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ABSTRACT

Cl was introduced into SiOg films by either ther­

mally oxidizing the Si in HCl/Og or Clg/Og ambients at 

1100°C or implanting ^^Cl. Cl concentration vs. depth 

profiles were determined by secondary ion mass spectro­

metry (SIMS). Analysis of the SIMS profiles shows the Cl 

incorporation in HC1 oxides is due to both HC1 and Cig. 

HgO interferes with these incorporation processes. Re­

placement of the bonded Cl in HC1 oxides is quantitative­

ly modeled by the kinetics of the chemical reaction by 

which OH replaces Cl. The replacement reaction is shown 

to have faster kinetics when HgO is present than when 

only oxygen is present by comparing the Cl profile in HC1 

and Cig oxides. The redistribution of the bonded Cl 

(i.e. the implanted Cl in SiOg or the Cl incorporated by 

thermally oxidizing the Si in Cl-containing ambients) 

during subsequent heat treatment was shown to be consis­

tent with these reaction models. These observations 

indicate that the C1 concentration vs. depth profiles are 

determined by chemical reactions involving Cl, HgO, and 

Og •
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Chapter 1

Introduction

Oxidation of Si in chlorine-containing ambients is 

a widely used process in preparing the gate oxides for Si 

devices (1). This process can passivate Na ions in the 

oxide (2), suppress the growth of the oxidation-induced 

stacking faults (3), produce better reproducibility in 

breakdown voltages (4), and enhance the oxidation kine­

tics (5). In this process Cl is incorporated into the 

Si02, and is found to be primarily segregated near the 

Si/SiOg interface (6-8). Recent Cl concentration versus 

depth profiles determined by secondary ion mass spectro­

metry (SIMS) show a significant amount of CI distributed 

in the oxide with increasing concentration toward the 

Si/SiOg interface (9-13). One interpretation of these 

profiles was that the measured Cl was the mobile, dif­

fusing Cl species (11). The authors suggested that the 

Cl transport was by a "field-aided” diffusion process, 

against the concentration gradient. However, the origin 

of such a field was not established. In contrast, we 

suggested this profile was determined by a reaction- 

controlled process (13,14). This difference has not been 

resolved. In addition, both HC1 and Cig should be pres­

ent in the oxidation ambients of HCl/Og mixtures due to 

2



the gas-phase reaction of the HC1 and 02 (15). Therefore 

a question remains concerning the active species driving 

the C1 incorporation in this type of oxidation.

A Cl-rich phase has been observed to form at the 

Si/SiOg interface in highly chlorinated oxides, and it 

was suggestsed that the chlorine incorporation is pri­

marily the result of this Cl-rich phase formation (16). 

A model based on the thermodynamic stability of this 

phase, as determined by the activities of competing oxi­

dants was suggested to account for the Cl-rich phase 

development (17). However, detailed studies with the 

analytical electron microscope found C1 incorporation in 

the matrix without Cl-rich phase formation (13). The Cl- 

rich phase was found to form only when the Cl areal 

density was above SxlO-^cm”^ To avoid the complexity of 

the Cl-rich phase development, the majority of the 

present study was limited to Cl concentration below this 

value.

Overview of Exoerimental-Proaram and Results

The CI was introduced into the Si02 either by ion 

implantation or by thermally oxidizing the Si in Cl- 

containing ambients. The oxides were then heat-treated 

in various ambients to study the effect of the ambients 

on the redistribution of the bonded Cl. The Cl concen­

tration as measured by secondary ion mass spectrometry

3



(SIMS), shows the Cl is strongly segregated to the 

Si/SiOg interface during the oxidation. These results 

also show that the redistribution of the Cl is a 

reaction-controlled process, not a diffusion-controlled 

process.

Exchange of the oxidants with the SiOg network 

during the thermal oxidation in HgO or HgO containing 

ambients is well established (18,19). 0g exchange with 

the SiOg network was observed recently (20). Similarly, 

HgO and Og are also known to replace the Cl in the net­

work (21,22). In order to see how these replacement 

reactions can affect the Cl during the oxidation, samples 

are prepared by a sequence of oxidations for different 

times at fixed temperature and HCl/Og mixing ratio. The 

measured Cl profiles of these samples show that at a 

position fixed with respect to the outer oxide surface, 

the C1 concentration decreases as oxidation proceeds due 

to the above-mentioned replacement reactions.

In order to determine the active species responsi­

ble for Cl incorporation in HC1 oxidations, oxides were 

prepared in several different ambients such that the 

roles of HC1, Cig, and HgO are evident. To clarify the 

effect of HgO in HC1 oxidation, oxides were prepared in 

Clg/Og ambients with the same Cig partial pressure as that 

in the above-mentioned oxidations in HCl-Og ambients.

As the above results show, Cl is incorporated into 

4



the Si02 primarily at the Si/Si02 interface, and, as an 

approximation, the interfacial Cl concentration can be 

assumed constant. The incorporated Cl is replaced by OH 

via the reaction with H20 as the interface moves away 

during the subsequent oxidation process. The concentra­

tion profile for the 02, H20 and HC1 during oxidation 

can be determined with the steady state approximation 

(5,23).

A simple kinetic model based on the replacement 

reaction

I I .
-Si-Ci + H20 #-Si-OH + HC1

and the concentration profile of the diffusants in the 

oxide will be introduced to explain these Cl profiles. 

The reaction rate constant can be obtained by fitting the 

Cl concentration profiles to this model.

These results will be discussed with the objective 

of understanding the several processes that determine 

the chlorine incorporation.
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Chapter 2 

Experimental and Results

2.1 Sample Preparation and Results

2.1.1 Oxidation in Cl-containing Ambients

Oxides were prepared by oxidizing high resistivity 

(100) Si in Cl-containing ambients at 1100°C for 20, 40, 

and 160 minutes.

As shown in Figure 2-1, the Cl addition to the 

oxidation ambient was carried out by flowing a 

controlled amount of 02 through a bubbler at room 

temperature containing either liquid TCA [C^^Cl^] for 

HC1 type oxidations or CCl^ for Cl2 type oxidations. In 

this study the samples prepared by these two processes 

will be referred to as HC1 type oxides and Cl2 type 

oxides, respectively. In order to confirm that the 

carrier gas was saturated with the vapor to be added, the 

effluent from the bubbler was passed through a desiccant 

(CaSOy) trap for one hour and the weight increase was 

determined. The measured value is 97% of that calculated 

for saturation. Assuming C2HgClg decomposes completely 

to HC1 and C02 at elevated temperature (24) as does CCI^ 

to Cl2 and C02 (25), the flow rate of the carrier gas 

can be determined by

1/3 x (760-PTCA) 

PTCA

6
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Fig. 2-1 Schematic diagram of TCA or CCI, oxidation 
apparatus. 4 
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for HCl oxides, and

1/2 x (760-P )

Pcciy

for Cl2 oxides. Where X is the desired composition, PTCA 

and PCC1^ are the vapor pressure of liquid ^H^Clg and 

CC14 at room temperature, respectively. The addition of 

H20 to the oxidation ambient was carried out in similar 

manner, and saturation checked in a similar way.

For HC1 oxides, two sets of oxidation ambients were 

prepared on the basis of thermodynamic calculations (26) 

such that the HC1 partial pressure was held constant 

while the Cl2 partial pressure varied by a factor of 

about 4, or the inverse; i.e., the Cl2 partial pressure 

was constant and the HC1 varied. Table 2-1 lists the 

initial mixture compositions and high temperature gas­

phase partial pressures in these two sets of ambients. 

Note that the H20 partial pressure must be varied in 

order to keep HC1 or Cl2 partial pressure constant.

The Cl2 oxides were prepared in 02 plus 0.15% and 

0.30% Cl2. As Table 2-1 shows, 0.15% and 0.30% Cl2 are 

the equilibrium Cl2 concentration for the initial mixture 

of 02 plus 1% HC1 and 2% HC1 at 1100°C, respectively. 

Effluent from the oxidation chamber was passed through a 

P205 electrolytic surface conductivity cell made by

8
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Manufacturers Engineering & Equipment Corporation of 

Warrington, PA. This instrument measures moisture 

content to levels below 1 ppm. The measured moisture 

content was approximately 3 ppm after flowing the oxygen 

through the 1100°C furnace at 1 liter/min for one hour. 

The value dropped to approximately 0.5 ppm when the C1 

was introduced into the oxidation furnace presumably due 

to the reaction between Cl and H20 to form HC1.

The Si wafers to be oxidized were cleaned by 

boiling in trichloroethylene, methanol and acetone 

sequentially. Immediately before the oxidation the 

wafers were lightly etched in 10:1 dilute HF to remove 

any traces of native oxide, rinsed in DI water, and blown 

dry in nitrogen. These cleaned Si wafers were pushed 

rapidly into a silica tube in a resistance heated furnace 

and allowed to stand for 5 minutes in flowing nitrogen 

for thermal equilibration. The temperature of the 

furnace had been profiled such that it was within 0.5°C of 

the desired temperature over the central zone of the 

furnace. Oxidation was started by shutting off the inert 

gas and turning on the mixture of HC1 and 02 with a 

preestablished volume mixing ratio with the method as 

described above. The flow rate of the gases were 

monitored by flow meters and the total flow rate was kept 

at 1 liter/min. At the end of oxidation, the O2/HC1 or 

Cl2 flow was stopped, the furnace was purged with

11



nitrogen at 2 liters/min for 10 minutes, and then the 

wafers were pulled out of the furnace rapidly. The oxide 

thickness of all samples was determined by ellipsometry 

(36). A Rudolph Auto EL-II ellipsometer was used for 

these measurements. Secondary Ion Mass Spectrometry 

(SIMS), as described later, was used for chemical 

analysis in this study.

The oxide thickness of the HC1 and Cig oxides are 

shown in Table 2-2. Figure 2-2 shows the C1 

concentration versus depth profiles in the oxides grown 

in 2% HC1 and in 0.30% Cig for several oxidation times. 

The uniform oxygen signal indicates the constant 

sensitivity throughout the sputtering process. The 

overall depth resolution is estimated to be about 5 nm. 

This value is determined from the drop in the oxygen 

signal at the Si/SiOg interface (37). The Cl 

concentration versus depth profile of the other HC1 and 

Cig oxides is shown in Appendix I. The areal density of 

Cl (i.e. the area under the Cl concentation vs. depth 

curve) for the HC1 and Cig oxides is tabulated in Table 

2-1 and summarized in Figure 2-3.

As Fig. 2-2(d) shows, for a typical case, the 

measured hydrogen concentration in the 1 and 2% HC1 

oxides was always found to be in the range from 10^0 to 

1021 cm~3. The profiles were nearly flat in the bulk

12



Table 2-2

Equilibrium Partial Pressure and Oxide Thickness for

Oxidation in Og/TCA/HgO and O^/OOl^ Mixture at 1100°C

Initial Mixture Equilibrium Partial Oxide Thickness 
(%) Pressure (10'3 atm) (a )

H2O C2H3CI3 P 
rHCl PC12 ph 2o 20*  

(min)
40 

(min)
160 
(min)

0 0.67 14.0 3.0 3.0 833 1239 2640

0.25 0.60 14.0 2.0 4.5 807 1213 2590

1.0 0.53 14.0 0.87 10.0 837 1237 2630

0 0.33 7.0 1.5 1.5 748 1193 2518

0.7 0.67 17.0 1.6 8.6 821 1252 2635

2.0 1.0 27.0 1.6 22.0 897 1339 2848

cel* PCi2 20 40 160

1.5 3.0 870 1285 2787

0.75 1.5 792 1170 2650

* Oxidation time.

13
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oxide with a small peak at the Si/SiOg interface. This 

is very similar to the results previously reported in (12). 

2.1.2 Annealing of the Bonded C1 in SiOn

Cl-implanted oxides were provided by Dr. A. Rohatgi 

of Westinghouse Research Laboratory.

The CI was implanted into SiOg films of thickness 

260 nm by implanting ^Cl at 115 keV to a dose of 5x10^3 

cm"2. The implanted energy and dose were selected such 

that most of the Cl was in the central portion of the 

oxide and the Cl concentration did not exceed its ' 

estimated solubility limit in the oxide. After implan­

tation, the samples were annealed in nitrogen at 600°C 

for 30 minutes to remove the radiation damage (27,28). 

The samples were then given an additional oxidation 

separately for 20, 40, and 60 minutes at 900°C in either 

dry oxygen [HgO = 2 ppm], 0g with 21 HgO, or wet 0g 

[ i.e. Og bubbled through water at 95°C].

Figure 2-4(a) shows the initial C1 profile (i.e. as- 

implanted and annealed at 600°) and the profiles after 

annealing 20 minutes in the ambients as described above. 

The raw data for annealing in wet Og is shown in Fig. 

2-4(b). In this case, no Cl was detected with concen­

tration higher than the background level. The resultant 

profiles for 40 and 60 minutes annealing are shown in 

Appendix II.
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Following growth in HCl/Og ambients, some oxides had 

Cl implanted in them. A typical C1 concentration vs. 

depth profile for those oxides is shown in Fig. 2-5(a). 

For the purpose for which this data set will be used, 

the implanted C1 will be ignored. These oxides were then 

heat-treated in 02 with 2% H20, and wet 02. The initial 

and resultant profiles after these heat-treatments for 20 

min. were shown in Figure 2-5(b). Appendix V shows the 

resultant profiles for 40 and 60 min. annealings. The 

raw data for heat-treatment in wet 02 is shown in Fig. 

2-5(c).

2.2 Chlorine Concentration Measurements

The chemical analysis in this study was performed 

by Dr. C. W. Magee of RCA Laboratories using Secondary 

Ion Mass Spectrometry (SIMS). The overall view of the 

RCA SIMS instrument is shown in Figure 2-6. The 

construction and performance of the instrument have been 

described in detail in (29) and summarized in (30). The 

following description of the SIMS technique draws heavily 

on these two references.

2.2.1 Brief Outline of. SIMS Technique 

Primary Ion Beam: Positive ions are created in 

the ion gun by an arc discharge in an inert gas ambient 

(^Ar). Some of the ions formed are extracted from the 

source region, accelerated to 5 KeV, then focused by the 

first einzel lens. The first set of deflection plates

23
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guides the beam into the Wien (ExB) filter which passes 

undeflected ions of a particular mass to charge ratio. 

A second set of deflection plates in conjunction with a 

1° bend in the beam line separates neutrals from the 

beam. The second einzel lens focuses the beam on the 

sample surface with an angle of incidence of 60° from 

the surface normal. Typical primary beam is operated at 

400 to 700 na with a beam size of 50^4 m.

The primary beam erodes the sample surface by 

momentum transfer in the outermost atom layers of the 

sample. The penetration depth of the primary 

beam and the sputtering rate depend strongly on the 

primary species and the sample composition, as well as 

the primary energy and current density. A small 

fraction of the sample atoms sputtered away by the 

primary beam are ionized, either positively or 

negatively. This fraction depends on the primary 

species, the secondary species, the surrounding sample 

matrix, and the surface chemistry of the sample.

In order to accurately measure concentration 

profiles by SIMS, the information acquired must come 

from a well-defined narrow sample depth. This 

instrument uses the primary ion beam rastering to 

produce a flat crater bottom parallel to the original 

sample surface. To further improve the depth

28



resolution, simultaneous signal-gating is used. This 

gating activates the secondary ion detection electronics 

only when the rastering primary beam strikes the sample 

in the central flat bottom region of the crater. Since 

the matrix is insulating Si02, the charge build up 

during the sputtering process must be minimized by a 

neutralization electron beam (31).

Secondary Ion Optics; Figure 2-7 shows a detail 

of the secondary ion collection and analysis apparatus. 

The secondary ion optical axis is normal to the sample 

surface. The extraction lens focuses only ions 

originating in the central region of the sputtered 

crater on the entrance aperture of the energy analyzer. 

The hemispherical energy analyzer produces the narrow 

energy distribution (1-2 ev) necessary for good mass 

separation in quadrupole mass analyzers, and compensates 

for the chromatic aberration of the extraction lens. 

Secondary ions of the selected mass to charge ratio are 

transmitted by the quadrupole mass analyzer to a sixteen 

stage electron multiplier. Pulse output is routed to a 

high speed electronic counter. In addition, the unique 

design of the secondary ion optics in this instrument 

allows negative as well as positive ions to be detected 

(12). Since Cl atom is much more likely to be sputtered 

as Cl” than Cl*,  higher sensitivity should be achievable 

if Cl” is monitored. The intensity of selected ions
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may be monitored as the sample is sputtered at constant 

rate to yield a concentration profile of the selected 

ions as a function of time after calibrating by the 

procedures to be described later.

Summary: The oxides were analyzed by SIMS using a 

rastered 400 to 700 nA, 5 keV ^®Ar+ sputtering beam. 

The negative secondary ions were monitored. Electron­

beam charge neutralization was used.

2.2.2 Calibration of SIMS Analysis

A typical set of raw data from a SIMS analysis is 

shown in Figure 2-8. In this figure count rate is 

plotted as a function of sputtering time. Calibration 

is required to convert time scale into depth scale and 

count rate into volume concentration by the following 

procedures.

Depth Calibration: The Si/Si02 interface is 

located where the oxygen signal drops abruptly. Thus 

the sputtering rate can be determined from the oxide 

thickness measured by ellipsometry and the sputtering 

time up to the Si/SiO2 interface. In this way the time 

scale can be converted into depth scale provided the 

sputtering rate is constant.

Concentration Calibration: Quantification in SIMS 

analysis involves the use of ion-implanted standards to 

establish the absolute sensitivity of the instrument for
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the ion of interest (33). The standard used in this 

work was 180 KeV 35d+ implanted into SiO2 of 

approximately lytm thickness (SIMS profile shown in 

Figure 2-9).

After background correction, the Cl ion count rate 

vs. sputtering time data for the standard were 

integrated numerically to obtain the total number of Cl 

ions detected. The number of Cl atoms sputtered from 

the analyzed volume was calculated as the product of the 

gated area (the area from which Cl ion signals were 

accepted) and the implant dose. The ratio (atoms 

sputtered)/(ion detected) is of the order of 106. 

Volume concentration can be calculated by dividing 

atoms/sec by analyzed volume removed per second. The 

analyzed volume removal rate was calculated as the 

product of linear sputtering rate and the gated area.

The calibration of RCA SIMS has been done using Cl 

implants with doses of IxlO14, 3xiol4, and 1x10^5 cm-2. 

The calibrations agree so well that only one dose is 

required (9). To demonstrate the reproducibility of 

this instrument, a sample was reanalyzed after one 

month. The Cl profiles of these two samples are shown 

in Figure 2-10.

In this study, a standard provided from a second 

source (A. Rohatgi of Westinghouse Research
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Laboratories) has been used to check the calibration 

constant. The difference in the calibration of these 

two standards is approximately 201. This value agrees 

with the estimation of the accuracy for the 

concentration obtained in SIMS analysis (7). It is 

attributed to the uncertainty in the exact dose and 

lateral nonuniformity of the ion-implanted standard.

Small changes in the ion optical axis geometry can 

affect sensitivity. Matrix signals are used to 

compensate for these effects. A matrix signal is the 

ion count rate from one of the major constituents of the 

sample. Since the matrix element concentration is 

constant in samples of the same material, the observed 

count rate should be the same. The normalization factor 

required to make the matrix signal the same in two 

different samples is applied to the signal of interest 

(chlorine). In this study, oxygen is used as a matrix 

signal for the normalization.

Appendix III shows the full calculations required 

to convert the raw data shown in Figure 2-8 into the Cl 

concentration versus depth profile shown in Figure 2-11.

The possibility that the SIMS analysis might 

distort the profile to be measured has been a concern 

(31). Figure 2-12 compares the SIMS profile of the 

implanted Cl in the oxide and the calculated 

distribution (34). There is no indication of severe 
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distortion implying that Cl migration due to the SIMS 

measurement is not significant.

Hydrogen signals were also measured on some of the 

samples. See Fig. 2-2(d). These measurements were 

calibrated using implanted standards from a related 

study (30,35). Since these standards were not measured 

with the samples being analyzed for Cl, a somewhat 

larger uncertainty of the order of 200% was assigned to 

the absolute concentrations.
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Chapter 3 

Discussion and Modeling

3.1 Annealing of the Bonded Cl

3.1.1 Bonded Cl

To determine whether the implanted C1 is actually 

bonded in the network or remains interstitial and free 

to migrate, we start by considering the resulting 

profile of the implanted Cl shown in Fig. 2-4(a) after 

the reoxidation treatment (i.e. 20 minutes at 900°C). 

To begin, we assume the resultant profiles can be ap­

proximated by a gaussian function (38,39): '

9 

n(x,t) = ----- - ----- exp ---- ------ (3-1)
ZZtt /AR^+ÏDt 2 ( ^y2°^ )

P

where 0 is the dose,

Rp is the projected range

AR is the standard deviation of the 
P 

projected range

[2(D*t)l/2]  is the diffusion length for the 

reoxidation treatment.

The diffusion length calculated for the reoxidation 

treatment is of the order of 1 pm, using a value of D = 

10"10 cm^/sec for mobile C1 in bulk SiOg glass (40). 

Such a value should result in a flat profile with 

concentration of the order of lQl^/cm^ in Figure 2-4.
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This is not what is observed.

For the case of the Cl incorporated during the 

thermal oxidation of Si, we also assume that the redis­

tribution can be roughly approximated by a gaussian 

function inside the oxide :

C( x,t) = Q/(nDt)l/2exp(-%2/4Dt) (3-2)

where Q is the areal density of Cl at the Si/SiOg 

interface. For the same heat treatment (900°C for 20 

minutes), the diffusion length of 1pm would result in a 

nearly flat profile with less than 10% variation in 

concentration across the oxide film. This is also not 

what is found (see Fig. 2-5). Therefore we recognize 

that the implanted Cl as well as the Cl incorporated 

during the thermal oxidation can not be mobile, molecu­

lar Cl; it is reacted Cl bonded into the SiOg network. 

This conclusion is in accord with studies of A1 and 0 

implantation in SiOg films (19,41).

Furthermore, Doremus observed that the 

concentration of the molecularly dissolved, mobile gas 

species in silicate glasses is about 1% of the gas-phase 

concentration (42). For 2% HC1 in 0g at 1100°C, we 

expect a value on the order of lO^cnT^ for HC1. This 

is well below the detectability limit of the SIMS 

measurement. The observed Cl concentration in Figure
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2-2 is much higher than this value, again implying that 

this Cl profile is that of reacted, immobile Cl bonded 

into the network (-Si-Cl), and not molecular dissolved, 

mobile Cl.

As a summary, we recognize that both the Cl 

incorporated during thermal oxidation and the implanted 

CI are reacted Cl, bonded into the SiOg network, not 

mobile molecular Cl.

3.1.2 Keaction-controlled Process

The redistribution of implanted in SiOg during 

the heat treatment in various HgO-containing ambients 

was found to be a diffusion-controlled process in 

Pfeffer's study (19). However, it is not the 

conventional diffusion process; the oxygen diffusivity 

is found to be linearly proportional to the partial 

pressure of HgO. It indicates the redistribution 

involves the exchange of HgO with the network oxygen via 

the chemical reaction:

Hg16O + -Si-18o_si- = -Si16OH + -Si18OH = Hgl^O + 

-Si-16O-Si-

and the diffusion of the released HgO. The chemical 

reaction is rapid enough that chemical equilibrium is 

attained and the overall rate of the process is deter­

mined by the slower diffusion process.
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For the redistribution of the implanted Cl (or, in 

a broader sense, the bonded CD in water containing 

ambients, the question to be addressed is whether this 

process is diffusion or reaction-controlled. To begin, 

we assume that the conclusions of Pfeffer’s study 

can be applied to the case of implanted Cl in SiO2, i.e. 

(a) the redistribution of the implanted Cl in water 

containing ambients is a diffusion-controlled process; 

(b) the diffusivity of the implanted Cl is linearly 

proportional to the HgO concentration. Also we assume 

the resultant profile can be described by the gaussian 

function in eq. [3-1], then the peak concentration of the 

implanted Cl can be simply expressed as

Æn“ / 2üt 

considering ARp2 is negligible compared with 2 Dt. 

Therefore, this peak value should be inversely 

proportional to the square root of diffusivity, or the 

square root of the H20 concentration in the annealing 

ambient. Unfortunately, the concentration range of the 

implanted Cl in this study and the sensitivity of the 

instrument did not allow us to draw any conclusion. For 

example, consider the data shown in Fig. 2-4. As the 

annealing ambient changes from 2 ppm to 2$ H20, the peak 

concentration should drop by a factor of 100, i.e. from 

2x10^8 to 2x10^8 which is below the detectability limit of 
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measurement. To get around this difficulty, let us now 

consider the data for Cl incorporated during the thermal 

oxidation of Si shown in Figure 2-5, instead of the 

implanted Cl. If we assume the redistribution of the Cl 

is also a diffusion-controlled process, the interfacial 

CI concentration will be _É 

ÆSt 
according to eq. 3-2. This value should decrease by a 

factor of 7 ( i.e. the square root of 50) as the anneal 

ambients vary from 2% HgO to wet 0g. However, as the 

results in Figure 2-5(c) show, the actual reduction was 

by far larger than the prediction based on the validity 

of diffusion-controlled process. Therefore we can conclude 

that the redistribution of the bonded Cl in HgO-con- 

taining ambients is not a diffusion-controlled process. 

The interpretation of these data in terms of reaction- 

controlled processes will be discussed in detail later.

With this in mind, the results shown in Figure 2-4, 

can be interpreted as follows: during the reoxidation, 

the bonded Cl was released from the SiOg network, this 

mobile Cl diffused through the oxide, and was either 

incorporated into the new SiOg at the Si/SiOg interface 

(as evidenced by the pronounced peak) or escaped at the 

oxide/gas interface. We also note a small amount of Cl 

being directly incorporated into the film as the mobile 

species diffuse toward the interfaces. The overall 

redistribution is a reaction-controlled process. In the 
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slow replacement of C1 by Og in the dry Og case shows 

very little redistribution. However, in the 21 HgO/Og 

ambient the water releases the Cl from the network and 

the high diffusion rate results in complete removal of 

the original implanted C1. For the wet Og reoxidation, 

the complete removal of Cl from the new growing oxide 

shows that the interfacial incorporation reaction can 

also be suppressed by a high concentration of HgO. These 

observations will be the basis for the modeling of the 

incorporation processes.

3.2 Modeling the CI Incorporation in HC1 Oxidation

In Figure 2-2(a), it is observed that at a position 

fixed with respect to the outer interface, the Cl concen­

tration decreases as oxidation proceeds beyond that 

point. In order for this to occur, there must be some 

"replacement reaction" such as:

I I
-Si- Cl + HpO = -Si-OH + HCI (a)

I * I

to release the bonded Cl from the network, thereby de­

creasing the Cl concentration. Such a reaction is sup­

ported by independent evidence (23,24). The Cl released 

in the bulk oxide would diffuse to the interface where it 

would react again resulting in a net accumulation pro­

cess. The overall C1 incorporation processes can now be 

summarized as follows: during the oxidation, the Cl 

molecular species dissolve at the outer interface, dif-
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fuse to the Si/SiÛ2 interface, react with the Si and 

become part of the oxide network. Some of this incor­

porated Cl subsequently reacts with the diffusing H20 and 

is replaced by OH. This occurs because the local thermo­

dynamic conditions change as the interface moves on dur­

ing the continuing oxidation process.

We begin the modeling of the Cl replacement reac­

tion by considering the concentration profile of the 

diffusing mobile species in the oxide, see Figure 3-1. 

According to the steady state oxidation model of Deal and 

Grove (23), when the oxide thickness is XQ(t), these 

concentrations are given by:

Cox(x) = C»,(1 - -JL_____ ) 
x0*A/2

(1)

c"Cl(x) = Cgcl(l - ---- ) 
x0+AV2

(2)

CH(x) = C° (1 - x (3)

where CQX, CHC1, C*  are the 02, HC1, and H20 

concentrations, respectively. cox*  ^HCl» cw are the 

concentration of these species at the outer interface. 

A, A' and A" are the ratio of the diffusivity to the 

reaction rate constant at the Si/Si02 interface for O2, 

HC1 and H2O, respectively. For the immobile species Si- 

OH, the concentration is approximately constant:

cSi-OH = c0H = measured H concentration (4) 
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As a first approximation we take A = A*  = A". The kinetic 

equation for the replacement reaction given in eq. (a) can be 

written as :

dt = - kT C cw + k2 C0H CHC1 (5)

where C is the concentration of bonded Cl, kj and k2 are 

the reaction rate constants for the forward and reverse

reaction. 0^ is the concentration of SiOH. Since we are

investigating the reaction during the oxidation process, 

the differential with respect to time can be converted

to one with oxide thickness (11),

dt = (Xo + A/2)(2/B)dxo (6)

B is the parabolic rate constant. We then substitute

equations 2, 3, and 4 into equation 5 and set up the

integral using eq. (6):

( "(cyk.)
) ÏCEJTÇ5------ kd

^lkd"ki

where

xo xf

Xo=x

(2x q + A - 2x)dxQ (7)

Kd =

Ki =

CwKl 

B
(8)

(9)

We remind the reader that this integration is at a
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position x in the oxide and thus is the Cl 

concentration at the Si/Si02 interface when it is at the 

position x. Correspondingly, Cf is the Cl concentration 

at the position x when the oxide is grown to the final 

thickness x^. The integration result can be expressed

Cf-C.
C--C = - kd[(xf-x)2 + A(xf-x)] (10)

It can be readily shown that Ki/Kd = CQ, and CQ is the 

equilibrium concentration of Si-Cl at the outer 

interface. To facilitate the analysis we let

(xf - x)2 + A(xf - x) = {x*}2. (11)

To a good approximation, Co can be neglected when 

compared to C^ and C^. The final form of the expression 

is:

In Cf = - kd(x’)2 + In Cd (12)

where kd = k^C^/B

On a plot of log (^versus {x1}2 eq. 12 is a linear 

equation with slope and intercept equal to kd and log 

(Ci), respectively. Figure 3-2 is such a replot of the 

original data. In the region close to the Si/Si02 

interface, the data can be fit by a straight line.
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However, in the region farther away from the interface, 

the concentration does not decrease as rapidly as 

predicted by this line. We interpret this to show that 

there are Cl species in the network (with smaller 

concentrations) that can not be readily replaced by OH. 

Figure 3-3(a-f) shows the Cl versus depth profiles can be fit 

by two or three such exponential functions with 

appropriate values of the slope and intercept as listed in 

Table 3-1. The fitting procedure is as follows: First, 

the lower concentration region in the replot of the data 

shown in Fig. 3-2 is fitted with a linear function. 

Then this linear function is extrapolated into the 

higher concentration region and subtracted from it. The 

subtracted data is again fitted by a linear function. 

The overall fitted function is the sum of these linear 

functions. At the present time we do not have an inter­

pretation of these other "branches” of the fit. It is 

noteworthy that the implanted Group III elements (Ga, 

In, and TI) and Group V element (As) in Si02 were found 

to occur in several chemical states (44,45,46). Addi­

tionally, the reaction whereby 02 replaces Cl has been 

demonstrated in the annealing experiment with implanted 

C1 in Figure 2-4. Therefore it seems to be a reasonable 

speculation that these other "branches" can be attri­

buted to the different chemical states of the bonded Cl
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C(l/cm ) and k(cm /sec) values for fitting the model to the data involving two or three exponential 

functions: C = exp(-k^x) + expC-k^x) + exp(-k^x).
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or other replacement reactions.

In Table 3-2 we summarize the results of fitting 

the data in the region near the Si/SiOg interface using A 

and B values from (27) for six different sets of 

oxidation conditions. We see that the values are 

reasonably independent of time and HC1 concentration as 

the model requires. There is a small dependence of CL on 

time that we did not consider. However, the increase of 

C.^ with HCI concentration is in qualitative agreement 

with the model. Therefore it appears that the shape of 

the CI concentration versus depth profile in the high 

concentration range near the interface is determined by 

the kinetics of the replacement reaction.

The Cl concentration profiles for the oxides grown 

in 2% HC1 at 1200°C is shown in Appendix IV. A plateau 

on the C1 concentration profile near the Si/SiOg 

interface was observed. Also the total Cl is higher than 

2xlO^^/cm^, and therefore the Cl-rich third phase may be 

present. This phase is known to be easily etched and 

therefore could cause non-uniform sputtering and degrade 

the depth resolution. Due to the possible complication 

of this third phase, the simple model derived here can 

not be applied to the 1200°C data to obtain the 

activation energy for the kinetic rate constant of the 

replacement reaction.
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Table 3-2

Summary of the Fitting Results in the Region 

Near the Si/SiOg Interface

1% HC1 2% HC1

Time (min)
3 3 3 n

k1 (cm /sec) C^d/cm ) (cm /sec) C^d/cm^)

20
1.2xl0"16 6.46xl020 l.lxlO-16 1.32xl021

40
1.5x10'16 1.29xl021 0.8x10'16 2.09xl02i

160
1.0x10'16 2.09xl02i 1.0x10'16 3.31xl02l
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3.3 Cig-Type Oxidation

As discussed above, the interfacial Cl concentra­

tion is determined by the active Cl molecular species 

which dissolve at the outer surface and diffuse to the 

Si/SiOg interface where they are incorporated. Detailed 

comparison of plots like Figure 2-2(a) and 2-2(b) shows 

that the interfacial Cl concentration in HC1 type oxides 

is always higher than that in Cig type oxides. Figure 

2-2(c) is an example of this comparison. Since these 

two oxides were prepared with the same Cig partial 

pressure, as table 2.1 shows, this observation indicates 

that both HC1 and Cig contribute to the interfacial 

incorporation process.

Moreover, Figure 2-2(c) shows Cl was more broadly 

distributed in the region near the Si/SiOg interface for 

the Cig oxide. Rutherford backscattering spectrometry 

(RBS) also shows that the Cl is more uniformly 

distributed in the Cig oxides than in the HC1 oxide (6). 

We do not have a detailed model to explain the Cl depth 

profile in the Cig oxide as we do for the HC1 case. 

However, as discussed in the modeling section, we know 

the rate at which the Cl concentration decreases with 

distance from the interface is related to the kinetics 

of the "replacement” reaction, and therefore this "rate" is 

significantly slower in the Cig oxides. Since in the
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case of Cl2 oxide, oxygen is the predominant species 

available to replace the bonded Cl, the shape difference 

implies that the oxygen replaces the bonded Cl at a 

slower rate than HgO does in the HC1 oxide. This 

conclusion is consistent with the observation in the 

annealing experiment of the implanted Cl as shown in 

Figure 2-4.

Additionally, by analogy with the previous model, 

the following reaction involving the replacement of the 

bonded chlorine by oxygen can be obtained:

—Si—Cl..Cl—Si— * 02 — —Si—0—0—Si— + Cl2 (b)

where -Si-O-O-Si- is the "peroxy-radical" (32). The 

concentration of this species is of the order of 

lO^O/cm^ in bulk SiO2 according to a recent paper based 

on thermodynamic considerations (54). Following a 

similar analysis procedure with this reaction as that 

applied to Eq. (a), a reaction rate constant of the 

order of cm^/sec was obtained from the slope of

the straight line in the region near the Si/Si02 

interface as shown in Fig. 3-4. Comparing this value 

with that of the HC1 oxide (i.e. 10”^^cm^/sec), we can 

see how the shape change in the Cl concentration profile 

near the Si/Si02 interface was reflected in the change 

of the kinetic rate constant. These values will be 

discussed later.
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We briefly comment on the "field-aided diffusion" 

model proposed to explain the C1 depth profiles (11). 

In this model, the Cl was driven through the oxide by 

an electrochemical field to a chemical potential sink, 

i.e. the Si/SiOg interface. Then the flux of Cl can be 

expressed as

J = -D + pFC 

where J is the flux of CI 

D is the diffusivity of Cl 

3 C 
is the concentration gradient of Cl

p is the mobility of C1, and 

F is the electrochemical field inside the oxide. 

With steady state approximation, this differential 

equation can be solved:

C(x) = + Cg exp(bx)

where b is a constant related to the electrochemical 

field. This is an exponentially increasing function as 

shown in Fig. 3-5(a). Auger sputter profiling (ASP) was 

used to measure the C1 concentration at the Si/SiOg as 

shown in Fig. 3-5(b). Therefore, the overall Cl 

profile can be described by an exponentially increasing 

function in the bulk SiOg and a delta function at 

Si/SiOg interface where the Cl accumulates. See Figs. 

3-5(a) and (b). However, as Fig. 3-5(c) shows, a
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INTERFACESURFACE

CE0(0)

Fig. 3.5(a) Schematic illustration of the SiO^/Si 
structure during particle transport. The surface, 
bulk, and interface regions are each characterized by 
distinct structural properties. Particle accumula­
tion in the surface and interface is denoted by 
Q(cm“z). Also shown are the various flux terms. The 

important concentration levels are Cr (gas phase con­
centration) , CL (0) (equilibrium concentration in 
SiO? at x=0), (actual concentration in Si02 at 
x=0), Ci (concentration in SiOg x=x ), and Cg. 
(concentration in silicon substrate at°x=x + AxJ. 

(Reproduced from Rouse, ref. 34).
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effects. This expression is indicated in each panel 
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ref. 34) 
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gaussian shape Cl profile was observed in the region 

near the Si/Si02 interface in their SIMS data. The 

discrepancy was attributed to the "broadening" or 

"knocking on" effect of the primary ion beam in the SIMS 

measurement (11,34). According to this argument, the 

shape of Cl profile in this region should be the same in 

a HC1 or Cl2 oxide if the same primary beam is used in 

the SIMS measurements. Thus the differences shown in 

Figure 2-2(c) demonstrate that this can not be the 

explanation of the profiles determined with our 

instrument, while our model based on the kinetics of the 

"replacement reaction" explains this shape difference. 

Furthermore, if such a field exists in the oxide, it is 

conceivable that this field should similarly affect the 

in-diffusing species during the oxidation. Therefore, 

similar concentration vs. depth profile in the bulk Si02 

is expected for these in-diffusing species. However, the 

fluorine profile in the fluorinated oxide as shown in 

Fig. 3-6, which will be discussed in detail later, shows 

this is not the case. For oxygen, profiling analysis of 

oxides with a short additional growth in ®02 (20) shows 

the shape of ®0 concentration profile in the bulk Si02 

approximately follows that in Fig. 3-1. This again con­

tradicts the prediction based on the "field-aided diffu­

sion" model. Moreover, the "field-aided diffusion" model
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would imply different functional forms other than eqs. 

(1), (2), (3) for the concentration profiles of the in­

diffusing species. Since these equations fit directly 

into our model, any such change as implied by the "field- 

aided diffusion" model is inconsistent with the agreement 

between our model and the data.

3.4 Comparison with Related Studies

Wolowodiuk recently studied the addition of 

fluorine to the oxidation ambient in "wet" (CgHgClgF/Og) 

or "dry" (NFg/O2) atmospheres (47). Typical fluorine 

concentration versus depth profiles are shown in Figure 

3-6. It was observed that the profile of F in the "wet" 

fluorine oxide was similar to that of Cl in the HC1 

oxide; the F concentration peaked at the Si/Si02 

interface and decreased into the bulk of Si02, while 

in the "dry" fluorine oxide the profile is fairly flat. 

These observations are generally in accord with the 

model proposed in this study. The apparent difference 

is that F is so stable in the oxide that oxygen does not 

replace it rapidly and therefore a flat profile is ob­

served. In contrast, Cl is less stable in the oxide due 

to the smaller electronegativity, and can be replaced by 

the oxygen as discussed above. However, both Cl and F 

can be replaced by OH which results in a peaked profile. 

This is also consistent with recent work on OH removal 
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from optical fibers preforms by the use of fluorine-containing 

compounds (48).

Rouse et al. (11) examined oxide grown in O2/5%HC1 

and then annealed in Ar at 1100°C for 1 hour. No 

evidence of depletion of interfacial Cl was observed. 

However, when the sample was annealed in 02, most of the 

Cl was found to be depleted from the interface. This 

observation is consistent with our observation that 02 

can replace the bonded Cl. It also indicates that some 

anion must be present to replace the Cl if it is to 

be released from the network. They also studied the 

kinetics of the exchange of the oxygen in Si02 during 

thermal oxidation in dry 02 (20). The reaction rate 

constant was estimated to be 10'22 cm3/sec at 1150°C. 

Oxygen, being one of the major constituents in 

Si02, is far more stable than C1. Therefore, the larger 

kinetic rate constants (10-16cm3/sec and 10-20cm3/sec at 

1100°C for Cl replacement by H20 and 02, respectively) 

obtained in this study seem to be reasonable.

3.5 HC1 Type Oxidation

In Figure 2-3(a) we see the increase in the total 

Cl with Cl2 partial pressure. This is the expected 

result if Cl2 is the active species driving an 

incorporation reaction. However, in Figure 2-3(b) the 

opposite trend is found with increasing HC1 partial 
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pressure. This appears to contradict the earlier 

suggestion that both HC1 and Cig are active species 

driving incorporation reactions. We believe that both 

HC1 and Cig are active and that the difference obtained 

here is due to the large increase in HgO partial 

pressure required to keep the Cig partial pressure 

constant. To understand this we note that during the 

oxidation in HCl/Og ambients incorporation processes 

occur at the Si/SiOg interface that can be formally 

represented by the following reactions :

Si + HC1 = Si-Ci + 1/2 Hg • (13)

Si + Cig = Si-Cl + 1/2 Cig (14)

2Si + Og = Si-O-Si + 1/2 Og (15)

2Si + HgO = Si-O-Si + Hg (16)

The incorporation reactions in equations 13 and 14 

should compete with the oxidation reactions in eqs. 15 

and 16 for Si at the Si/SiOg interface. Therefore, as 

noted earlier, the C1 incorporation can be suppressed by 

increasing the HgO in the oxidation ambient. Thus we 

see that HgO plays a double role in HCl/Og oxidations, 

suppressing the Cl incorporation at the interface and 

replacing Cl in the "bulk" of the oxide.

In the above incorporation reactions, the chemical 

nature of the Si has not been specified. In trying to 
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understand this, the basic mechanisms of the oxidation of 

Si have to be considered. During the transformation of 

Si into SiÛ2. a volume change per Si of 225% is 

required. Therefore a supply of "free volume" is needed 

at the Si/SiO2 interface to sustain the oxidation. The 

"free volume" can be accommodated either by a flow of 

vacancies from the bulk Si, a flow of Si interstitial 

from the interface into the bulk Si and SiO^^ or a viscous 

flow in the oxide (49). Viscous flow has been experi­

mentally observed during the thermal oxidation of Si 

(52,53). Also, oxidation induced stacking fault growth 

and oxidation enhanced diffusion are considered as evi­

dences of the interstitial Si flow in bulk Si (50). A 

Si-rich region in SiÛ2 with the width of lnm or less near 

the Si/Si02 interface has been found (51). The intersti­

tial generation model would imply this region is where 

most of the interstitials react with in-diffusing oxi­

dants such as 0, Cl, F, OH, etc.

The addition of HC1 or TCA to the oxidation 

ambients suppressed the growth of oxidation induced 

stacking faults as mentioned in the first chapter. Lin 

et. al. suggested that CI reacts with the interstitial Si 

near the Si/SiÛ2 interface, which reduces the 

supersaturation of interstitial Si near the interface 

and thus suppressed the growth of oxidation induced
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stacking faults (55) . They speculated that the observed 

Cl pile-up at the Si/SiOg interface in the chlorinated 

oxide is also due to the same reaction. On the other 

hand, bond breaking at the Si/Si02 interface must occur 

to sustain the viscous flow during the oxidation. 

Therefore, it seems to be likely that the Cl reacts with 

these active Si which result from the interstitial 

formation of viscous flow, and thereby are incorporated 

at the Si/SiC^ interface.
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Chapter 4 

Conclusions and Suggestions for Future Studies

The findings in this study are summarized as follows:

(1) Both the implanted C1 and the CI incorporated 

during the thermal oxidation of Si are bonded into the 

network. Some anion must be present to replace the 

Cl if it is to be released from the network.

(2) For HC1 oxides, the Cl profile as a function of 

oxidation time shows the Cl is replaced by OH. The 

shape of the Cl profile near the Si/SiOg interface 

can be quantitatively modeled by the kinetics of the 

replacement reaction.

(3) The interfacial Cl incorporation is 

controlled by both HC1 and Cig which react with the 

active Si near the Si/SiOg interface. This active Si 

presumably results from the oxidation process. HgO 

interferes with these processes.

(4) For Cig oxides, similar bulk replacement 

reactions also occur as with the HC1 oxide, although at a 

slower rate, presumably by reacting with Og.

The following are suggested as further 

experiments :

(1) Growing the HC1 oxides at lower temperatures, 

e.g. 1000°C and 900°C. The oxides can be analyzed by 

SIMS to obtain the Cl concentration versus depth pro­

file. The reaction rate constant can be obtained with 
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the procedure described in the modeling section. Then 

the activation energy for the replacement reaction can 

be deduced from the temperature dependence of the reac­

tion rate constant. This value can be then compared with 

the activation energy for total Cl incorporated in ref. 

(12) in order to try to gain insight into the interfacial 

contribution to the overall incorporation.

(2) X-ray photoelectron spectroscopy (XPS) has 

been used to study the chemical state of the bonded C1 in 

highly chlorinated oxides (i.e. oxide grown in 10% HC1 at 

1100°C for 1 hr) (56). Similar studies should be carried 

out on the oxide with lower C1 concentration to see if 

several chemical species can be identified.
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Appendix I. Chlorine concentration vs. depth profiles 
for other compositions in Table 2-1.
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Appendix II: Chlorine—tzation profiles

annealing in dry oxygen or O2 + ZA h 2u .
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Appendix III: Calibration Procedure in SIMS Analysis

The calibration was carried out using a computer 

program written by R. O. Gale. This program consists of 

the following three subroutines.

S - integrate standard
P - integrate unknown
C - convert file

The required information for input and output for these 

three subroutines are also summarized in this program 

as follows :

Integrate standard is used to find the ' fudge 

factor1 for Cl profiles generated by SIMS and filed 

using 'digitize1.

This segment expects the data to be in the form of 

' sputtering time (sec) ' , 'intensity (log (CTS/SEC) ) ' .

User inputs include file name, background (CTS/SEC), 

gated area dimensions (microns), and dose (#cm 2).

Output consists of a single number, CL (35 and 37, 

assuming natural isotopic abundance) sputtered per count 

detected.

The integrate unknown segment is designed to find 

areal density of chlorine (total) from files created by 

'digitize' from SIMS analyses.

User inputs include file name, background, sput­

tering rate, and efficiency, output is a single number, 

the areal density of chlorine for the profile.
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Convert files is used to massage 1 unknown1 SIMS 

profiles created by 1 digitize 1.

Data is expected to be in the form of ’sputtering 

time (sec)1, intensity (log CT/SEC) .

User inputs include file name, background, 

sputtering rate, fudge factor, output format, and output 

file name. Output consists of a disk file containing 

the converted data in the form of concentration vs. 

depth. See file structure.
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The calculations used in this program are

illustrated as follows:

List Si Symbols

s sputtering rate (8/sec)

a gate size (cm2)

b major constituent signal (count/sec)

q minor constituent signal (count/sec)

t cycle length (sec)

d dose (atoms/cm2)

e background (count/sec)

First, we determine the background e in the standard, 

then integrate the background subtracted signal in the 

standard :

S (q^ - eu)tz = Q 
ti

The total number of implanted atoms in the gated area N

is determined by N = dose x area

= da

Then the efficiency = (N/Q)-1 = xLtr&lt 
da

- counts recorded 
ion sputtered from 
the analyzed area

The fudge factor in the standard:
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(Y-fudge)s = N/Q (atom/count)/s ‘«(cm/sec • cm2)

= $ (a tom/cm3)

[Z(q-e)t]S (count/sec)

The fudge factor in the unknown can be obtained by 

normalizing to the major consituent :

bs
(Y - fudge)y = (—) (Y - fudge)g

where bs, bu are the major constituents in the standard 

and unknown, respectively.
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Appendix IV : Chlorine profiles for samples prepared 
by oxidation at 1200°C in 2% HC1.
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Appendix V : Heat treatment of the Cl incorporated 
during the thermal oxidation of Si,
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Fig. V Chlorine concentration vs. depth profiles 
for Cl incorporated during the thermal 
oxidation of Si. Subsequent heat treat­
ment in 0g + 2% HgO for

A, none
B, 20 min.
C, 40 min.
D, 60 min.
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