating (~ 300°C) for 75 minutes. After the heat treatment, the epoxy 

glue lost some of its acid-resistance, but was still strong enough to 

bond the silicon wafer pieces together during subsequent grinding and 

polishing processes. 

The small specimens (usually four) were then mounted on an 

aluminum holder, using yellow wax, and were ground down by hand from 

2 mm (80 mils) to about 8 mils on emery paper (240 grit). Polishing 

followed the procedure discussed in the Specimen Preparation for 

Optical Microscopy (OPM) section of this chapter. The specimens were 

turned over and the other side was polished in a similar fashion. 



After both surfaces of the specimens were well polished, each 

specimen was mounted on a glass slide by yellow wax. The edges of the 

specimen were coated with Apiezon wax, leaving the central area exposed 

to the thinning solution of l^/HFiHNO^. The specimen was then immersed 
» 

into a plastic beaker containing the thinning solution. Agitation was 

applied by hand during the thinning. Hie thinning rate was about 

2 mils/min. 

Near the end of the thinning period, the glass slide with 

mounted specimens was taken out a few times and examined under a light 

to see if the specimen was thin enough for TEM study. Generally, there 

could be 2 or 3 thin areas in the specimen after thinning was completed. 

Some of the areas could be within the bulk of the silicon wafers; some 

of the areas could be in the near-surface region of the silicon wafers. 

After thinning was finished, the specimen was removed from the 

glass slide by first rinsing off the Apiezon with cold TCE and subse

quently immersing it in hot TCE. Cleaning was accomplished by dipping 

in acetone. The thinned surface of a cross-section specimen was 

unfortunately not so clean as those thinned by jet-thinning technique. 

Therefore, during TEM cross-section specimen observations, it was hard 

to determine the existence of a denuded zone at the near-surface region 

due to too many dirt particles present. However, the characteristics 

of microdefects in the specimen could still be revealed very well. It 

was also interesting to observe microdefects through a cross-section 

{110} specimen and compare them with those in a {100} specimen. 



After being thinned, the jet-thinned {100} specimens and the 

cross-section {110} specimens were photographed by TEM. The magnifica 

tions used were between 10 and 40 kX. 



CHAPTER 5 

RESULTS AND DISCUSSION 

Factors Affecting Denuded Zones 

The effects of annealing conditions, such as sequence, ambient, 

time, and the initial concentrations of oxygen and carbon, on denuded 

zones in silicon wafers will be discussed in this section using results 

of OPM and TEM examinations. 

The Annealing Sequence 

Single High-Temperature Annealing. As discussed earlier, 

several research workers showed that single high-temperature annealing 

could result in the formation of denuded zones at silicon wafer sur

faces (Kishino et al., 1978; etc.). In this investigation, we subjected 

the Wafer S-17 (see Table 4) of Crystal #41 to a single high-temperature 

annealing of 1050°C for 16 hr. in Ar. The initial oxygen concentration 

18 3 
at the seed-end of Crystal #41 is about 1.89 x 10 atoms/cm . 

Figure 11a is an OPM photomicrograph of the cross-sections of 

Wafer S-17, after the single-step annealing. The micrograph shows that 

clear denuded zones formed both in the near front- and back-surface 

regions, and that a high density of microdefect etch pits formed in the 

bulk regions of the wafer, after the water was etched for 8 minutes in 

Wright etch. 
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Fig. 11. Bright-field photomicrograph of Wright-etched (8 min) cross-
sections of Wafer S-17, annealed at 1050°C for 16 hr. in Ar. 

a. Clear denuded zones in near-surface regions with high density 
of microdefect pits in the bulk; 50 X. 

b. Photomicrograph at higher magnification (150 X) showing that the 
average width of denuded zones is about 22 



Fig. lla. Clear denuded zones in near-surface regions \vith 
high density of microdefect pits in the bulk; 
50 X. 
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Fig. llb. Photomicrogra.ph at higher magnification (150 X) 
showing that the average width of denuded zones 
is about 22 llffi. 
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The defect-free denuded zone is measured from the surface to 

the depth where some microdefect etch pits begin to appear. From Fig. 

lib, the average width of denuded zones is about 22 ym. Examining 

Fig. lib carefully, it can be seen that the density of microdefect etch 

pits is high in the bulk, and gradually decreases toward the surface. 

This corresponds to the decrease of interstitial oxygen concentration 

toward the surface of the wafer due to oxygen out-diffusion during 

annealing. 

By applying Equation (5) of Chapter 2, an approximate relative 

interstitial oxygen concentration profile along the cross-section of a 

wafer can be obtained as given below. 

From Takano and Maki (1973), 

D = 0.091 exp C2A gj/mo1) 

where 

1 ev = 1.602 x 10"12 erg 

k = 1.38 x 10"16 erg/°K-mol 

For annealing at 1050°C in Ar for 16 hr., T = 1050° + 273° = 1323°K, 

11 7 
then D = 6.5 x 10 cm /sec. Hence, the diffusion length 2 /Dt = 

39 ym (since t = 16 x 3600 = 57,600 sec.). Substitute the diffusion 

length into Equation (5), for Cg = 0 (annealing in an inert ambient), 

then Equation (5) becomes: 

CCX£ ̂  = erf ̂  (8) 



A schematic drawing of C(X, t)/Cy vs. X calculated from Equation (8) 

is illustrated in Fig. 12. 

According to Freeland et al. (1970), a critical oxygen super-

saturation ratio, C*/C = 1.5 is required for oxygen precipitation to 

occur, where C* is the critical interstitial oxygen concentration in 

silicon wafers below which oxygen precipitation will not occur, and Ce 

the equilibrium oxygen concentration at the annealing temperature. 

Therefore, in the denuded zones where no oxygen precipitation occurred, 

the interstitial oxygen concentration should be equal to or less than 

C* after annealing. 

From Fig. 2, we know that the solubility of oxygen in silicon 

17 ^ 
at 1050°C is Cg = 4.0 x 10 atoms/cm , so that the critical intersti

tial oxygen concentration for oxygen precipitation to occur at 1050°C 

is: 

C* = 1.5 Ce = 6.Ox 1017 atoms/cm^ 

Taking Cy equal to the initial oxygen content, as Gaworzewski and Ritter 

18 3 
(1981) suggested (see Chapter 2), which is about 1.89 x 10 atoms/cm 

for Wafer S-17, and C* as C(X, t), we get: 

C* ... 6.0 x 1017 _ „ 
TT— — -| Q U»«jZ 
Lv 1.89 x 10i8 

From Fig. 12, the above value corresponds to X = 11 ym, the 

calculated denuded zone width. However, this calculated value is much 

smaller than the experimental result (about 22 ym). The underestimation 

may be mainly caused by the assumption that Cy, the oxygen content in 
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Fig. 12. Calculated interstitial oxygen concentration profile, C(X, t)/^ vs. X (the distance 
from the surface), of a wafer after annealed at 1050°C for 16 hr. in Ar. 



the bulk did not change during annealing. However, Cy cannot be kept 

as a constant since the diffusion process is an unsteady state process. 

Interstitial oxygen atoms will precipitate out in the bulk region of the 

wafer (see Fig. 11), and Cy decreases with time during the course of 

annealing. In fact, after annealing in Ar at 1050°C for 16 hr., the 

interstitial oxygen concentration of Wafer S-17 dropped markedly from 

18 3 18 3 
the initial 1.89 x 10 atoms/cm to 0.6 x 10 atoms/cm (measured by 

infrared absorption method at Motorola, Inc.). 

If the average (before and after the annealing) interstitial 

oxygen concentration was used for Cv, the corresponding denuded zone 

width would be 18 ym from Fig. 12. This value is close to the value 

observed. 

As discussed previously, the denuded zone width could also be 

calculated from Equation (7) (see Chapter 2) suggested by Kugimiya et 

al. (1981). However, if this equation is used, the calculated denuded 

zone width of Wafer S-17 would be only about 8.7 ym. The underestima-

17 tion may be due to the critical oxygen concentration, C* = 10.3 x 10 

atoms/cm , used in Equation (7), may not be suitable for annealing 

conditions other than the annealing condition used by Kugimiya et al. 

(1981). 

An approximate density of microdefect etch pits was obtained by 

counting the number of pits in a high-magnification photomicrograph 

(usually 800X) and dividing by the volume that had been etched out. The 

density of microdefect etch pits in the bulk of Wafer S-17 is about 

2.9 x 109/cm3. 
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From photomicrographs of the etch pits alone, the identities of 

the microdefects could not be clearly determined. To identify the micro-

defects, TEM specimens from Wafer S-17 were prepared and examined. For 

examining the bulk microdefects, step-thinning technique was first 

employed to remove about 130 ym from the wafer surface before the jet 

thinning was applied. 

From the TEM micrographs (Figs. 13a and 13b), the etch pits 

delineated in 0PM photographs are mainly from square platelets of oxygen 

precipitates lying on {100} habit planes or clusters of oxygen precipi

tates with dislocation loops punched out in <110> directions. 

High-Low, Two-Step Annealing. Several wafers sliced from the 

seed end of Crystal #41 were given a high-low, two-step annealing, such 

as S-27 (1050°C, 16 hr. in Ar + 800°C, 4 hr. in dry 02), S-23 (1050°C, 

16 hr. in Ar + 800°C, 16 hr. in dry 02), and S-72 (1050°C, 16 hr. in N2 

with 3% HC1 + 800°C, 16 hr. in dry 02), etc. The results from both OPM 

and TEM examinations showed that clear denuded zones had formed in the 

near-surface regions (both front and back) of these wafers, regardless 

of the differences in annealing time or ambient. 

Figure 14a is a dark-field photomicrograph of cross-sections of 

Wafer S-27. Clear denuded zones are seen in the surface regions with 

high densities of microdefects in the bulk. A more detailed picture of 

the microdefect distribution along the cross-section of Wafer S-27 is 

shown in Fig. 14b. Microdefect density is seen decreasing gradually from 

the center toward the wafer surfaces. 



Fig. 13. TEM micrographs of microdefects in the bulk region of seed-
end wafer, S-17, {100}-orientation, after being annealed 
at 1050°C in Ar for 16 hr. 

a. A square platelet, oxygen precipitate lying on a {100} habit 
plane, 35 kX. 

b. A cluster of oxygen precipitates with punched-out dislocation 
loops in <110> directions; 20 kX. 



Fig. 13a. A square platelet, oxygen precipitate lying 
on a {100} habit plane; 35 kX. 

Fig. 13b. A cluster of oxygen precipitates \vith 
punched-out dislocation loops in <110> 
directions; 20 kX. 
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Fig. 14. Photomicrographs of cross-sections of Wafer S-27 (seed end), 
annealed at 1050°C for 16 hr. in Ar and at 800°C for 4 hr. 
in dry C>2 after 8 minutes in Wright etch. 

a. A dark-field photomicrograph showing clear denuded zones in near-
surface regions with a high density of etch pits in the bulk; 
50 X. 

b. A bright-field photomicrograph (200 X) showing denuded zone width 
of ~ 20 urn. 



Fig. 14a. A dark-field photomicrograph showing clear denuded 
zones in near-surface regions with a high density 
of etch pits in the bulk; 50 X. 
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Fig. 14b. A bright-field photomicrograph (200 X) showing denuded 
zone width of ~ 20 ~m. 
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The density of the microdefects in the bulk of Wafer S-27 was 

9 3 
determined to be about 3.0 x 10 /cm , which is about the same as that 

9 3 
in the single high-temperature-annealed Wafer S-17 (2.9 x 10 /cm ). • The 

average width of denuded zones formed was about 20 ym, which is also 

almost the same as Wafer S-17 (about 22 ym). The only difference in 

annealing conditions between these two wafers was that Wafer S-27 re

ceived an extra annealing at 800°C for 4 hr. in dry C^. The results 

suggest that the denuded zone mainly formed in the high-temperature step 

of the high-low, two-step annealing treatment since the oxygen out-

diffusion mainly occurred during the high-temperature annealing. 

Oxygen out-diffusion at 800°C is much slower than at 1050°C, 

-11 2 since the diffusivity D of oxygen in silicon is 6.5 x 10 cm /sec at 

1050°C, while only 4.8 x lO-"*"3 cm̂ /sec at 800°C. In addition, the 

diffusion length 2/Dt for the high-temperature annealing (1050°C for 

16 hr.) is about 39 ym, while it is only about 1.7 ym for the low-

temperature annealing (800°C for 4 hr.). Therefore, the oxygen out-

diffusion at the low-temperature step can be neglected. 

After the denuded zone has formed during the high-temperature 

annealing, it remains stable during the subsequent low-temperature 

annealing since the oxygen concentration is low inside the zone. Also, 

most of the grown-in nucleation sites with a radius smaller than r* at 

1050°C shrink during the high-temperature annealing and it becomes 

difficult for oxygen to precipitate during the subsequent low-temperature 

annealing. 
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To obtain further evidence of the existence of denuded zones, 

a step-thinning method was employed to examine the distribution of 

microdefects along the depth of wafer S-27 by transmission electron 

microscopy. Various thicknesses of layers from the wafer front surface 

of wafer specimens were removed (see Fig. 14b) and then they were jet 

thinned from the back surface. The results are shown in Table 5. 

The microdefects observed by TEM were mostly oxygen precipitates 

and punched-out dislocation loops with a few stacking faults (see Figs. 

15a and 15b). Also, it was the first time for us to observe dislocation 

helices in silicon single crystals (see Fig. 15c). 

It is noticeable that the shapes of the punched-out dislocation 

loops, when viewing from <100> and <110> directions, are different by 

comparing Figs. 15a and 15d. The basic geometry of the loops is that 

they are rhombus-shaped with sides running in <112> directions on {111} 

planes. They are punched out along <110> directions (Chang, 1982). 

These loops are seen in rhombus-shaped geometry if they are in the 

oblique <110> directions from a {100} surface plane and in edge-on 

geometry if they are in two <110> directions of the {100} surface plane 

(Chang, 1982). However, from a {110} surface plane, the geometry of the 

punched-out dislocation loops may vary from near-square to near-

rectangular shapes (see Fig. 15d) depending on the specific <110> direc

tion in which dislocations were punched out and the specific {110} 

viewing plane. 

Wafer S-23, a seed-end wafer sliced from Crystal #41, was 

annealed at 1050°C for 16 hr. in Ar and at 800°C for 16 hr. in dry C^. 
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Table 5. The microdefect distribution along the depth of Wafer S-27 
examined by TEM.(for comparison with Fig. 14). 

Approximate Depth 
(ym) Below the 
Front Surface 
Examined by TEM Observations Comments 

20 No microdefects observed. The denuded zone region 

35 No microdefects observed. Microdefect density is 
too low to be detected 
by TEM. 

50 Only 4 precipitates (ppts) 
with dislocation loops 
observed in large thin area. 

Microdefect density is 
very low in this region. 

64 About 8 ppts with punched-
out dislocation loops 
observed in large thin area. 

Microdefect density is 
still low in this 
region. 

75 Many ppts with dislocation 
loops observed. 

High-density region of 
microdefects. 

150 Very high density of 
microdefects observed. 

The bulk region 



Fig. 15. TEM micrographs of Wafer S-27, from Crystal #41 (seed end), 
annealed at 1050°C for 16 hr. in Ar and at 800°C for 4 hr. 
in dry C^. 

a. Two flat oxygen precipitates at different levels in the bulk of 
the wafer, with punched-out dislocation loops in various <110> 
directions in a region ~ 75 ym below the {100} front surface, 20 kX. 

b. A stacking fault and clusters of oxygen precipitates with disloca
tion loops located in the bulk of the wafer ~ 150 ym below the 
{100} front surface; 12.5 kX. 

c. A cluster of oxygen precipitates and dislocations with a disloca
tion helix in the bulk of the wafer ~ 150 ym below the {100} 
front surface; 15 kX. 

d. An oxygen precipitate with punched-out prismatic dislocation 
loops in three <110> directions. The thin foil surface of this 
specimen is a {110} cross-section surface thinned by the immersed 
chemical thinning method; 35 kX. 



Fig. 15a. Two flat oxygen prec1p1tates at different levels 
in the bulk of the wafer, with punched-out dislo
cation loops in various <110> directions in a 
region - 75 1-Jffi below the {100} front surface, 20 X. 

Fig. 15b. A stacking fault and clusters of oxygen preclpl
tates with dislocation loops located in the bulk 
of the wafer - 150 1-1m below the {100} front 
surface; 12.5 kX. 
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Fig. 15c. A cluster of oxygen precipitates and dislocations 
with a dislocation helix in the bulk of the wafer 
- 150 ~m below the {100} front surface; 15 kX. 

Fig. 15d. An oxygen precipitate with punched-out prismatic 
dislocation loops in three <110> directions. The 
thin foil surface of this specimen is a {110} 
cross-section surface thinned by the immersed 
chemical thinning method; 35 kX. 

81 



Clear denuded zones formed at both the front and the back surfaces of 

the wafer (see Fig. 16). It should be noted that the denuded zone that 

formed at the front surface (about 18 ym in average) is narrower than 

that at the back surface (about 20 ym in average). This behavior was 

only observed in Wafer S-23 and in Wafer S-72, which will be discussed 

in the Annealing Ambient section. The reason for this phenomenon might 

be that the back surface is rougher than the front surface, so it has a 

larger area for oxygen out-diffusion than the front surface. The micro-

defects in the bulk of Wafer S-23, observed by TEM, are oxygen precipi

tates, and clusters of oxygen precipitates with dislocations. No 

stacking faults were found. Figure 17a shows a large, nearly square, 

oxygen precipitate lying on a {100} surface plane with a small disloca

tion generator loop at a corner. The edges of the precipitate measure 

about 1.14 to 1.42 ym long. This micrograph was taken from a jet-thinned 

{100} specimen. However, from an immersion-thinned cross-section {110} 

specimen, a nearly square-shaped precipitate, viewed from a <100> direc

tion, would appear as a prismatic-shaped precipitate (see Fig. 17b). 

Clear denuded zones were also observed in all wafers (such as 

Wafers S-18, S-72, etc.) that were annealed in a high-low, two-step 

annealing sequence, in different ambients and for different durations. 

The results will be discussed in later sections. 

Single, Low-Temperature Annealing. Wafer S-57, a seed-end 

wafer sliced from Crystal #41, was annealed at a single, low temperature 

of 800°C for 16 hr. in dry C^. Figure 18a shows the cross-section 

surface of the annealed Wafer S-57 after 8 minutes in Wright etch. The 



Front 
Surface 

DZ ~ 18 1-1m 

Fig. 16. Optical photomicrograph of {110} cross-section 
surface, of seed-end wafer, S-23, annealed at 
1050°C for 16 hr. in Ar and at 800°C for 16 hr. 
in dry 02, after Wright etch (8 min.), showing 
rnicrodefect etch-pit distribution; 200 X. -
Note the wider denuded zone at the back surface 
than at the front surface. 

Back 
Surface 
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Fig. 17. TEM micrographs taken from a seed-end wafer, S-23, annealed 
at 1050°C for 16 hr. in Ar and 800°C for 16 hr. in dry C^. 

a. A jet-thinned, {100} specimen showing a large, nearly square, 
oxygen precipitate in the bulk (about 100 ym below the {100} front 
surface) with a small dislocation generator loop at a corner; 35 kX. 

b. An immersion-thinned, {110} cross-section specimen showing a pris
matic-shaped precipitate; 20 kX. 



Fig. 17a. A jet-thinned, {100} specimen showing a. large, 
nearly square, oxygen precipitate in the bulk 
(about 100 1J1Tl below the {100} front surface) 
with a small dislocation generator loop at a 
comer; 35 kX. 

Fig. 17b. An immersion-thinned, {110} cross-section 
specimen showing a prismatic-shaped precipi
tate; 20 kX. 
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Fig. 18. Optical photomicrographs of Wright-etched (8 min.), {110} 
cross-section surfaces of Wafer S-57 (seed end), annealed 
at a single low temperature of 800°C for 16 hr. in dry C^. 

a. The microdefect etch pits are randomly distributed throughout 
the cross-sections of the wafer without obvious denuded zones 
formed in the near-surface regions; 50 X. 

b. A higher-magnification (800 X) photomicrograph showing that the etch 
pits have football-like shapes with the long axes in <110> direc
tions . 



Fig. 18a. The microdefect etch pits are randomly distributed 
throughout the cross-sections of the wafer 1vithout 
obvious denuded zones formed in the near-surface 
regions; 50 X. 
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Fig. 18b. A higher-magnification (800 X) photomicrograph 
showing that the etcl1 pits have football-like 
shapes with the long axes in <110> directions. 
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microdefect etch pits are randomly distributed over the cross-section 

of the wafer. There are no obvious denuded zones existing in the near-

surface regions. This is not surprising, because as discussed in the 

last section, oxygen out-diffusion is negligible during low-temperature 

(e.g., 800°C) annealings and oxygen precipitation could readily occur 

throughout the entire cross-sections. 

The microdefect etch-pit density of Wafer S-57 was determined 

9 3 to be only about 1.4 x 10 /cm , which is much lower than that of Wafer 

S-17 (2.9 x 10^/crn"^), annealed at a single high temperature (1050°C for 

16 hr. in Ar). The shape of the etch pits on the cross-section surface 

of Wafer S-57 is mostly football-like (see Fig. 18b), with the long axis 

in <110> directions. This is different from the shape of pits on other 

wafer cross-section surfaces. They generally appear as small round pits 

(see Figs. 14b and 16). 

According to the nucleation theory discussed in Chapter 2, the 

nucleation rate of oxygen precipitation in silicon at 800°C is greater 

than that at 1050°C. One might expect, therefore, more etch pits to 

appear on a cross-section surface of Wafer S-57 than on cross-section 

surfaces of wafers subjected to a single high or high-low, two-step 

annealing. But the optical microscopy results are just the opposite. 

However, in the TEM study, a very high density of very tiny oxygen 

precipitates formed in Wafer S-57 (see Fig. 19) was observed. The 

density of these oxygen precipitates observed under TEM is much higher 

than those in the other wafers, and the size of these oxygen precipi-



Fig. 19. TEM micrographs taken from the bulk of seed-end Wafer S-57, 
annealed at a single low temperature of 800°C for 16 hr. in 
dry C^. 

a. Very high density of tiny oxygen precipitates found in the bulk 
region (about 135 ym below the {100} front surface) of the wafer; 
15 kX. 

b. A higher-magnification (40 kX) micrograph showing some precipi
tates with dislocation loops around them. 



Fig. 19a. Very high density of tiny oxygen precipitates 
found in the bulk region (about 135 ~m below 
the {100} front surface) of the wafer; 15 kX. 

Fig. 19b. A higher-magnification (40 kX) _micrograph 
showing some precipitates with dislocation 
loops around them. 
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tates 375 a) is much smaller than those of the other wafers (~ 7,000-

14,000 a) .  

These TEM results prove that more oxygen precipitation did 

indeed occur in silicon at 800°C than at 1050°C. It is in agreement 

with the nucleation theory. Since oxygen precipitate growth is a func

tion of temperature, the oxygen precipitates cannot grow very large 

after a single low 800°C annealing without a previous or subsequent high 

1050°C annealing. Further, most of the oxygen precipitates in the wafer 

are too small to be delineated by the Wright etching technique. Football

like etch pits may possibly be the result of large precipitates with 

dislocation loops around them on {100} surface planes (see Figs. 19a and 

19b). 

Low-High, Two-Step Annealing. Some research workers (Tsuya et 

al., 1980) indicated that denuded zones could form in the near-surface 

region of silicon wafers after a low-high, two-step annealing (e.g., 

820°C for 64 hr. in dry + 1140°C for 2 hr. in wet C^)• On the other 

hand, others (Nagasawa et al., 1980) have pointed out that denuded zones 

could not be formed after a low-high annealing (see Chapter 2). The 

results from this investigation agree with the latter. 

Figure 20a shows microdefect etch pits uniformly distributed 

along the entire cross-sections of Wafer S-61, which is a seed-end wafer 

from Crystal #41, annealed at 800°C for 16 hr. in dry C>2 and at 1050°C 

for 16 hr. in Ar. 

During the 800°C annealing, oxygen out-diffusion was negligible, 

and precipitation occurred rapidly both in the bulk and the surface 



. 20. Optical photomicrographs o£ Wright-etched (90 sec.), {110} 
cross-sections of seed-end Wafer S-61, annealed at 800°C 
for 16 hr. in dry and 1050°C for 16 hr. in Ar. 

A uniform distribution of microdefect etch pits along the cross-
section surfaces of the wafer; 50 X. 

A higher-magnification (800 X) micrograph showing the details of 
the etch pits in Fig. 20a. 



Fig. 20a. A uniform distribution of microdefect etch pits 
along the cross-section surfaces of the wafer; 
SO X. 
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Fig. 20b. A higher-magnification (800 X) micrograph showing 
the details of the etch pits in Fig. 20a. 
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regions of the wafer at this low temperature, just like in the single 

low, 800°C annealing. The oxygen precipitates formed in the near-

surface region of the wafer were too big to diffuse out of the wafer 

surfaces during the subsequent high-temperature, 1050°C annealing. 

Hence, these oxygen precipitates, both in the bulk and the near-surface 

regions of the wafer, continued to grow and no defect-free denuded zones 

could be formed. 

Figure 20b is a higher-magnification (800 X) photomicrograph of 

a cross-section of Wafer S-61. The density of the etch pits is approxi-

10 3 mately 3.2 x 10 /cm , two orders of magnitude higher than that of the 

other wafers annealed in a single high or a high-low, two-step annealing. 

The microdefects in Wafer S-61 were identified by transmission 

electron microscopy. They were all found to be stacking faults (see 

Fig. 21). 

Other wafers sliced from the seed-end of Crystal #41, and sub

jected to low-high, two-step annealing, also showed high densities of 

10 3 
etch pits (about 3.0-3.2 x 10 /cm ) throughout the entire cross-

sections of these wafers, regardless of the lengths and the ambients of 

the high-temperature step in the treatment. The low-temperature step 

in all cases was at 800°C for 16 hr. in dry C^. The high-temperature 

step in the annealing procedure was at 1050°C for 4 hr. in Ar, 1050°C 

for 16 hr. in N2 + 3% HC1, 1050°C for 1 hr. in Ar, and 1050°C for 16 hr. 

in Ar (same as Wafer S-61), for Wafers S-59, S-64, S-69, and S-62, 

respectively. 



Fig. 21. TB-·1 micrograph of seed-end \'lafer S-61, annealed 
at 800°C for 16 hr. in dry Oz and 1050bC for 16 
hr. in Ar, showing stacking faults in the region 
about 15 11m below the {100} surface; 10 kX. 
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The microdefects in these wafers were also found to be all 

stacking faults, while the microdefects in the wafers with a single 

high, or high-low annealing treatment were mostly clusters of oxygen 

precipitates and dislocation loops. Figures 22a and 22b show the stack

ing faults at the front surface and in the bulk, respectively, of Wafer 

S-64. 

Annealing Ambient 

The annealing ambient also plays a very important role in the 

formation of denuded zones in silicon wafers, since oxygen out-diffusion 

is also a function of oxygen gradient between the silicon wafer surface 

and the annealing ambient. As discussed previously, oxygen out-diffusion 

at low temperature (e.g., 800°C) is negligible. Hence, in this investi

gation, only the effect of the annealing ambient in high-temperature 

(e.g., 1050°C) annealing was studied. 

Inert Ambient. As reviewed before, many authors (e.g., Tan et 

al., 1977) have reported that denuded zones could be formed at silicon 

wafer surfaces during annealing in an inert ambient, such as Ar and ̂  

This investigation confirms their results, and shows that wafers 

annealed in Ar had much wider denuded zones (~ 20 urn) than those wafers 

annealed in pure, dry 0£ (~ < 5 ym). A much greater oxygen concentra

tion gradient between the silicon wafer surface and the inert annealing 

ambient allows the process of oxygen out-diffusion in the near-surface 

region to occur more rapidly than in the oxidation ambient. 

The clear, defect-free, denuded zones of about 20 ym formed at 

the surfaces of Wafer S-17 (annealed at 1050°C for 16 hr in Ar) and of 



Fig. 22. TEM micrographs of seed-end Wafer S-64, annealed at 800°C 
for 16 hr. in dry C>2 and 1050°C for 16 hr. in ̂  + 3% HC1. 

a. Stacking faults at the {100} front surface; 20 kX. 

b. Stacking faults in the bulk region 35 ym below the {100} front 
surface); 10 kX. 



Fig. 22a. Stacking faults at the {100} front surface; 20 kX. 

Fig. 22b. Stacking faults in the bulk region (- 35 ~m below 
the {100} front surface); 10 kX. 
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Wafer S-27 (annealed at 1050°C for 16 hr. in Ar + 800°C for 4 hr. in 

dry C^), have been shown in Figs. 10 and 14, respectively. 

Oxidation Ambient. The experimental results from Yue and Ruiz 

(1977) showed that denuded zones could also form in an oxidation ambient 

during preannealing. It was found in this investigation that oxygen 

out-diffusion did occur at 1050°C in a dry 09 ambient, but not as much 

as at 1050°C in Ar. 

Wafer S-18, a seed-end wafer from Crystal #41, was annealed in 

dry C>2 at 1050°C for 16 hr. and 800°C for 16 hr. Figures 23a and 23b 

show the microdefect etch-pit distributions on cross-sections of Wafer 

S-18. Very narrow denuded zones (~ < 5 ym) are present near the wafer 

surfaces. From Fig. 23b, it can be seen that the etch-pit density 

decreases gradually toward the wafer surfaces. 

The oxygen concentration in the oxidation ambient (at 1 atm, 

18 3 1050°C) is about 6.0 x 10 molecules/cm , which is somewhat greater 

than the interstitial oxygen concentration in Wafer S-18 (about 1.89 

18 3 x 10 atoms/cm ). In theory, oxygen out-diffusion from the wafer 

surface to the oxidation ambient would never occur due to this negative 

oxygen gradient between the silicon surface and the ambient. However, 

it is very difficult for large oxygen molecules in the oxygen ambient to 

diffuse into the silicon wafer lattice. On the other hand, it is still 

possible for some interstitial oxygen atoms, arriving at the wafer sur

face by diffusion from the bulk silicon, to be carried away from the 

wafer surface by the flowing oxidation ambient (flow rate is typically 

about 0.2 ft/sec.), although this process may be very slow. Therefore, 



Fig. 23. Optical photomicrographs of Wright-etched (8 min.), {110} 
cross-section surfaces of Wafer S-18, annealed for 16 hr. 
in dry both at 1050°C and 800°C. 

a. A dark-field photomicrograph showing microdefect etch-pit 
distribution over the cross-sections of the wafer; 50 X. 

b. A bright-field photomicrograph at higher magnification, showing 
very narrow denuded zones at the wafer surfaces; 150 X. 



Fig. 23a. A dark-field photomicrograph shm~ng rnicrodefect 
etch-pit distribution over the cross-sections of 
the wafer; 50 X. 
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Fig. 23b. A bright-field photomicrograph at higher magnifi
cation, showing very narrow denuded zones at the 
wafer surfaces; 150 X. 
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in the very narrow near-surface region of Wafer S-18, the oxygen concen

tration was presumably lowered, thus retarding oxygen precipitation and 

forming a denuded zone of ~ < 5 ym. 

In the TEM examination of Wafer S-18, no defects were found at 

the front surface of the wafer thinned by jet thinning. This confirms 

the etch-pit observations of the existence of. a denuded zone in the 

near-surface region. The high density of etch pits in the bulk region 

of Wafer S-18 appears to be caused by clusters of oxygen precipitates 

with dislocation loops, and a few stacking faults (see Figs. 24a and 

24b). 

HC1 Ambient. Wafer S-72, a seed-end wafer from Crystal #41, was 

subjected to an annealing at 1050°C for 16 hr. in ̂  + 3S> HC1 followed 

by annealing at 800°C for 16 hr. in dry C^. Wide, clear, denuded zones 

were formed in the wafer's near-surface regions (see Figs. 25a and 25b). 

It is also noticed that the denuded zones are wider at the back surfaces 

(~ 30 ym) than at the front surface (~ 25 ym). This may be attributed 

to the roughness on the back surfaces, as discussed previously. 

It is well known that during annealing in an HC1 ambient, excess 

vacancies are generated in the near-surface region of the wafer due to 

the formation of Si-Cl bonds from the chlorination reaction. These 

excess vacancies could enhance the oxygen out-diffusion process, and 

result in a wider denuded zone at the wafer surface than those formed in 

a non-HCl ambient annealing. 

Step thinning was employed to examine the microdefect distribution 

of this wafer. Layers of about 25, 35, 45, 65, 90, 100, 115 ym were 



Fig. 24. TBI micrographs of a seed-end wafer, S-18, annealed in dry 
C>2 for 16 hr. at 1050°C and then at 800°C. 

a. A large cluster of oxygen precipitates with dislocation loops in 
the bulk region 100 ym below the {100} front surface); 20 kX. 

b. A stacking fault and clusters of oxygen precipitates with disloca
tion loops found in the bulk region of the wafer 125 ym below 
the {100} front surface); 10 kX. 



Fig. 24a. 

Fig. 24b. 

A large cluster of oxygen precipitates with 
dislocation loops in the bulk region (- 100 
lJID below the {100} front surface); 20 k.X. 

A stacking fault and clusters of oxygen precipi
tates with dislocation loops fonnd in the bulk 
region of the wafer (- 125 lJID below the {100} 
front surface); 10 k.X. 
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. 25. Bright-field optical photomicrographs of Wright-etched 
(8 min.), {110} cross-section surfaces of a seed-end 
wafer, S-72, annealed at 1050°C for 16 hr. in N? + 3% HC1 
and at 800°C for 16 hr. in dry C^. 

The microdefect etch-pit distribution across the {110} cross-
section surfaces of the wafer; 50 X. Note the differences in 
denuded zone width between the front and the back surfaces. 

Higher magnification of a region in Fig. 25a. This also shows 
the step-thinning depths for TBI study; 200 X. 



B F 

F = Front Surfaces 

B = Back Surfaces 

B F B 

Fig. 25a. The microdefect etch-pit distribution across the 
{110} cross-section surfaces of the lvafer; 50 X. 
Note the differences in denuded zone width between 
the front and the back surfaces. 
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Front 
Surface 

DZ~25 

90lJID 

1 

115lJID 

Back 
Surface 

30 lJffi 

Fig. 25b. Higher magnification of a region in Fig. 25a. 
This also shows the step-thinning depths for 
TEM study; 200 X. 
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removed from the (100} front surfaces of a group of specimens (see Fig. 

25b). These were then jet thinned from the back surfaces of each 

specimen. TEM results showed that microdefects could only be found in 

the region about 65 ym below the front surface. Above 65 ym, the defect 

density was too low to be detected by TBI. 

The microdefects in the bulk of Wafer S-72 are clusters of 

oxygen precipitates with associated dislocation loops (see Fig. 26). 

Annealing Time 

As discussed in Chapter 2, annealing time is an important factor 

affecting denuded zones. Many authors, for example Butler (1982), 

pointed out that the longer the annealing time, the wider the denuded 

zones that are formed. 

For studying the annealing time effect, Wafer S-23 (from Crystal 

#42), and S-21 and S-23 (both from Crystal #41) were annealed in Ar at 

1050°C for 1, 4, and 16 hr., respectively, and then were given a low-

temperature annealing at 800°C for 16 hr. in dry C^. 

These three wafers have similar oxygen concentrations (about 
1 O *2 

1.78-1.89 x 10 atoms/cm ), but the carbon concentration of Wafer S-23 

(~ 7.0 x 10 atoms/cm) from Crystal #42 is much higher than the other 

1 f\ X 
two (~ 1.0 x 10 atoms/cm ). However, as will be discussed later, the 

carbon content does not affect the denuded zones, so it does not affect 

the results of the annealing-time dependence study. 

Figures 27 and 28 show the microdefect etch-pit distributions 

across the {110} cross-section surfaces of Wafer S-23 (from Crystal #42) 



Fig. 26. A m .-1 micrograph of a seed-end wafer, S- 72, 
annealed at 1050°C for 16 hr. in N2 + 3% HCl 
and then at 800°C for 16 hr. in dry 02, 
showing an edge-on precipitate with pnnched
out dislocation loops in 5 <110> directions 
in the bulk region of the wafer c- 115 lJJTl 

below the {100} front surface); 20 kX. 
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Fig. 27. A dark-field optical photomicrograph of a 1~right
etched (15 min.), {110} cross-section surface of 
Wafer S-23 (from seed-end of Crystal #42), 
annealed at 1050°C for 1 hr. in Ar followed by 
800°C for 16 hr. in dry o2; 200 X. 
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Fig. 28. A dark-field optical photomicrograph of a Wright
etched (15 min.), {110} cross-section of a seed
end wafer, S-21, armealed at 1050°C for 4 hr. in 
Ar followed by 800°C for 16 hr. in dry 02; 200 X. 
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Fig. 29. A dark-field optical photomicrograph of Wright
etched (90 sec.), {110} cross-section surfaces 
of a seed-end wafer, S-69, annealed at 800°C 
for ~6 hr. in dry 02 followed by 1050°C for 1 
hr. 1n Ar; 50 X. 
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Fig. 30. A bright-field optical photomicrograph of Wright
etched (90 sec.), {110} cross-section surfaces of 
a seed-end wafer, S-59, annealed at 800°C for 16 
hr. in dry o2 followed by 1050°C for 4 hr. in Ar; 
SO X. 
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Fig. 31. A Tfl,.J micrograph of a {110} cross-section of a 
seed-end wafer, S-69, annealed at 800°C for 16 
hr. in dry o2 followed by 1050°C for 1 hr. in 
Ar; 15 kX. 
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and Wafer S-21, respectively. The etch pits appear in the near-surface 

regions of both these wafers, and no clear denuded zones formed. For 

comparison, note the appearance of Wafer S-23 (from Crystal #41), which 

was annealed for a longer time (16 hr.) at 1050°C (see Fig. 16). For 

that time, clear denuded zones of about 18 to 20 ym formed at the 

surfaces. The results clearly indicate that a longer annealing time 

(over 4 hr.) at the high-temperature step was required for the formation 

of denuded zones. This is mainly because the amount of interstitial 

oxygen atoms which diffuse out of the wafer surface is time-dependent. 

It may also be noticed that the etch-pit density in the bulk of 

Wafer S-23 (of Crystal #41) is higher than that in Wafers S-23 (of 

Crystal #42) and S-21, by comparing Fig. 16 to Figs. 27 and 28, respec

tively. This is because the oxygen precipitation in the bulk was 

enhanced by prolonged annealing at 1050°C. 

For studying the annealing-time effect on low-high, two-step 

annealings, Wafers S-69, S-59, and S-61, from the seed-end of Crystal 

#41, were subjected to annealing at 800°C for 16 hr. in dry followed 

by 1050°C in Ar for 1, 4 and 16 hr., respectively. The results show 

that the annealing time at the second step (1050°C) did not have any 

effect on the denuded zones (see Figs. 29, 30 and 20a), since the oxygen 

precipitates were already formed during the low-temperature step, and 

they were too big to diffuse out of the wafer during the subsequent 

high-temperature annealing. Only stacking faults were found in these 

wafers by TEM (see Figs. 21 and 31). Figure 31 is a TEM micrograph of 

a {110} cross-section thin foil of Wafer S-69. 



Fig. 32. A dark-field optical photomicrograph of Wright
etched (8 min.), {110} cross-section surface of 
a seed-end wafer, S-23, annealed at 1050°C for 
16 hr. in Ar followed by 800°C for 16 hr. in dry 
02; 50 X. 
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Fig. 33. A dark-field optical photomicrograph of Wright
etched (8 min.) {110} cross-section surfaces of a 
seed-end wafer, S-87, annealed at 1050°C for 16 
hr. in Ar followed by 800°C for 16 hr. in dry 
02; 50 X. 
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Initial Carbon Concentration 

For a study of the effect of initial carbon concentration on 

denuded zones, two seed-end wafers from two crystals with different 

carbon concentrations were annealed under the same condition, i.e., at 

1050°C for 16 hr. in Ar followed by 800°C for 16 hr. in dry C^. They 

are Wafer S-23 from Crystal #41, with an initial carbon concentration 

16 3 of about 1.0 x 10 atoms/cm and an initial oxygen concentration of 

18 ^ 
about 1.89 x 10 atoms/cm , and Wafer S-87 from Crystal #42, with an 

16 3 initial carbon concentration of about 7.0 x 10 atoms/cm and an ini-

18 3 tial oxygen concentration of about 1.6 x 10 atoms/cm . 

Figures 32 and 33 show the microdefect etch-pit distributions 

across the (110) cross-section surfaces of Wafers S-23 and S-87, respec

tively. Figure 32 shows a very high density of etch pits all confined 

to the bulk region of Wafer S-23, leaving denuded zones of about 20 ym 

at the surface. Note also Fig. 16. In Fig. 33, denuded zones of at 

least 60 ym are shown in the surface region of Wafer S-87, and the 

etch-pit density is much lower than that of Wafer S-23, even though the 

carbon content of Wafer S-87 is seven times as high as that of Wafer 

S-23. 

The wider denuded zones and lower etch pit density in Wafer S-87 

are obviously not due to its higher carbon concentration, but due to its 

lower oxygen concentration than that of Wafer S-23. It is the oxygen 

content rather than the carbon content that affects the denuded zones. 

As Craven and Korb (1981) pointed out, the denuded zones can form at 

the wafer surfaces regardless of the carbon concentrations. 
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Several authors, such as Matsushita et al. (1980), suggested 

that carbon atoms can act as heterogeneous nucleation centers for oxygen 

precipitation in silicon. However, during annealing, the oxygen con

centration is undersaturated in the near-surface region of the wafer, 

due to oxygen out-diffusion, so that oxygen precipitation will not 

occur, despite many carbon-atom nucleation centers existing at the 

surface. Furthermore, since both the diffusivity and concentration of 

carbon atoms are quite small compared to the oxygen atoms, it is also 

unlikely for carbon atoms to precipitate out as carbide particles (Wang 

and Kulkarni, 1980). Hence, the effect of carbon atoms on the forma

tion of denuded zones may be insignificant. 

Initial Oxygen Concentration 

The initial oxygen concentration is a critical factor for the 

generation of microdefects in silicon wafers. Since the foimation of 

denuded zones depends on the undersaturation of oxygen interstitials in 

the near-surface region, the initial oxygen content will affect the 

denuded zones. As shown in the previous sections of this chapter, the 

seed-end wafers subjected to a single high or a high-low, two-step 

annealing treatment all showed clear denuded zones at the surfaces, with 

high densities of microdefects in the bulk of the wafers. 

Several center and tang-end wafers (with initial oxygen concen-

lO 7 
trations about 1.39 - 1.55 x 10 atoms/cm )were also annealed in various 

high-low, two-step annealings. The results showed that only a few etch 

pits could be found in the whole cross section of these wafers (see 
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Figs. 34 and 35). This is because the oxygen concentrations in these 

wafers were so low that hardly any oxygen atoms precipitated out either 

at the surfaces or in the bulk of these wafers. Therefore, as Series 

et al. (1981) indicated, it is meaningless to measure the denuded zone 

widths on the center and tang-end wafers with low initial oxygen concen

trations. 

After annealing the center and tang-end wafers in a high-low, 

two-step treatment, no high densities of microdefects were found in the 

bulk of the wafers. Such wafers are not useful for intrinsic gettering. 

In our investigation, only the seed-end wafers with initial oxygen 

18 "S 
concentration of about 1.89 x 10 atoms/cm provided high densities of 

microdefects in the bulk for intrinsic gettering and showed clear 

denuded zones of about 20 ym in the surface regions after a single high 

or high-low, two-step annealing. The 20 ym of denuded zones is wide 

enough for building up semiconductor devices, since the active region 

of a silicon wafer is generally only a few microns below the wafer front 

surface (Monkowski, 1981). 

The Mechanism of Formation of 
the Denuded Zones 

Considerable evidence has been obtained from this investigation 

to prove that oxygen out-diffusion, discussed in Chapter 2, is the 

dominant mechanism for denuded zone formation in silicon wafers. The 

evidence may be summarized as follows. 

1. Denuded zones were formed only at the surfaces of the wafers 

annealed in a single high or a high-low, two-step treatment, but 



Fig. 34. A bright-field optical photomicrograph of a Wright
etched (8 min.) {110} cross-section surface of a 
center-section wafer, C-51, annealed at 1050°C for 
16 hr. in Ar followed by 800°C for 16 hr. in dry 0

2
; 

200 X. 
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Fig. 35. A bright-field optical photomicrograph of a Wright
etched (8 min.) {110} cross-section surface of a 
tang-end wafer, T-24, annealed at 1050°C for 16 hr. 
in Ar followed by 800°C for 16 hr. in dry o2; 200 X. 
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not at the surfaces of those wafers given in a single low or a 

low-high, two-step annealing. This is because oxygen out-

diffusion mainly occurs at high temperatures (e.g., 1050°C). 

If the silicon wafers were first annealed at a low temperature 

(e.g., 800°C), the interstitial oxygen atoms in the near-

surface region would precipitate out before they could escape 

from the silicon surface, since oxygen out-diffusion process is 

very slow at low temperatures. 

Much wider denuded zones could be formed at the surfaces of the 

wafers annealed in an inert or an HC1-containing inert ambient 

than in an oxidation ambient, since a much greater oxygen concen

tration gradient exists in the former cases than in the latter, 

for oxygen out-diffusion to take place. 

The denuded-zone formation at the silicon wafer surface requires 

a certain annealing time (e.g., 16 hr.) at the high-temperature 

step (e.g., 1050°C). Annealing for less than or equal to 4 hr. 

in the 1050°C treatment is not sufficient, since the amount of 

oxygen out-diffusion is time-dependent. 

The wafers with denuded zones present at the surfaces after 

annealing showed a high density of microdefects in.the bulk 

which gradually decreased toward the surfaces. This'corres

ponds to a decreasing interstitial oxygen concentration toward 

the surfaces of the wafer due to oxygen out-diffusion during 

annealing. The width of denuded zones could be estimated by 

using Equation (5) in Chapter 2, a solution for oxygen concen-
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tration profile in silicon wafers after oxygen out-diffusion 

suggested by Gawarzewski and Ritter (1981). 

The results of this investigation cannot be explained by the 

mechanism involving the retardation of oxygen precipitation at the wafer 

surfaces due to excess silicon interstitials, proposed by Craven and 

Korb (1981). According to Craven and Korb (1981), denuded zones can be 

formed at the surfaces of wafers annealed- in an oxidation ambient, but 

not in an HCl-containing ambient. However, the results from this inves

tigation are just opposite to their predictions. A much wider denuded 

zone was formed at the surfaces of the wafer annealed in an HC1-

containing ambient than in an oxidation ambient. 



CHAPTER 6 

CONCLUSIONS 

The following conclusions are drawn from the results of this 

investigation: 

1. Oxygen out-diffusion is the dominant mechanism for formation 

of denuded zones in silicon wafers during annealing. 

2. A single high or a high-low, two-step annealing will result in 

a clear denuded zone at the silicon wafer surface, while a 

single low or a low-high, two-step annealing will not. 

3. Annealing silicon wafers in an inert ambient or an HC1-containing 

inert ambient at the first step of a high-low, two-step annealing 

will result in a wide 20 ym) denuded zone at the wafer sur

face, while in an oxidation ambient, only a very narrow (~ 5 ym) 

denuded zone may result at the wafer surface. 

4. Annealing times of 1 or 4 hours at the first step of a high-low, 

two-step annealing is not sufficient for forming a clear denuded 

zone at the wafer surface. An annealing time of 16 hours is 

sufficient to form a defect-free denuded zone. 

18 
5. A high initial oxygen concentration (e.g., 1.89 x 10 atoms/ 

cm) in silicon wafers is required for denuded zone formation 

and the formation of a high bulk density of microdefects, which 

can act as effective intrinsic gettering sites for metallic 
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impurities. Center or tang-end wafers, containing low initial 

18 3 
oxygen concentrations (1.39 - 1.55 x 10 atoms/cm ), are not 

useful for this type of intrinsic gettering, even though they 

could provide a large defect-free region almost across the 

entire cross-section of the wafers after annealing. This is 

simply because there is no high density of microdefects present 

in the bulk to act as intrinsic gettering sites for metallic 

impurities. 

6. The initial carbon concentration in silicon wafers does not 

affect the denuded zone formation at the wafer surface. 

7. According to this investigation, the optimum annealing conditions 

for obtaining a wide denuded zone at the surface and a high 

density of intrinsic gettering sites in the bulk of a silicon 

wafer are: (a) annealing should be applied in a single high 

(e.g., 1050°C) or a high-low, two-step (e.g., 1050°C + 800°C) 

process; (b) the annealing ambient in the high-temperature step 

should be an inert gas (e.g., Ar) or an HC1-containing inert 

gas (e.g., N2 + 3% HC1); (c) the annealing time in the high-

temperature step should be at least 16 hours; (d) the wafer 

should have a high initial oxygen concentration (e.g., 1.89 x 

10^ atoms/cm^). 
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