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ABSTRACT

Experimental Investigations of Corona-Discharge Oxidation of

Silicon

Sayed-Masoud Sayedi, Ph.D.
Concordia University, 1997

As integrated-circuit device dimensions decrease, the importance of having new reli-
able processes for growing MOS gate oxides becomes more and more evident. Short pro-
cess times and low process temperatures are desirable features in view of tight thermal
budget constraints and the need for precise location of dopants. However, conventional
thermal oxidation to grow high quality films usually requires relatively long oxidation
times and relatively high temperature.

Previous research on negative point (anodic) corona-processed SiO; films has
shown that the thermal budget incurred using the corona process is much lower than in
standard thermal oxidation due to the greatly enhanced oxidation rate. Promising results
of low-T corona-processed ~1000A films have shown that the films had physical charac-
teristics comparable to those obtained in thermal oxidation. This research extends the pre-
vious work: (a) thin oxides (~200A) are processed in order to be potentially more relevant
to modern MOS processes, and (b) a more thorough electrical characterization is initiated.
Electrical tests show that oxide and interface charges are comparable to thermal oxides.
Breakdown characteristics are promising. The boundary between the corona-processed
and control regions is found to be severely compromised. Subsequent corona treatments
which overlap such boundary regions are found to restore the quality of the oxide. Fourier
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Transform Infrared (FTIR) Spectroscopy results show that the negative corona films have
a different structure from that of thermal oxide films. Electrical tests on positive point
(cathodic) corona-processed SiO, films show that the electrical quality of the films is
much worse than that of standard thermally grown films, grown at a similar temperature.
In the interests of growing more-uniform negative-corona SiO; films on broader areas of
silicon wafers, experiments using multi-point or multi-needle structures were con-
ducted. The enhancement profiles of films grown in both positive and negative cases are

simulated using linear-parabolic rate constants, modified to account for the corona current.
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CHAPTER 1

Introduction and Qutline

1.1 Silicon Dioxide Films and Silicon Integrated Circuits

Silicon dioxide (SiO,) is the most important insulating film in the fabrication of semi-
conductor devices. SiO; films of various thicknesses not only satisfy critical needs during
fabrication processes, but also have fundamental roles in the electrical performance of the
fabricated devices and circuits.

During fabrication processes, the growth of temporary oxide layers to create interme-
diate structures is an essential and common practice. In this way, fabrication processes rely
heavily on the convenience and repeatability of oxide properties such as growth rate, prop-
erties as a barrier to the diffusion of ions and impurities, and etching rate in different etch
processes.

There are also permanent oxide layers in the final devices. The electrical performance
of the devices depends on the quality of the oxide layers. The SiO; structure is used as an
insulating layer to separate different parts of the integrated circuit. Any imperfection in
this insulator leads to degradation of the electrical behavior of the circuit. Perhaps most
importantly, SiO, films are used as dielectric layers in Metal-Oxide-Semiconductor
(MOS) structures. Via this structure (mostly as the gate oxide in Metal-Oxide-Semicon-
ductor Field-Effect-Transistors: MOSFETS), SiO; layers play critical roles in the perfor-

mance and quality of circuits.

1.1.1 Silicon Dioxide Films and MOSFETs

For all different types of MOSFET (depletion or enhancement, N- or P- channel) the



trans-conductance gain (i,/v;) is mostly related to the electrical characteristics of the
channel between the Drain and Source terminals. The condition of the channel is in
turn determined by the applied gate voltage, the doping of the substrate and the quality
and characteristics of the gate oxide and Si/SiO, interface [1-5]. As well, the other very
important parameter of a MOSFET, Vy;( threshold voltage), is again mostly related to
the doping of the substrate and to the quality and characteristics of the gate oxide. Also,
besides some well-known external effects that can change the characteristics of a
MOSFET - for example the dependence of Vi, on temperature - there are still many
other not well-known effects that cause MOSFET behavior to depart from the ideal
case. These effects, again, are mainly related to the quality of the gate oxide and to the
material structure of its interfaces with the substrate and gate electrode [1-5]. The
defects and glectrical charges in the oxide and at its interfaces are the origins of
those non-idealities.

If the as-fabricated characteristics of a MOSFET remained constant over time and
use, the MOSFET could be used in circuits based on these as-fabricated characteristics.
In that case, knowing the dependence of the as-fabricated parameters of the MOSFET
on different fabrication procedures would be enough. However, the oxide charge traps
and interface traps change in a varying manner during exposure to different conditions,
conditions which can occur during ordinary use of a MOSFET. As a result, the
MOSFET parameters become altered due to time and use, making the device unreliable. It
is therefore very important to have a good understanding of real gate oxide films created
by different fabrication processes, and of their degradation under different operating
conditions. Finally, based on these understandings, it is important to find suitable
oxidation ( and fabrication ) processes to create a good quality gate oxide and reliable

MOSFETs which change their parameters only minimally during their use.



Research into the field of improving gate oxide quality has been very active for sev-

eral decades and continues to be substantial even now [for example, references 6-10].

1.2 Research on Alternative Qxidation Processes

The reason for widespread study of gate oxide, its electrical characteristics, and its
quality dependence on fabrication processes, is to discover oxidation processes by which
reliable and high quality MOSFETSs can be fabricated. There are many different processes
which are being actively investigated. Some examples are N,O treatments [7,10], plasma
oxidation [8], and fluorine oxidation [11].

Moreover, as the dimensions of ULSI (Ultra-Large-Scale-Integration) devices
continue to be scaled down, problems resulting from processes having high thermal
budgets (processes using high temperatures and/or long time durations) have become the
targets for more and more research. Stacking faults, warpage of large wafers, creation of Si
clusters at interfaces, dopant pile up and segregation, and difficulty in confining dopants
within small volumes are some well-known problems.

Thermal budget is also a critical factor in the preparation of heterostructure insulated
gate field-effect transistors (HIGFETS) on silicon. In particular, the exposure to high
temperatures must be restricted in the formation of pMOSFETs with compressively
strained SiGe alloy channels on silicon substrates, and in nMOSFETs with tensile Si
channels on relaxed SiGe alloy substrates. This is to prevent strain relaxation of the
sensitive heterostructure layers [12,13]. As a result, the need for strain-controlled, lower-
temperature and shorter-time fabrication processes has become more and more evident.

This need for lower-temperature and shorter-time fabrication processes has
motivated many detailed investigations of low thermal budget cxidation processes as

alternatives to conventional thermal oxidation processes. An understanding is necessary of



their oxide growth mechanisms and of the characteristics of the resultant oxide films.

Oxidation processes in the presence of electric fields constitute one plausible approach
to create acceptable oxide films at both low temperatures and short times. The processes
not only have attractively high oxidation raies at low temperatures, but also have
anisotropic oxidation characteristics that could potentially be useful in solving the problem
of “birds-beak” formations [14,15], at the sides of active regions in MOS devices.

DC-bias plasma oxidation [16-19], voltage enhanced UV assisted oxidation [20] , DC
glow discharge oxidation [21] , and corona oxidation [22-31] are examples of processes
which operate with an electric field across the oxide film during its growth.

The anodic oxidation of silicon in oxygen plasma was reported first by Ligenza in
1965 [32]. Since then, due to the promising aspects of the process, many similar processes
have been the subject of experimental research. Corona discharge oxidation has been one
of those lines of research. The work on the negative point-to-plane corona process at rela-
tively low temperatures revealed that the process not only grows films at a substantially
higher rate than does conventional thermal oxidation, but also creates films with lower
refractive indices, compared to those of high temperature thermally grown films. Also,
preliminary electrical characterization [26] of the film showed that the electrical quality of
the films is promising.

This work aims to continue, broaden, and deepen the study of the corona-processed

SiO, films.

1.3 OQutline of This Work

This research extends the previous work on corona oxide films in several directions.
The study focuses on films with lower thicknesses, potentially more relevant to modern

MOS processes, and the electrical characteristics of the films are examined in more detail.



Also, the research covers other relevant topics in corona oxidation, including experimental
investigation on the extension of the negative-corona oxidation method to create uniform
oxide films, growth and characterization of positive-corona films, and examination of the
structure of the positive and negative corona films using Fourier Transform Infrared
(FTIR) spectroscopic analysis. Also, based on models proposed by other authors for the
growth rate of thermal oxide films, the possible mechanisms of growth-rate enhancement
of the corona films are discussed.

Chapter 2 introduces some background material concerning the fundamentals of sili-
con oxidation, plasma-based oxidation processes and corona-discharge oxidation. Two
different models of thermal oxidation including the Deal-Grove model and the ionic-
based oxidant model are covered. Then a brief description of plasma-based oxidation is
introduced, followed by a description of the corona oxidation process and the basic results
of previous work on negative point-to-plane corona-processed films.

Chapter 3 extends the previous characterization of negative-point corona films with a
more thorough electrical characterization of thinner negative-point corona processed
oxides. Both corona-grown and corona-treated films are examined. Also, a detailed study
of the edge area of the corona region by using a two-step corona procedure is presented.
The distinct electrical characteristics of the negative corona films at their boundaries with
control oxide areas, are shown in these results.

Chapter 4 presents efforts to produce uniform negative-point corona oxide films over
larger areas. The strategy and procedures involved in using a grid of needles anisotropi-
cally etched in a piece of Si wafer (instead of the platinum needle) is described. Experi-
mental results using the structure are presented, followed by discussion on the features
that are seen in the experiments and results.

Chapter 5 presents positive-point experiments and results. Along with some thickness



profiles of the films, refractive indices and C-V results of the films are presented. The dif-
ferent behavior of positive corona films is examined closely and compared to that of nega-
tive corona films.

Chapter 6 presents the results of Fourier-Transform-Infrared Spectroscopic Analysis
on both positive- and negative- corona films. It is necessary to invoke a different bulk
oxide network structure for negative corona oxide films to explain the results.

Chapter 7 investigates the oxidation rate enhancement features in both positive and
negative corona oxidation and treatment. By suggesting modification to the paramet.ers..of
the linear-parabolic model, numerical simulations of enhancement profiles are presented.
Simulation results are compared to the experimental results. Different interpretations of
the growth mechanisms are presented.

Chapter 8 finally summarizes the main results and conclusions of this work, followed

by suggestions on directions for future work on the corona process.



CHAPTER 2

Background

2.1 The Thermal Oxidation Process

As background for this experimental investigation of silicon oxidation, two models
proposed for conventional thermal oxidation are briefly reviewed. The first model is based
on the assumption that in thermal oxidation, neutral oxygen molecules are the cxidant spe-
cies. The second model, in contrast, is based on the assumption that negative oxygen ions
are the oxidant species. Through this brief review, the basic concepts of the oxidation pro-
cess are presented. Also, the parameters introduced in the models are used later in Chapter

7, in the discussion of corona oxidation mechanisms.

2.1.1 The Deal-Grove Linear-Parabolic Model

The Deal-Grove [33] linear-parabolic model of thermal oxidation is based on the
assumption that neutral oxidant molecules (O; in dry oxidation, and H;O in wet oxida-
tion) are the main oxidizing species in the oxidation process. The gradient in the oxidant
concentration causes diffusive flow through the already-grown film, toward the Si/SiO;
interface. There, the reaction of the oxidant with the silicon atoms of the substrate pro-
duces SiO,. This newly formed oxide at the interface lifts the already existing oxide above
it. Fig.2.1(a) shows the oxidant flow at different regions; the flow from the ambient gas
into the oxide film (F), the flow through the oxide film (F>), and finally the flow from the
film toward the silicon substrate (F3) where the oxidant is consumed by the reaction with

Si atoms and creation of new oxide. Fig.2.1(b) shows the concentration of the oxidant at
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Fig. 2.1: a) The flow of oxidant during an oxidation process; b) The profile of
oxidant concentration at different locations during the process.

different regions. The model assumes a steady-state condition that requires:

where F is the flux of the oxidant that determines the film growth rate as follows:

dXox F

dt M

ox

(2.1

2.2)

where X, is oxide thickness, t is the oxidation time, and M, is the number density of oxi-

dant molecules structurally incorporated into a unit volume of the growing oxide network.

The three fluxes F;, F5, and F3 can be expressed separately based on their physical

definitions:



*
Fl = h(C—Co) (2.3)

Co - Cz
Fa=D (2.4)
2 XOX
Fy = kC; 2.5)

where :

h=gas phase mass transfer coefficient (cm/sec)

C'= equilibrium concentration of the oxidant in the oxide (1/cm3)

C,= concentration of the oxidant in the surface of the oxide (1/cm3)

D= effective diffusion coefficient of oxidant in the oxide(cmzlsec)

C;= oxidant concentration near the Si/SiO, interface (1/em?)

K;=chemical reaction rate constant at Si/SiO; interface
( In Eq.(2.4) it is assumed that oxidant concentration in the oxide is a linear function of the
distance from the oxide surface.)

After solving the above equations, the following equation relates the growth rate to

the system parameters:

®

dX,. F _ C/M,
dr Mox -1_ +l +§o_x (2.6)
K. h D

i

By assuming an initial value of X, for X, solving Eq.(2.6) yields:

2 2 _
X, )%~ x, )2 +AX, ) -AX,) = Br an
or;
A [+T
X == ( 1 - l) (2.8)
ox 2 A2/4B



where:

*
C/Mox
1.1
ki h

B/7A =

(2.10)

Xt%n +AXin
tT= ———w—ro (2.11)
B

Eq.(2.8) shows that for the condition of (+T<< A%/4B) the equation can be approxi-
mated as:

X =

ox (t+70 (2.12)

| %

and for the condition (t+T >> A%/4B), it can be approximated as:

2

X st(z+r) (2.13)

o

Equations (2.12) and (2.13) show that oxidation on bare silicon starts with a linear
growth rate governed by the rate constant B/A, and then later the condition is dominated
by a parabolic growth rate governed by the rate constant B. The dependence of the two
rate constants on the physical parameters of the system is shown in Equations (2.9)and
(2.10). As the equations show, the oxidant concentration in the oxide at the surface, and
the reaction coefficient, control the growth rate in the linear regime, while the diffusivity
of the oxidant in the film and, again, the oxidant concentration in the oxide at the surface,

control the growth rate in the parabolic regime.
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2.1.2 The Ionic Growth Model

Since the linear-parabolic model was proposed in 1965 by Grove and Deal [33] , it
has been the most widely accepted model for thermal oxidation. However, because of its
shortcomings in fitting and explain some features of the experimental results, research on
oxidation modeling still is highly active. One proposed model, with a completely different
view of the oxidation mechanism, is the ionic growth model proposed by Wolters et al.
[34]. The model explains many features that are experimentally seen in thermal oxidation.
In this model, charged oxygen ions are the oxidant species during oxidation. The follow-
ing is a brief description of the model.

The following development follows relatively closely the derivation in the work of
Wolters et al. [34]. Based on Wagner’s theory of metal oxidation [34,35] the general

expression for the flow of charged particles inside an oxide layer is given by:

"chi[&_,,q ] -C; dul. S;

y LR LY
i~ kT 22X 74 2.th
%

where C; is the oxidant particle concentration, D; is the diffusion coefficient of oxidant
particles, W;=kTIn(C;) is the thermodynamical potential, E is the electric field, X is the
location in the oxide layer, ©; is the conductivity, and z; (=2 for O?" ions) is the charge of
the species in units of the electron charge g(=-1.6 * 107'? Coulomb).

Based on the ionic growth model, there are two different charged carriers moving in
opposite directions during the thermal oxidation process (Fig.2.2). Applying the above
equation to the oxygen ions (by replacing subscript { with ion: z; =2z;pp=2, J;=Jjon’ C;
= Cijpp O;i = Ojop --) Shows that there are two separate terms that determine the flow of
ionic oxidants through the oxide film: the thermodynamical term (the first term that

includes p;), and the electrical term (the second term that includes E).
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Fig. 2.2: Flow of charged particles in growing oxide film during its growth.

Based on the coordinate system shown in the Fig.2.2, the necessary condition for oxi-
dation is J;,,, <0. Eq.(2.14) shows that in the case where there is an existing negative elec-
tric field, (E/g> 0), increasing the magnitude of E could cause a complete stopping of
oxidation. For the case of positive electric field (E/g < 0), the two terms in Eq.(2.14) have
the same sign (negative), which would tend to enhance the growth.

Using the equilibrium condition of O, +4e™ = 207% results:

du 02 du ion dy e

X "% ax tax (2.15)

In conventional thermal oxidation, the net electrical current is zero, therefore:

= 2q/J.

iontd/, =0 2.16)

substituting J;,, and J, from Eq.(2.14) in Eq.(2.16), and then substituting d, /dx from

Eq.(2.15) gives the expression for the ionic oxidant flux.

-1, -1 -1
_ (Ge +oion) du 02
ion ~ 8q2 70,4

J .17

Based on Wolters’ model the magnitude of G;,, is not constant over all the oxide, and it
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decreases near Si/SiO, interface due to a high local electric field caused by Qf in that
region. Considering two different ionic conductivities, one for the region near the Si inter-

face, (o), and one for the remaining region, (65), yields:

Ly S (2.18
o, =0, +0, )

In the case of having 6; much smaller than 6, the overall ionic conductivity will be deter-
mined by 6;. Wolters et al. [34], derives an approximate equation for 6;,, that shows the

effect of Qron ion conductivity:

-1
(X,.) /ey
Cion = 9o (1+( XQ ) (2.19)

where X is the distance between the O layer and the SI/SiO; interface, and o = In (63 /
6,). Using equations (2.17) and (2.19), knowing that J;,,= - M,,,.dX, /dt (M, as defined
before for Eq.(2.2) ), and substituting dp,»/dx with ApL,»/X,,,, gives the following power-

parabolic growth rate:

2 2, = 2-a 2 - o
(X, )2 (x,)2+Ax, )2 -A(x,)2 "% = Bt @20
where X;,, is the initial thickness of the film and:

2 2

A= I o (2.21)
(—+—)-0’ (X)) (2-0)
e o
. Akoa
- ) 1 1 (222)
4.9 (— + G—) M,
o e

Comparison of Eq.(2.7) extracted in the linear parabolic model, and Eq.(2.20)

extracted in the ionic growth model shows that for the case of a=1 both models yield the
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same equation. However the defined parameters and oxidation mechanisms are com-

pletely different in the two models.

2.2 Plasma-Based Oxidation Processes

Although the oxidation of silicon via thermal oxidation processes is a well-estab-
lished fabrication technique, shrinking the device dimensions creates the need to use oxi-
dation processes with lower thermal budgets. Plasma oxidation is such a process that is
explored as an option by many researchers.

The formation of an oxide on a semiconductor surface immersed in an oxygen plasma
is called plasma oxidation. In plasma-enhanced chemical vapor deposition (PECVD),
reactive oxidant species are generated in the plasma ambient. During the oxidation, the
sample surface is at a floating potential and no current flows through the oxide. In this con-
figuration, the oxidation rate at low temperatures is higher than that of conventional ther-
mal oxidation. The oxidation rate can be increased by electrically biasing the sample; the
growth can be stimulated if the sample substrate is biased so that the sample surface
potential is above the floating potential. This oxidation process is usually called positive-
biased plasma, or anodic plasma oxidation. When the surface potential is below the float-
ing potential, which is called cathodic plasma oxidation, the rate of oxidation is lower, and
at certain conditions of voltages and oxide thicknesses, the oxidation is stopped [18]. It
has been shown that anodic plasma oxides have much better electrical characteristics com-
pared to those of cathodic plasma oxides [18].

Fig.2.3 shows an example of a plasma anodization system reproduced from Ref. [36].
As the figure shows, the wafer is connected to the positive terminal of the power supply.
By changing the polarity of the power supply the oxidation process could be changed to

cathodic plasma oxidation. In the case where there is no electrical connection to the sam-
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Fig. 2.3: An example of a plasma anodization system, reproduced from Ref. [36].
ple ( floating condition), it would be unbiased plasma oxidation .

2.2.1 Corona Discharge Oxidation

As a novel method to create SiO, films, low-temperature (600°C-900°C) corona-
discharge oxidation has been the subject of several previous publications [22-30].
Reference [23] compared point-to-plane corona discharge processes in negative-point
(anodic) and positive-point (cathodic) configurations, and found dramatic differences in the
resulting oxide thickness profiles. References [24-30] studied negative-point corona
oxidation extensively. The study revealed some promising characteristics of the process
and of the grown oxide films: the method dramatically affects not only the oxidation rate
but also the film properties [26]. Negative-point-to-plane corona-oxidation greatly

enhances the oxidation rate, at low temperatures such as 600-800°C [26]. It was also shown
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that such low-temperature corona-processed ~1000A films had physical characteristics
comparable to those obtained in thermal oxidation at substantially higher temperature. The
corona process, at T=600-900°C, produces SiO, films having a refractive index (density)
comparable to that of high-temperature-grown thermal oxide (>1000°C for wet oxidation,
and >1150°C for dry oxidation) [26]. This occurs whether the film was grown completely
by corona, or whether the film was thermally grown and then subjected to a short corona
treatment. This altered network structure was confirmed by substantially enhanced
diffusivity through such corona-relaxed oxide layers [28]. Also, it was found that for low-
temperature corona-processed ~1000A films, densities of fixed oxide charges and of
interface states at midgap, were lower (better) than expected, and were comparable to those

of thermal oxides grown at those temperatures.

2.2.2 Point-to-Plane Corona Apparatus

Fig.2.4 shows a simplified schematic of the corona-discharge apparatus. A more

high voltage ( 2-3kV)
(-) for negative corona

needle
f e (point electm%
corona // . Si wafer -—
dischacss ™7/ Jfﬂ:wmg Dry

temp: 500-900 ¢ oxygen

oxidation tube

Fig. 2.4: Simplified schematic of the Corona-Discharge apparatus.
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detailed illustration of the apparatus is shown in Appendix A [22,26,37]. The apparatus is
constructed exclusively of quartz, sapphire, thin platinum wire and silicon wafer, and
resides in a standard oxidation furnace at atmospheric pressure. Corona processing is done
in flowing dry O, at T=600°C - 900°C. During oxidation an electric current is induced in a
silicon wafer via a point-to-plane corona discharge. A platinum needle (the point) that is
connects to the power supply by a platinum wire, is suspended above the front side of a
silicon wafer (the plane). The back side of the silicon wafer is electrically grounded. By
using a custom-designed electronic circuit to power and control the voltage or current of
the needle, the apparatus can be used to do either positive or negative corona processes,
under either constant-current, or constant-voltage conditions. As schematically shown in
Fig.2.4, a negative voltage applied to the needle produces a "bell” shaped beam of ions

between a point electrode and a silicon wafer.

2.2.3 Negative-Point Corona Baseline Experiments and Results

Fig.2.5 (from reference [26]) shows the effect of negative corona treatment on already
existing bulk oxide; Fig.2.5 (a) shows the profiles of thickness and refractive index and
Fig.2.5 (b) shows a top view schematic of the sample. The approximately "bell” shaped
thickness profile on top of the control thickness is a result of the point electrode
structure used in the Corona-Discharge apparatus (Fig.2.4). As the refractive index
profile shows, the corona-treated region has lower refractive index which means the oxide
has lower density and likely less bond strain.

In general, the refractive index of thermally-processed SiO; films increases with
decreasing growth temperature, as seen in Fig.2.6. For both wet and dry oxides, there is a
well defined break point in temperature, above which the refractive index reaches a

minimum value and does not change any more. These break points are at about 1150°C for
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Fig. 2.5: (a)- Xgx and N,, profiles for a <I11>800°C grown SiO, film relaxed by negative
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dry oxidation, and at about 1000°C for wet oxidation (Fig.2.6). As Fig.2.5 shows,
however, corona processed films attain at 800°C the refractive index (1.462) of high

temperature thermal oxide films.

Fig.2.7 [26] shows two examples of profiles of thicknesses and refractive indices of
oxides grown in the Corona-Discharge apparatus. As the ﬁéure shows, the refractive indi-
ces in the corona region are lower than the values expected for those oxidation tempera-
tures. Also, comparison of the thicknesses of oxides in corona regions and control regions

demonstrates again that negative corona oxidation increases the rate of oxidation.
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Fig. 2.7: X,x(a) and N, (b) profiles for two oxygen-corona-grown films. 1-
T, (temperature of corona oxidation)=900°C , tc, (time of corona
oxidation)=1hr and the current of needle=-10pA (negative corona) 2-
Toor=700°C , t .o =2hrs, current=-51A (negative corona).[26]

The previous electrical test results on negative-corona treated oxides show that the
relaxed corona oxide has quality comparable with oxide grown by standard thermal oxida-
tion. Fig.2.8[26] shows typical Qyand Dy, for corona treated oxides. The figure shows, for
three different temperatures of corona treatment, the Qy and Dy of treated regions are

close to the values of oxide grown at 800°C by standard thermal-oxidation. Also, for
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Fig. 2.8: D;, and Qg as a function of corona treatment temperature.[26]

600°C and 700°C corona treatments, the values of Qg and Dy, of the corona re;gions are
lower than those of control regions, which indicates potentially higher-quality oxide in
the corona regions.

A negative point-to-plane corona discharge method has also been used in growing
thin (~7.5 nm) SiO, films at room temperature [31]. However the electrical quality of
these room-temperature films was found to be much lower than that of thermal oxide films

grown at higher temperatures such as 800°C [31].

2.2.4 Positive-Point Corona Baseline Experiments and Results

The polarity of the voltage applied on the needle in the corona apparatus can be
reversed, to create a positive point-to-plane corona. The thickness profiles of positive
corona films have been reported previously by Modlin [22]. It has been shown that in pos-

itive corona, compared to negative corona, the process affects a much wider region of the
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waler. Also in contrast to the negative corona, in most positive-point cases the center
region immediately below the needle has lower thickness compared to its surrounding
region. Only in very thin films does the center region have the highest thickness. However.
even in these cases the affected corona region is still much wider than that of the negative
corona. Fig.2.9 (from reference [22] ) shows some examples of thickness profiles of the
positive corona oxidation process. As the figures show, the profiles are completely differ-
ent from those of negative corona process shown in Figs. 2.5 and 2.7. It was suggested that
the two corona processes produce different kinds of ions in the oxygen ambient. In pééi-
tive corona, the positive voltage of the point electrode produces positive ions, while in

negative corona, the negative voltage of the point electrode produces negative ions [37].
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Fig. 2.9: Examples of thickness profiles of films grown in the positive corona oxidation
process.[22]



CHAPTER 3

Characterization of Thin Oxides Created by Negative
Point-to-Plane Corona

3.1 Introduction

Promising results of low-temperature corona-processed ~1000A films showed that
the films had physical characteristics comparable to those obtained in thermal oxidation. It
has been shown that for ~1000A films, Qf and Dj, of corona-processed regions were
potentially better than those of the thermal oxide regions. This was generally attributed to
the corona process beneficially affecting the oxide and interface structure in a structural
relaxation phenomenon which was related to measured refractive index changes[26]. The
work presented in this chapter extends the previous work in two directions: (a) thin oxides
(~200A) are processed in order to be potentially more relevant to modern MOS processes.
and (b) a more thorough electrical characterization is initiated. In the thinner films consid-
ered in this work, it is not practical to accurately measure the refractive index by ellipsom-
etry [26]. But the same relaxation phenomenon is expected to be in effect, again with
beneficial effects on oxide and interface quality. Thus, the electrical properties are studied

in more detail below.

3.2 Creation of Films and Test Structures

N-type <100> wafers with resistivity of ~10 ohm-cm underwent the reverse RCA
cleaning procedure ( Appendix B). Four different types of thin (~150-250A) oxides were
used for this investigation:

(a) Corona-grown oxides were prepared by using a point-to-plane apparatus in a stan-
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dard thermal oxidation tube [23,26,27,29,33]. The oxidation temperatures were 600°C,
700°C, and 800°C and the time of corona growth was 25 to 35 minutes. A top view of the
different regions of these grown oxide films is shown in Fig.3.1(a). Fig.3.1(b), curve (a),
shows the typical thickness profile as a function of distance across the wafer. The time,
temperature, and corona current for this profile were 25 minutes, 800°C, and -2|LA respec-
tively. The corona-affected region is approximately 7-8 mm in diameter and the center
region of the oxide has a peak thickness about 210A. The thickness of the thin ~50A
oxide in the surrounding region (region (i) } is consistent with conventional thermal oxi-
dation at 800°C for 25 minutes in dry O;.

(b) Corona-treated oxide films were prepared in a two-step process. First, an initial
oxide film with thickness of slightly less than 200A was grown on bare silicon using con-
ventional dry thermal oxidation at 800°C for 5 hours and 15 minutes. Next, the wafer was
subjected to a corona treatment for 2 minutes -2iA corona current, also at 800°C. In this
way the corona-treated region is only slightly (0-20A) thicker than the surrounding,
corona-unaffected region. Fig.3.1(b), curve(b), shows the thickness profile, compared to
that of case (a) above.The top view of the different regions for this case is the same as that
of case (a) shown in Fig.3.1(a).

Previous research [26] on the negative corona process showed that the number of
oxygen atoms incorporated into the SiO, structure due to the corona process is relatively
close to the number of electronic charges which pass through the film due to the integrated
corona current. This was verified in Appendix A for two cases of these thin oxides.

(c) Oxide having two overlapped corona treatment regions: These are thin oxide films
grown by conventional thermal oxidation and then subjected to two short sequential nega-
tive-point corona treatment steps, affecting overlapping but not coincident regions. After

the end of a first corona treatment (as described in case (b) above), the wafer was moved
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laterally slightly, so thﬁt the needle of the corona apparatus became located nearer to the
edge of the already corona-treated region. A top view of this scheme is depicted in
Fig.3.2(a). In this new position, another 2-minute corona treatment was done at 800°C
under the same conditions as the first treatment. Fig.3.2(b) shows the typical thickness
profile as a function of distance across the wafer.

(d) Two sources of control oxide were used: (i) oxide films grown by conventional
dry thermal oxidation, and (ii) the untreated areas surrounding the corona-treated region.
For these areas, film with thickness of about 200A was grown on bare silicon using con-
ventional dry thermal oxidation at 800°C for 5 hours and 15 minutes.

After the films were fabricated in one of the above four cases(a-d), metallization and
patterning (using a shadow mask, or a photoresist and lithography procedure) was done to
create MOS capacitors. The samples underwent an anneal at 400°C for 10 minutes in an
ambient of 80% N, and 20% H, .

To suppress potential effects of other (unrelated) process factors in drawing conclu-
sions on the quality of corona-grown and corona-treated oxide films, the test results of
control oxides created in this laboratory were used for comparison. Aside from the oxide
growth method, all other process steps such as cleaning, metallization and annealing were
common to all types of oxide studied. The details of the different fabrication procedures
are presented in Appendix B.

Cases (a) and (b) above yield 3 regions of interest, as seen in Fig.3.1 : (i) the central
corona—treatqd region (approx. 6-10mm diameter, bell-shaped profile); (ii) the outer,
untreated control region (which grows by standard thermal oxidation); and (iii) the circu-
lar region at the boundary between (i) and (ii).

Case (c), as shown in Fig.3.2 , yields more different types of regions. The figure

shows two more types of boundary regions compared to the boundary region (iii) shown
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in Fig.3.1 for cases (a) and (b). For the overlapped case, in addition to the overlap area and
representative regions (i),(ii) and (iii), there are: (iv) .a boundary region subsequently
corona-treated, and (v) a corona-treated region which is on a bo>undary of a subsequent
corona treatment.

While breakdown tests on both corona-grown (case a) and corona-treated (cases b.c)
oxides are of interest, corona-treated oxides were used for most of the electrical stress
tests. The two reasons for this choice are: (1) Previous studies of negative point corona
processes [26] showed that short-time corona treatment of an oxide film grown at lo;v
temperature alters the film structure such that its properties are similar to those of films
grown by corona process on bare silicon; (2) In order to draw even tentative conclusions
from breakdown tests, many tests are needed at locations having the same thicknesses.
The present corona apparatus creates oxide films with a rather bell-shaped thickness pro-
file, with maximum in the center of a circular affected region having diameter ~5-10mm
[23,26,27.29]. The central peak of the profile, is the area of most interest and potentially of
the highest quality. However, for case (a) the oxide thickness in this center region varies
too much to obtain enough breakdown tests at a particular thickness in that region. For
comparison, Fig.3.1(b) also shows that the thickness profile of corona-treated oxide is
much more uniform. Thus, in order to obtain more useful breakdown statistics, corona-
treated oxides were used.

The reason for using the two-step corona-treatment procedure to produce wafers of

case (c), will be discussed later in Section 3.8.

3.3 Electrical Measurement Techniques

HP4284A ( Precision LCR meter) and HP4140B ( pA meter / DC Voltage Source)

instruments were used to do high frequency (HF) and low frequency (LF) C-V measure-
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ments to find Qfand D;,. An HP4145 parameter-analyzer was used for constant-voltage I-
t tests to evaluate the reliability of the corona oxides. A constant-voltage Fowler-Nord-
heim stress of +8MV/cm was applied to the gates of both control and corona samples.
The backside substrate metal was connected to ground. During the electrical stress, the
gate current was monitored in order to calculate the build up of the bulk charges[40]. At
certain intervals during the stress, C-V measurements were used to measure AD; and
AQ¢[1,40,41].

Also, a HP4145 parameter-analyzer was used to apply constant-current time-depen-
dent dielectric breakdown (TDDB) tests. The backside substrate metal was connected to
ground and a positive constant current of 17* 10 A/cm? was applied to the gate. The volt-
age of the gate during the test was positive and it kept the N-type substrate of the MOS
structure in the accumulation region. By monitoring the gate voltage during the test, the
time-to-breakdown (t,4), was observed. t,q was defined as the time to the first abrupt drop
in voltage across the capacitor, not necessarily the complete destruction of the film. In
some cases, after the sudden drop of voltage at tpq, considerable voltages still existed on
the gate electrode. The value of Charge-to-breakdown (Qpg) Was obtained by calculation
using the values of gate current and tpg.

In ramp-voltage (Time-Zero Dielectric Breakdown (TZDB )) tests, the gate voltage
was positive with a ramp rate of 1V/s, and the substrate metal electrode was grounded.
This test was used to examine the robustness of the as-grown oxide films[42] .

( More background and detail on electrical measurements is given in Appendix B).

3.4 Measured Qg and D;;

Fig.3.3 shows the typical profiles of Q¢ and D;, of a oxygen-corona-grown film . The

figure shows that in the central region of the oxide Qf and Dj; are minimum, and that they
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increase farther from the center. As was mentioned before, one possible reason for this
phenomenon is the fact that the center region of the oxide is completely relaxed ( refrac-
tive index =1.46 ) or at least more relaxed than the surrounding areas.

Because the center regions of the corona-grown oxides are likely to be the most
interesting regions, for comparison, the Q¢ and Dy, of the control oxides with the range of
thicknesses comparable to those of the center regions of the corona oxides ( ~200A films
mentioned in case (d) of previous section ) were measured as well. Table 3.1 summarizes
the results of the measurements. Some published values of Qf and Dy, in the literature
[1,3,4,43] for standard oxidation at similar temperatures and ambients are shown in
parentheses.

As the table shows, the values of Q¢ of corona oxides follow the same temperature

dependence that exists for oxides grown by standard oxidation ( that is, lower temperature

TABLE 3.1: Q;and D;, from C-V measurements.

Standard ] Standard | Oxidation
thermal thermal @900°C
Corona Corona Corona ey - ey . :
oxidation | oxidation in dry
¢ e e e e 50% O
600°C 700°C 800°C o o 2
i ) in d 800°C 900°C and
lnod” modry 5 Y | indry | indry | 50%N,
2 2 2 02 . 02 . (5179—
(=160A) | (=200A) | 210A)
Q¢ 10-12 7-8 3.5-5 5-6.5 254 1-2.5
(*ell)
/cm? (5-8) (4-5) (2-4) (2-4) (1-2) (1)
Di¢ 0.6-1.5 0.4-0.61 0.3-1.5 0.8 1.3 0.4
(*ell/
cm? . eV 0.3) 0.3) (1.2)

Note: some published values of Q¢ and Dj from the litera-
ture [1,3,4,43] for standard oxidation at similar temperatures and

ambients are shown in parentheses.
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results in higher Q¢ [1] ). Also, at each oxide temperature the values for both corona and
standard oxidation are in the same range. However, the time of oxidation for the two
methods are completely different. For example, growing a 160A oxide film in dry O, at
800 °C by standard oxidation takes about 5 hours, but by negative-corona oxidation and
using a current of 2uA , it takes about 15 minutes. The fact that the thermal budget
incurred by using the corona method is much lower than the usual dry oxidation and the
-fact that we can obtain the same ranges of Qf and D;, which depend on the temperature
of the oxidation, point to the potential usefulness of the corona procedure for applications
in which the thermal budget is critical.

Fig.3.4 shows profiles of oxide thickness, Qfand Dy, for typical corona-treated oxides
( case (b) of previous section) . The Q¢ and D;, curves have been averaged from results for
four identically-processed corona-treated films. Fig.3.4 (a) shows that the corona treat-
ment has grown about 20A thicker film in the center of the sample. The outer, corona-
unaffected region serves as a control.

Fig.3.4(b) shows that Qy in the central corona-treated region is measurably lower than
in the outer control region. The boundary of the corona-treated region has substantially
higher Qg than either the central or control regions. These peaks occur on every corona-
treated sample examined, and occur where the thickness of the oxide is within about SA of
the control thickness. The highest Q¢ appears to be outside the region where the thickness
is increased over the control. This is relatively consistent with previous findings on thick
[26,29] oxides.

Fig.3.4(c) shows that D;, in the central corona-treated region is slightly higher than in
the outer control region. This is again consistent with the previous results [26,29] on
thicker oxides corona-treated at 800° C (as opposed to those at 600-700° C, where D;; was

somewhat lower than the control [26,29]).
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3.5 Preliminary Oxide Reliability tests

To evaluate the reliability of the corona-oxide, a constant-voltage Fowler-Nordheim
electrical stress of +8MV/cm was applied to the gates of each of control and corona
samples. During this test, the gate current was monitored to calculate the build up of
oxide charges [40] and, at certain intervals during the stress, C-V measurement was used
to measure ADj;, and AQg [1,40,41]

The first point observed during Fowler-Nordheim stress was the relatively low level
of injection current for the corona oxides compared to the control oxides. Fig.3.5 shows
typical injected charge levels after some specific times, for four different samples. Data for
two different thicknesses, about 210A and 160 A, are shown in the figure. At both

thicknesses, the corona oxide is more resistant to charge injection. This suggests that a
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Fig. 3.5: Comparison of injected charges for four different samples;

o corona oxidation; 800°C; 155A
+ dry oxidation; 800°C; 164A

* 9,50 O, dry oxidation; 900°C; 210A
x corona oxidation; 800°C; 218A
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higher time-to-breakdown is likely for the corona oxidized samples

The change of Qg and Dj, were the next two parameters that were examined. Q¢ and
D;, were measured before and after a constant stress time. From this, AQr and AD;, were
calculated. Fig.3.6 shows AQ¢ and AD;; at various locations on a single corona-treated
sample. The data points at ~220A are at the center of the corona-treated region, while the
data points at ~150A are near the edge of the corona-treated region. Clearly the AQrat the
corona peak was lower than at the edges. This is despite the fact that the creation of oxide
charges is expected to be higher in thicker oxides, stressed at the same 8MV/cm (this is
expected because the application of a higher absolute voltage tends to generate more tun-
neling electrons having higher energy [40].) AD;, on the other hand, behaves more con-

sistently with the expectation of more defects created in a thicker oxide (assumed to have

the same "quality").
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Considering the mechanism by which oxide trapped charges and interface charges are
created [40], the AQ¢ results in Fig.3.6 show that the bulk oxide in the center region of
the sample may have better quality. In fact during the movement of hot electrons in the
conduction band ( see Appendix B) of the oxide and movement of holes in the valence
band (during the electrical stress) the bulk oxide of the relaxed region shows good resis-
tance against creation of new oxide charge.

For a stress of +8MV/cm, the maximum AQf was in the range of 8* 10" /em? ( for
up to 17000 seconds ). Fig.3.7 shows typical evolution of Qgand Dj. As the figure
shows, AQf and AD;; do not always increase during the stress. The decreasing of AQy
shows either generation of negative charges or annealing of already-generated positive
charges. Positive values of AQg show that the net trapped charge in the oxide is always

positive.

To understand the mechanism of trap creation during applied stress, the charge
build-up in the bulk oxide is measured using I-t measurements. A typical result is shown
in Fig.3.8. The figure shows that, at the beginning of the stress, positive charges are cre-
ated in the bulk oxide, followed by creation of negative charges. However, AQy obtained
by C-V measurement indicates overall positive charges in the oxide. The difference is
likely due to the creation of positive charges within a tunneling distance of the Si/SiO,
interface, and also due to the creation of donor states at the interface (states having
energy above the Fermi level at the flat-band condition) and/or healing of acceptor states
(states having energy below the Fermi level at the flat-band condition.)

Fig.3.9 shows that, at lower oxidation temperature, the creation of negative trapped
charges occurs at a lower amount of injected charges. Also, at the beginning stages of the

stress, positive trapped charge density has the lowest value in the 800°C corona-grown
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oxide and highest value in the 700°C corona-grown oxide. The lower values of positive
trapped charge density in the 600°C compared to 700°C oxide could be caused by the
high rate of creation of negaiive trapped charges in the 600°C oxide. The overall com-

parison of the results would tend to indicate that the oxide grown at 800°C has the high-

est quality.
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Fig. 3.9: Magnitude of the number of trapped chargesas a function of

injected-electron for three different corona-growth temperatures:

...... corona @ 800 °C x,, =176 A, E-field=9MV/cm
corona @ 700 °C x,, =183 A, E- field=8MV/cm
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3.6 Ramp Voltage Measurements

Fig.3.10 shows typical ramp I-V results. Since electron trapping does not significantly
modify oxide electric field during this short test, the measurements are an indicator of the
satisfactory robustness of the as-processed oxide structure. For all of the different cases of
corona-processed oxide films in this work, the results are similar and appear to vary only
with film thickness. Higher thicknesses yield higher Vyq (breakdown voltage), in the
~200-220A thickness range. The particular behavior of the boundary region of corona-
treated oxide film which was seen in the Qg results, and which will also be seen in the

TDDB results in section 3.7 and Fig.3.14 below, was not seen in this ramp voltage test.

3.7 I-t test and Breakdown Measurements

Fig.3.11 shows examples of voltage and electric field changes during constant current
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test on the control oxide, corona-grown oxide and corona-treated oxide films. As the
curves show, there are two main regimes: first positive charge trapping, then negative
charge trapping. This behavior, which also has been seen in constant voltage stress results
in Figs. 3.8 and 3.9 is typical of most oxide films during electrical stress t'ests, reported and

analyzed in previous research [40,41,44,45].

Fig.3.12 shows another example of the gate voltage change during a constant-current
test. Each discontinuity in the curve (except the last one related to a breakdown event) is
related to the ~3-second interruptions in the applied current during the automatic changes
in gate voltage sampling rate. From the different levels, and from the voltages which exist
before and after each test interruption, it may be concluded that the wear-out process does
not just consist simply of catastrophic and final failure. Rather, there are transition events,

in which unstable charged defect structures are created; these structures are different

20— SEEAE AN RS T
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Fig. 3.12: A gate voltage changes up to the time of breakdown. The
discontinuities in the curve are caused by interruption of applied current
during the test.
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from final structures. By removing the electrical stress, there is the possibility of re-neu-
tralizing these unstable defect sites.

Fig.3.13 shows the statistics of charge-to-breakdown (Qpq) for the control ( about
200A thickness) , corona-treated ( about 200-220A thickness), and corona (about 220A
thickness) oxide films. The continuous curves are for tests on populations of up to 60
MOS capacitors in each of the first two cases mentioned in Section 3.2. The individual
data points represent the results of tests on 10 capacitors created in corona-grown oxide.
Clearly the Qpq Statistics are quite similar for these three cases of oxide films. Even
though the maximum Qg values of 1to2 C/cm? are substantially less than the Qg values
usually reported for conventional thermally grown oxide film, the dependence of Qpq4 on
parameters like oxide thickness, applied electric field, applied current, the condition of the

test (such as exposing the gate-oxide interface region to a light), the gate area (which
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determines whether it is intrinsic or extrinsic breakdown ) and the gate material, should
be considered [42,45-54]. For example it is suggested that the values of Qg for MOS
structures with Al gates are two orders of magnitude less than in similar MOS structures
with polysilicon gates [54]. Some similar ranges of Q4 for MOS structures with Al gates
have been reported before [51-54].

To further understand the spatial variation of the corona effects, Qpq tests were done
at many points on the wafer surface, including control, corona, and boundary regions. A
typical pattern of Qpq is shown in Fig.3.14-(a). A clear tendency toward low Qg is
observed at the boundary between the corona-treated and control regions. By averaging
the values of Quq as a function of distance from the center of the corona region, Fig.3.14-
(b) is generated. Clearly, the boundary region has worse breakdown characteristics than

the corona region.

3.8 Overlapped Corona Treatments

To further examine the distinctive behavior of the boundary region of the corona-
treated oxide, tests were done on films with overlapping corona-treatments, as described
in Section 3.2, case (c¢), and Fig.3.2. As was mentioned there, after the first two minutes of
corona treatment, the wafer was moved slightly so that the needle of the corona apparatus
became located close to the boundary region and then at this new position a second two-
minute corona treatment was done.

Typical profiles of Q¢ and D;; of the MOS structures located along the xx’ axis of
Fig.3.2 , are shown in Fig.3.15. These results are averaged as a function of distance from
the corona center over several identically-processed films. Similarly to Fig.3.4, the bound-
ary regions (iii) have spikes in Qy, but not in Dj;.

Breakdown tests were also done on such overlapped corona-treated films. A constant

current of 17%10™ A/cm? for a maximum time of 50 seconds was applied to many MOS
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capacitors. Each position in Fig.3.15(d) represents tests on 12 different capacitors on sev-
eral identically-treated wafers. The figure shows the fraction of capacitors (out of 12
capacitors) that survived the full 50 seconds without breakdown. The figure shows that the
locations Where the lowest number of capacitors survived 50 seconds corresponded to the
boundary regions (iii).

Clearly the outer boundary region (iii) of the two overlapping corona regions has
poorer electrical properties (Qg), and is less resistant to dielectric breakdown than any
other region. More importantly, the inner boundary regions (iv) and (v) are not substan-
tially degraded compared to the main corona and control regions. If we assume that the
inner boundary (iv) had weak properties at the end of the first corona treatment, it has
recovered for satisfactory Qy, and breakdown strength after being treated by the second
(overlapping) corona step. The other inner boundary (v), which would also normally have
had high Qf, and low breakdown strength, also showed satisfactory performance in this
overlapped configuration.

The behavior of the oxide at boundary regions (iv) and (v) reveals some essential
facts. Even though these two regions (see Fig.3.2 ) may seem similar, they have undergone
a different oxidation process sequence. Region (iv) would have had a low Qg after the
first corona treatment, but now, having a full corona treatment (via the second corona pro-
cess), its behavior is not like the boundary region (iii). This suggests that a kind of anneal-
ing process has happened in this region during the second corona process.

On the other hand, region (i) of the first corona treatment is the location that at the
end of first treatment had been in the center area of the corona region, and its Q,y values
had been relatively high and its Q¢ values had been relatively low. By doing the second
corona process, part of this region has become boundary region (v) ; the boundary region

of the corona-treated area on the already corona-treated oxide film. As can be seen in
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Fig.3.15, the behavior of this region differs from that of regions (iii). This means that the
corona-treated oxide film behaves differently from thermal dry oxide in terms of the qual-

ity of the boundary regions.

3.9 Discussion of Corona-Region Boundary Features

A particularly difficult feature of corona-processed films is that the boundary regions
of the corona-treated areas have abnormally-poor electrical properties, as measured by Q¢
and Qpg4. Since the creation of a uniform film over an entire wafer surface would likely
require the overlapping of several corona-treated regions, this feature needs to be better
understood before the process could be brought closer to practical use.

The results of the above-described electrical tests are summarized qualitatively in
Table.3.2, regarding the features at the boundaries of the corona-processed regions. The
results of Qr and Qpy measurements exhibit degradation at the outer boundaries of the
corona region (where the corona region meets untreated thermal oxide), but not at inner

boundaries within the corona region. This pattern of phenomena may be due to a structural

TABLE 3.2: Summary of features at the boundaries of corona-processed regions.

Single
Corona Overlapped Corona
Treatment
Boundary Outer Inner
Region (iii) | Boundary Boundary
(iii) (iv, v)
Qf higher higher no feature
Midgap no feature no feature no feature
Dj¢
Qpa lower lower no feature
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mismatch between the corona processed regions and the thermal oxide.

Most of the test results are consistent with the negative-point (anodic) corona process
causing a different structure from standard thermal oxides. In the corona-treatment cases,
the corona process is capable of changing the structure of an already grown oxide. This
would account for both the severely compromised boundary regions (iii), and the satisfac-
tory quality of the overlapped boundary regions (iv) and (v). It is likely that the degraded
electrical characteristics occur simply due to a transition (perhaps a mismatch at an inter-

face) between the two different SiO; network structures.
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3.10 Chapter 3 Contributions

e The trends found by previous researchers in negative-point corona processing of
thicker oxides were confirmed for thinner oxides:

— Q¢ was found to be in the level of ~mid-10'!/cm?. This is close to that previ-
ously found for thick corona films, and to that of thermally grown films.

— D;, was found to be in the level of ~mid-10'%cm?eV. This is also comparable
to those of thick corona films, and standard thermally grown films.

— the presence of edge phenomena seen previously in the Qf results of thicker
corona films, was also seen in thin corona films.

® Preliminary oxide reliability tests show that the negative-corona oxide is more
resistant to creation of oxide defects. Also, AQg¢ data indicates that bulk oxide in
the center region of the corona film may have better quality compared to that in
its surrounding regions. The trends of charge creation during electrical stress are
comparable to those of standard thermally grown films.

e Ramp voltage tests showed that the V4 are slightly higher for corona treated
oxides compared to thermally-grown films.

e Edge phenomena were found in Qpq results. There were low values of Qpq at the
boundary regions of the corona oxides.

e Overlapped corona treatments showed that if a boundary region of a corona film is
located in the area of a second subsequent corona process, its properties recov-
ered for satisfactory Qg and breakdown strength. Also if a boundary region of a
corona film is located in the area of a previously grown corona film, its Qf and
breakdown strength are not degraded.

® Most of the results are consistent with a structural difference between thermally

grown and negative-corona grown films.

50



CHAPTER 4

Exploratory Experiments Toward Uniform Negative-
Corona-Grown Films

4.1 Introduction

The promising electrical results of negative corona oxide films in&icate that the films
may have some potential to be used in microelectronic circuit structures. However, the
corona films grown using a single needle electrode have nonuniform thickness profiles.
Also such a single-needle structure affects only a relatively small area of the wafer.

To extend the method to create uniform films there are some possibilities. One is to
repeat the process at adjacent locations on the sample by changing the relative positions
of the sample and the needle. Another possibility would be to design a grid-of-needles
structure for the negative electrode instead of a single needle, so as to obtain a more uni-
form and wider thickness profile . Using a combination of the two methods is also a possi-
bility.

Although the first method, repetition of the corona procedure on different locations,
may solve the problem of film uniformity, the overall time needed to complete the proce-
dure would likely be prohibitively high, depending on the number of repetitions required.
Furthermore, the necessity for precise movement of the wafer or the needle would require
a relatively more complex apparatus and movement system. Perhaps a stepping motor
could be used so that the needle, or the wafer holder, could be located precisely at many
different pre-designated locations. Obviously, a proper cathode structure, (if available
instead of the single needle) would be a more practical option.

This chapter presents experimental work to this end : to attempt to implement a multi-
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point electrode structure to extend the corona method, to produce uniform oxide films on
broader areas of the subjected wafers. The process of fabricating a grid-of-points structure
on silicon wafers, and some experimental results of thickness profiles of grown corona
films, are presented. As it is shown in the resuits, there are many difficulties and restric-
tions in using the technique to grow uniform film on a larger area of a wafer. However, the
features observed in these experiments would be important considerations for any further

work on the method.

4.2 Using a Grid-of-Points Structure in the Corona Apparatus

Using a different cathode structure instead of the single needle in the corona appara-
tus will change the thickness profiles of the grown films. Ideally, by using a grid of points
structure and having the adjacent needles of such a structure close enough to each other,
the resulting corona discharge would be uniform, and thus the SiO, film thickness
enhancement would be uniform. This could be conceptualized as the overlapping of many
closely-spaced bell-shaped profiles, each caused by one of the points in the multi-point
structure.

As it was mentioned in the brief description of the corona apparatus of Fig.2.4 in
Chapter 2, the needle used in that apparatus is a platinum needle. In the technique
described in this chapter, silicon was used for the points. This was due to the practicality
of using an anisotropic etch process to micromachine a regular array in a silicon wafer.
The process provides the possibility of fabricating a grid of a large number of very similar
(nominally identical) points, distributed uniformly on the small area of a silicon wafer.
Nevertheless, to test the effect of using silicon instead of platinum, some other needle

structures were also tested for comparison.
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4.2.1 Fabrication Process of the Silicon Grid of Points

The procedure used to fabricate the grid of points is as follows:

1-After applying a four-step cleaning procedure (Appendix B) on a square-shape N-
type <100> wafer with the length of ~2.5 cm, it went through a wet oxidation procedure
for 1.5 hours at 1100°C. This caused growing of a thick oxide film with thickness of about
0.9 um (Fig.4.1-a). |

2- Using the procedure explained in Appendix B, a layer of positive photoresist was
put on each side of the wafer ( Fig.4.1-b).

3- Using the mask shown in Fig.4.2-a, windows were made on the top photoresist
layer using UV photolithography (Appendix B). At the end of this stage there where many
isolated square-shaped photoresist regions on the center region of the wafer on its front
side (Fig.4.1-c).

4- In the next step the wafer was put in Buffered Oxide Etchant (BOE) - 1:4 HF:NH4F
- for 2 minutes. The oxide film in the open regions was etched off (Fig.4.1-d).

5-The photoresist layers were removed by acetone (Fig.4.1-¢).

6-By using a 15% TMAH solution at 90°C silicon was etched in the open areas. After
2 hours of etching, the structure shown in Fig.4.1-f was obtained. The wafer was then
rinsed in D.I. water.

7-By using diluted HF and a Q-tip, the center area of the oxide film on the back side
of the wafer was etched off (for better electrical connection during corona oxidation)
(Fig.4.1-g).

8-The TMAH etching procedure continued for another 2 hours. During this time the
etching of the silicon continued on the front side of the wafer and the open area on the
back side was etched as well. The total 4 hours of etching was based on a ~35 pum/hour

under-etch rate. This caused the final under-etch length at each edge of the squares to be
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Fig. 4.1: The resuits at the end of different steps during fabricating a grid of points
on a piece of silicon wafer. The details of the procedure are explained in the text.
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close to half of the side of the squares. The resulting structure was a wafer with about 1000
needle like (hillock) structures on its front side (Fig.4.1-h). Fig.4.2-b, ¢ show the real
structure of the resulting points.

Before putting the wafer inside the oxidation tube, it was cleaned by a Reverse-RCA
cleaning procedure ( Appendix B) and then dried by nitrogen flow.

In the following sections the wafer of Fig.4.1-h is referred to as the “grid-wafer”.

4.2.2 Grid Set-up Configurations and Corresponding Oxide Film Results

Fig.4.3 -a shows the first configuration used to hold the grid-wafer in the oxidation
tube. An assembly made of quartz and platinum wires was used, both as a mechanical sup-
port, and to implement the electrical connections as shown. From this configuration, the
resulting film growth enhancement was mostly directly beneath the edges of the grid-
wafer, and also beneath the platinum wires which suspend the grid-wafer. Fig.4.3-b sche-
matically shows much higher oxide growth at the locations below these platinum wires. It
was concluded that the slightly shorter distance of the wires to the subject sample ( see
Fig.4.3-a ), and also the tendency of electrons to repel from the farthest points of the grid-
wafer, caused the result.

To resolve some of these problems the configuration shown in Fig.4.3-c was
attempted. In this configuration, the locations of the grid-wafer and the subject wafer were
exchanged. The grid-wafer was placed on a piece of platinum foil, and a much bigger
wafer was used as a subject wafer. The subject wafer was placed face-down toward the
grid of needles on four sapphire rods. To obtain a negative corona, a positive voltage was
applied to the subject wafer through the high voltage wire, and the back side of the grid-

wafer was connected to the ground wire.
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Fig. 4.3: a & c) Two different configurations used to set-up the grid of points into the
corona oxidation tube. Two small arrows above the subject wafer in (a) show the places
right below the holder platinum wires. b) Illustration of the extra oxide growth rates at the
locations below the holder platinum wires in (a).
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The leakage current from the four sapphire rods was measured by removing the grid
wafer and platinum foil and applying a high voltage between the sample and the ground
wire. At the applied voltage of 1.568 kV, the current was 0.1 gA, which was much lower
than the 10 pA obtained for the same geometric condition, and same applied voltage,
when the grid-wafer was in its place. It indicated that the current that passed through the
sapphire rods was relatively low and negligible.

Tests using the configuration in Fig.4.3-c showed that there was still a high rate of
oxidation at locations close above the edges of the grid wafer. Also, when applying rela-
tively high corona current, there was an unstable discharge current between one or two
corners of the grid wafer and the subject wafer. For this reason, the experiments were done
mostly at relatively low corona currents with long oxidation times ( l<current<lO UA,
1 <time<30 hours).

Figs. 4.4 show two typical oxide thickness profiles for the configuration of Fig.4.3-c.
The corona oxidation conditions are shown in the figures. As the thickness profiles show.
even though there is an enhancement in the region over the grid of points, there is also
high enhancement in some regions over the edges of the grid wafer. The different
enhancements on the two different sides could be due to slightly different spacing from the
grid wafer edges to the subject wafer. Other experiments similar to the one depicted in
Fig.4.3-c confirmed that in fact the flow of the corona current is not only through the nee-
dle region of the cathode.

Previous research on the negative-point corona process [26] showed that the number
of oxygen atoms incorporated into the SiO, structure due to the corona process, is close to
the number of electronic charges that pass through the film during the process. It was sug-
gested that each electron of the current, has the role of introducing one oxygen atom into

the growing SiO, structure. To examine whether the same phenomenon applies when
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using the grid wafer instead of the platinum needle, the approximate numbers of oxygen
atoms incorporated into the SiO, structure were calculated. The calculations related to the
two Figs.4.4 (a) and 4.4 (b) are included in Appendix A. The following are the results of
calculations:

For sample of Fig.4.4(a) :

Estimated number of incorporated oxygen atoms due to the corona effect = 6.62* 10'8

Estimated numbers of electrons passed through the wafer during the corona process = 6.73* 1o’

For sample of Fig.4.4(b) :

Estimated number of incorporated oxygen atoms due to the corona effect = 1.08* 10"

Estimated numbers of electrons passed through the wafer during the corona process = 1.98* 10'8

The numbers of oxygen atoms are greater than the numbers of electrons. Even though
the calculated numbers of oxygen atoms are rough estimates of their real values ( see
Appendix A), they are far enough from the numbers of electrons to conclude that the real
numbers of oxygen atoms are indeed greater than the numbers of electrons. This may indi-
cate that, beside the possible direct effect of each electron in the growth of the oxide film
(like creation of O~ by each electron that eventually could direct the O atom into the SiO,

structure), there could be some other effects that also alter ( enhance) the oxidation rate.

4.2.3 Growing Film Through Windows Opened in a Thick Oxide Layer

One practical way to reduce the effect of the edges in the above experiments is by
using a patterned shield between the grid wafer and the sample. This shield would need to
have open windows at certain locations directly opposite the points, in order to guide the
corona current through the predesigned areas, not through the edges of the wafer. In this

work, instead of using a separate shield, a previously-grown layer of thick oxide on the
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substrate was used as the shield. The oxide film at the center area opposite the points was
etched off before putting the sample into the corona oxidation tube. The corona process
was done for 30 hours at 800°C with the corona current of 0.7 HA.

Fig.4.5 shows the result at the region opposite the points. The corona grown film is
much more uniform than those in Fig.4.4. The refractive indices of the film are close to
those of the high temperature oxide films, similar to those found by processing with a sin-

gle needle (Chapter 3).
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4.3 Test of Some Other Cathode Structures

In order to supplement the overall experimental understanding of the method of using
a grid of points, some other cathode structures were examined as well. Through this, the
possible effects of simultaneous currents in adjacent needles on the individual currents and
on the path of the current in a multi-needle structure were examined. Fig.4.6 (a,b,c) shows
three different cathode structures that were tested.

Fig.4.6 (a) shows a three-needle structure made of platinum needles connected at one
end. The oxide profile results of this configuration showed that the profile is the result of
overlapping three bell-shaped profiles each caused by one of the needles. A top view of a
typical thickness profile of the resulting films is shown in Fig.4.7(a). Despite efforts to
place the needle tips at equal distances from the sample, the thickness profiles related to
the three needles did not have equal peak values. This demonstrates the extreme sensitiv-
ity of the corona to the relative positions of the needles and the wafer.

Fig.4.6 (b) shows a cathode structure consisting of the holder and a Pt wire suspended
parallel to the subjected wafer. For this configuration, even with the middle part of the
wire slightly ( ~ 0.5 mm) sagging down toward the wafer, the greatest thickness of extra
oxide was observed close to the two bent ends of the wire. This demonstrates that the cur-
rent mostly passes through the corner areas of the cathode.

Fig.4.6(c) illustrates another electrode structure made of silicon. The fabrication pro-
cedure of the structure involves micromachining techniques similar to that previously
described for the grid of points. In this structure, twelve(12), 0.5 mm-wide silicon needles
are etched in a 0.5mm-thick silicon wafer. The two needles on the ends are arranged to be
slightly shorter than the remaining ten. Fig.4.6(d) shows an optical micrograph of the

structure.
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During the corona oxidation process, the current paths were longer from the two end-
needles to the subject wafer. However, the result showed that the regions close to these
two needles have higher thicknesses compared to the regions which were close to the nee-
dles in the middle. Fig.4.7(b) shows a typical result using this structure. As the figure
shows, at the two end regions of the profile, the thickness is higher. It is a clear indication
that electrons tend to travel from needles to the wafer along the most widely divergent

paths available.

4.4 Conclusions

Efforts are presented to grow more-uniform negative-corona films on broader areas of
the subjected wafers. To this end, the single-needle cathode structure is replaced by a
multi-point structure. Even though the use of a multi-point structure causes overlapping of
the growth-enhancement profiles from individual points, it is quite difficult to keep the
corona current equal in the points (or needles).

The difficulties stem from two main issues:

(a) the great sensitivity of the corona discharge to the point-to-plane distance, which
would thus require that any two points have exactly the same distance to the substrate;

(b) the tendency of the electric current carried in the corona discharge to seek the
most divergent paths available, thus leading to the thickness profiles being enhanced
around the edges of several cathode geometries.

These findings suggest (for future work), the use of different schemes and structures,
so that the individual points can electrically separated, such that the currents can be indi-
vidually controlled.

| The results of corona oxidation using the grid of points with small areas opened in a

thick oxide layer demonstrated that such a patterned “shield” can guide the corona current
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to desired locations, and solve the problem of dominant currents at the edges of the grid
wafer.

These experiments showed that there are substantial difficulties to be solved, if the
technique is to be used to create uniform oxides without a patterned shielding oxide. How-
ever, study of the features observed in these experiments are important to be considered in

any further work on the method.

4.5 Chapter 4 Contributions

e In the interests of growing more-uniform negative-corona SiO; films on broader
areas of silicon wafers, experiments using multi-point or multi-needle cathode
structures were conducted.

e Micromachined grid-of-points structures were fabricated and used as cathode for
corona-discharge oxidations, in two different configurations.

e The oxidation rate enhancements were found to be non-uniform, leading to several
other experiments to discover the nature of the causes for the non-uniformity.
Two other cathode structures were examined: one made from 3 Pt needles, and
another made by micromachining 12 long needles from a piece of silicon.

e Difficulties were found to be likely due to two main issues: (a) the great sensitivity
of the corona discharge to the point-to-plane distance, which would thus require
that any two points have exactly the same distance to the substrate; (b) the ten-
dency of the electric current carried in the corona discharge to seek the most
divergent paths available, thus leading to the thickness profiles being enhanced
around the edges of several cathode geometries.

e It was found that the grid-of points method was more effective in oxidizing areas

of bare Si opened through a previously-grown thick oxide layer. The thick oxide
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pattern may act as a shield, guiding the corona discharge current to the desired
areas.

® Regarding the relationship between the number of charge carriers passing though
the film due to the corona current and the number of oxygen atoms incorporated
into the film, it was found that using the grid-of-points, much fewer charge carri-

ers (approx 10 times fewer) are required.
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CHAPTER 5
Positive-Point-to Plane Experiments

5.1 Introduction

The polarity of the corona apparatus can be changed. By changing the negative volt-
age of the needle in the apparatus of Fig.2.4-a on page 16 to a positive voltage, a com-
pletely different condition fof corona processing is created. We will refer to this process as
a positive-point corona, or simply “positive-corona’” process.

Thickness profiles of positive-corona films have been reported before by Modlin [22].
It has been shown that the process creates films with thickness profiles completely differ-
ent from those of negative corona. This process affects a much wider region of the sub-
jected wafer. In contrast to the negative-corona, which creates profiles with the peak
thicknesses at the center directly under the needle, the positive corona creates films with
peak thicknesses away from the center. Only in very thin films, does the center still have
the highest thickness. In all cases of positive corona, the affected corona region is much
wider than that of the negative corona.

The positive corona process produces not only a completely different oxide film pro-
file, but also, based on the characterization results obtained in this work, produces films
with quite different electrical and physical characteristics. In this chapter, the refractive
index data and the C-V results of the films are presented, and compared with those of the
negative corona films. The C-V results of the films, alone, reveal an essential difference
between two types of films.

Different characteristics of films grown under two different voltage polarities are also

reported in the study of films produced by positive- and negative-biased conventional
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plasma-enhanced-chemical-vapor-deposition (PECVD) processes [18]. Note that in
plasma oxidation, the terms “positive-biased” and * negative-biased” refer to the substrate
voltage, “anodic” and * cathodic” respectively. In this work on corona oxidation, however,
the “positive” and “negative;’ refer to the polarity of the corona needle voltage, thus
“cathodic” and “ anodic” respectively. Studies have shown that positive-biased (anodic)
plasma films have electrical properties which would be acceptable for use in VLSI tech-
nology, while the negative-biased plasma films have much worse electrical properties.
This is the main reason why most recent research effort has been in the study of anodic
plasma oxidation.

Similarly the study of the negative corona (anodic) oxide films also shows that the
films have acceptable electrical properties comparable to those of thermally grown oxide
films. As will be presented in this chapter, preliminary results of the electrical properties
of the positive corona films indicate that these films have poor electrical properties in

accord with the findings of plasma-oxidation.

5.2 Thickness Profile and Refractive Index of the Positive Corona Films

The cleaning procedures and the detailed procedures of corona processing for grow-
ing positive corona oxide films, are similar to those of negative corona films given in
Appendix B. The only difference is the different polarity of the applied voltage on the nee-
dle of the apparatus during the oxidation process. The magnitude of the needle voltage
needed to hold the corona current at its specified pre-set value, was found to be lower in
positive corona compared to that of a similar negative corona process with same amount
of current. Typical values of needle voltage, and their variation during corona processing,
for both positive and negative cases, are given in Appendix A. The temperature of the oxi-

dation process for all the experiments reported in this chapter was 800°C.
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Fig. 5.1 shows two typical profiles of positive corona grown films, along with two
typical profiles of negative corona-grown films for comparison. As the figure shows, the
affected corona region in the positive case is much wider than in the negative case and, as
many other experiments have shown, for the same amount of time and current, the thick-
nesses of the positive corona films at the center are lower than those of the negative corona
films. In positive corona, essentially there is no corona-unaffected region like the sur-
rounding region far from the negative corona centre region. In previous chapters, (the
study of negative corona films) this outside region was referred to as a control region; a
region with a film grown by conventional thermal oxidation. In positive corona this sur-

rounding region will be referred to as the “outer” region, as opposed to the center corona

region.
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Fig. 5.1: Typical profiles of positive corona films in thin and thick film regimes grown
at 800°C. Typical profiles of the negative-corona films grown in similar conditions are
also shown in the figure for comparison.

(+) (a): teoe= 150 minutes, I.,.= +31LA; (b): t.o,=25 minutes, I, =+2 HA.

( =) (€): teor= 150 minutes, I,,= —3uA; (d): t.,=25 minutes, I ,=-2 HA.
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Fig.5.1 also shows that in positive corona films the shape of the thickness profile
changes as the film thickness increases. Thin oxides have the highest thickness in the cen-
tre region, while thicker oxides have the highest thickness in the outer regions.

For comparison, it should be noted that in the plasma oxidation of Si using oxygen
plasmas in a cathodic condition, it has been reported that the oxidation generally ceases
after a few tens of nanometers [18]. However, in positive corona, with the same voltage
polarity on the wafer during oxidation, there was no indication of stopping the oxidation
process, at least not up to several hundred nanometers (>200nm). ‘-

Similar to the negative corona treatment procedure explained in Chapter 3, a positive
corona treatment was applied to already-grown thermal oxide films, to create positive
corona-treated films. Fig.5.2 shows some typical results. As the figure shows there is an
extra growth which occurs mostly on the outer region of the film. ( The curves “a” and “b”
in the figure are shown again more clearly in Fig.5.3).

Figs. 5.3 show the refractive index profiles of the two positive corona treated films,
along with their thickness profiles. As the figures show, the outer regions of the films have
lower refractive indices compared to the centre regions. This is a different behavior from
that of negative corona-grown or -treated films, for which the lower refractive indices
exist at the center corona region. However, as the results show, still there is a relaxation
phenomenon which occurs during treatment, indicated by the refractive indices being
lower compared to those of the original oxide films thermally grown at same temperature
of corona procedure. (For ~ 800 °C thermally grown oxide film, the refractive index is

about 1.47).
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Fig. 5.2: Typical profiles of positive corona treated films , originally grown to about 1100A
thickness by conventional dry thermal oxidation at 800°C and then processed in corona
apparatus at 800°C. Some profiles of the negative-corona treated films also shown in the
figure for comparison.

(+) (a): tor= 180 minutes, I o= +3HA; (b): t.(,=25 minutes, I, =+2 JA.

(-) (©): teor= 135 minates, I, = —3pA; (d): £ =20 minutes, I ,,=- 2 HA.

5.3 Q¢ and Dj; Results of Positive Corona Films

Using the same procedure that was used to fabricate MOS structures on negative
corona films, MOS structures were fabricated on positive-corona grown and positive
corona-treated films. The detailed fabrication procedures can be found in Appendix B.

Fig.5.4 shows a typical profile of Qs for a positive corona film. The condition of oxi-
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Fig. 5.3: Profiles of a): thickness and b): refractive index for two positive corona-treated
films, originally grown to about 11004 thickness by conventional dry thermal oxidation
at 800°C and then processed by corona at 800°C for;

I: t.or= 25 minutes, I = +21A, and II: t.,,=180 minutes, I ,,=+3 HA.
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dation is shown in the figure. As the figure shows, Qs in all regions of the wafer is in the
range of 10"3/cm?. 1t is higher in the outer region, and lower in the centre corona region,
appearing to approximately track the thickness profile. For relatively thick positive corona
-grown or -treated film, the threshold voltages (Vy,) were higher than the limit of our mea-
surement equipment. For the same reason, for all the samples, D;, was not accurately mea-
surable, but must be > 10'2cmZeV-L.

As shown in Chapter 3, negative corona films have Q¢ levels in the range of 10! /em?
similar to those found in standard thermal oxidation at similar range of oxidation tempera-
ture. The Qg results of positive corona films show that the films have, electrically, much
lower quality compared to the negative corona and standard thermal oxide films.

Some other Qs results of positive corona films are presented later in Chapter 7 [see

Tables 7.1 (on page 113) and 7.2 (on page 114)].
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Fig. 5.4: Profiles of a): thickness and b): Qfor a positive corona-treated film,
originally grown to about 1100A thickness by conventional dry thermal
oxidation at 800°C and then processed in corona apparatus at 800°C for 25
minutes. Needle current = +2l1A.
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5.4 Summary Comparison Between Negative and Pesitive-Point Experimental

Phenomena

Negative- and positive-point corona-discharge oxidation processes result in markedly
different oxide thickness profiles. In the negative-point case, the maximum enhancement
is exactly under the needle, with a circularly—symmétric bell-shaped profile decreasing to
the level of the outer region. This outer region appears to be unaffected by the corona,
since it always grows [28-30] to the same level as a standard thermally-oxidized control
oxide grown at the same temperature in the same ambient.

In the positive-point case, the oxidation enhancement profile is entirely different from
the negative-point case. The maximum enhancement is usually not directly under the nee-
dle. Instead, the oxidation rate is enhanced over most of the wafer surface, regardless of
wafer size, up to 3-inch wafers tested. The enhancement profile is less predictable, and
less radially-symmetric than in the (-) point case. Also, none of the enhancements are as
great as in the (-) point case. The enhancement is moderate in a relatively circular center
region, which has approximately the same radius as the (-) point enhanced region. The
enhancement in the region outside this circle is greater than in the center region. Thus.
unlike the (-) point case, there is no control region in this (+) point case. The relative
enhancement of the inner and outer regions of the sample varies dramatically with treat-
ment current and thickness. The enhancement of the outer region becomes much greater
than that of the inner region at higher currents and greater thicknesses.

The refractive index data of both positive and negative corona films show that the
relaxation of the oxide structure happens in both processes. However, the lower values of
refractive index are located at the outer region in positive case, and at the center region in
negative case.

The electrical properties of the negative-point oxides have been found to be relatively
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close to those of thermal oxides grown at the same temperatures [28,38,39]. In particular,
high-frequency C-V analysis has shown that Qs has levels in the low-to-mid 10'/em?,
similar to those found in standard thermal oxidation at low temperatures.

The electrical properties of (+) point oxides are drastically worse than in (-) point.
High-frequency C-V analysis reveals Qg levels often >1013/cm?. The Q¢ levels are highest
in the outer region, where the oxide thickness enhancement is greatest.

Different behavior of the films grown under two different voltage polarities is also
reported in the study of the films produced by the positive and negative biased plasma-
enhance-chemical-vapor-deposition (PECVD) processes [18]. The study has shown that
anodic biased plasma films have much better electrical properties compared to cathodic
biased films. Also, it has been reported that with positive potentials on the oxide surface.
the oxidation generally stops after a few tens of nanometres [18]. The enhancement of the
oxidation rate of silicon by positive corona is thus novel, in that, at least at 800°C. the

enhancements for positive corona are continued to much higher thicknesses.
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5.5 Chapter S Contributions

® The trends in positive-point corona-oxidation, first discovered by Modlin er al.
[22], were confirmed:

— The thickness profile shape in (+) corona is wider compared to that of (-)
corona, and appears to be limited by wafer size.

— The thickness profile in (+) corona is not as regular as it is in (-) corona; for
thinner films the highest thicknesses are in the center region, while for thicker
films the highest thicknesses are in the outside regions surrounding the center.
— For a given amount of time and current, the maximum thickness enhancement
of a (+) corona film is lower than the center region enhancement of a (-) corona
film.

® [t was found that positive corona-treated films have similar thickness profiles of
thick positive corona films (the center region has lower thickness compared to its
surrounding regions).

e Similarly to negative corona, positive-point corona treatments of low-temperature
thermally-grown SiO, films, cause structural relaxation phenomena, as measured
by refractive index changes. However, the refractive index of (+) corona treated
films is not as low as that of (-) corona-treated films.

® Qf and D;, results showed that the electrical quality of the positive corona films is
much lower than standard thermally grown films grown at similar temperature.

® The results of positive corona films are consistent with some other cathodic
plasma processes in terms of very poor oxide electrical properties, but quite dif-
ferent in terms of stopping of the film growth seen in the cathodic plasma at cer-

tain thicknesses of the film.
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CHAPTER 6

FTIR Characterization, and Observations on Corona-
Oxide Structure

6.1 Introduction

The distinctive behavior of the oxide film at the boundary region between negative-
corona and control regions was demonstrated through electrical characterization in Chap-
ter 3. Based on the results it was suggested that a possible structural mismatch between the
two adjacent areas, control and corona, could be the source of this behavior. Corona oxide,
grown at low temperatures, has refractive index lower than that expected for thermal
oxides grown at similar temperatures. This could imply that the negative-corona-treated
region has a more relaxed structure compared to its adjacent control region and that could
be the main source of the mismatch. However, the refractive index profiles, like the ones
shown in Figs. 2.5 and 2.7in Chapter 2, indicate that the transition of refractive index data
between the different regions is smooth. This suggests that the refractive index change is
probably not the only reason for the distinct behavior of the films at the boundary regions.
To investigate more clearly the condition of the oxide at the boundary region, a study of
the physical structure of the corona film is necessary.

Infrared absorption spectroscopy is a powerful tool widely used to characterize oxide
film structure. In this chapter the results of Fourier Transform Infrared Spectroscopy
(FTIR) analyses, on positive and negative corona samples, are presented.[55] Positive-
and negative-corona films are compared and contrasted to each other and to conventional

thermal oxides.
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6.2 Preparation of Oxide Samples for FTIR

Ten samples, identified as S; to Sq, with a thermal oxide layer already grown on five
of them, underwent the reverse RCA cleaning procedure ( Appendix B). The step of dip-
ping in diluted HF was skipped for the samples with oxide layers. Samples S; to Ss had
~1100A oxide grown by conventional dry oxidation at 800°C for about 50 hours. Four of
these wafers were used for corona treatment and the fifth one remained untreated as a ref-
erence. Wafers Sg to Sg had bare silicon surfaces after the clean. Three of them, S¢ . ST,
and Sg were used for corona growth, and wafer Sg was used as a reference to check any
possible effect of the corona process on the FTIR measurement of the bare silicon sub-
strates. Sample S;g had ~1150A oxide layer grown by conventional dry oxidation at
1150°C for about 33 minutes. This high temperature oxide film, with a relaxed structure
and low refractive index, was used also as a reference. Table 6.1 shows the condition of
the samples before the corona processes. Also shown are the corona process conditions for
each sample. The negative and positive polarities of the corona current represent the nega-
tive and positive-point corona processes, respectively.

After doing the corona processes the overall procedure to characterize the oxide films
was as follows:

1- The backside oxide of all the samples was etched off ;

2-The thicknesses and refractive indices of the oxide films were measured. For corona
films, the measurement was done on different regions of the films;

3- FTIR spectroscopy was done on the wafers. For corona wafers this was done in
least at three different locations; one in the center of the corona region, one at the bound-
ary region between corona and control areas, and one in the control area far from the
corona region.

For samples S3 to S, the following procedures were followed:
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Table 6.1:The conditions of samples before corona processes and the conditions of the corona

processes.
type condition before | corona | corona corona-process
Sample | (all ~10 corona current | time temperature
ohm-cm) procedure (uUA) (minutes) | (°C)
S <111>, P-type | ~1100A thermal | -2 20 800
oxide(dry)
grown at 800°C )
S, <111>, P-type | ~1100A thermal | -2 12 800
oxide(dry)
grown at 800°C
S;3 <111>, P-type | ~1100A thermal | -3 135 800
oxide(dry)
grown at 800°C
S4 <111>, P-type | ~1100A thermal | +3 180 800
oxide(dry)
grown at 800°C
Ss <111>, P-type | ~1100A thermal | --- - —--
oxide(dry)
grown at 800°C
S¢ <100>, N-type | bare silicon -3 150 800
S, <100>, N-type | bare silicon +3 150 800
Sg <100>, N-type | bare silicon +3 180 800
So <100>, N-type | bare silicon --ee ee- .-
Sio <100>, N-type | ~1150A thermal | ---- —-- --
oxide (dry)
grown at 1150°C
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4-An Etch-back step was done to remove a fraction of the oxide films. These were
done in dilute HF for times listed later in tables 6.3 to 6.6.

5-Steps 2, 3, and 4 were repeated a few times, until the oxide films were completely
etched off.

6- At the end, another FTIR measurement was done on the resulting bare silicon sur-
faces.

For samples S|, S;, S7. Sg, Sig: the oxide films of the samples that did not go through
the etch-back process were then etched off in order to do FTIR measurement on their bare
silicon substrates. The FTIR results on bare silicon surfaces were used as reference data
for the FTIR analysis. Subtraction of these spectra from FTIR spectra measured in step 2,
which included the effects of both oxides and substrates, gave the net FTIR spectra of the
oxide films. The reference data from the bare silicon substrates of all the samples were
similar to FTIR spectra of the reference bare silicon sample Sg.

All the FTIR measurements of each sample have been done at the same location ( for
thermal oxides) or locations ( for corona oxides) at different iterations of FTIR measure-

ments.

6.3 Thickness and Refractive Index

Fig.6.1 shows the oxide thickness and refractive index profiles of the sample S;. The
measurement was done using an ellipsometer (Gaertner L3W26C) at the wavelength 633
nm. To reduce the effect of equipment calibration on the refractive index results, and also
to compare the data with the refractive index of a thermal oxide film grown at high tem-
perature, the thickness and refractive index of high-temperature grown reference sample
S| Was also measured in the same measurement session as sample S;. The values of the

right side axis (A N¢) in Fig.6.1(b) show the offset of the S| data compared to the refrac—
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tive index of sample Sq. As the values show, at center region the refractive index is very
close to the refractive index of the high temperature oxide. This indicates a relaxed struc-
ture at the corona region.

To show that the lower refractive indices at the center region are not simply related to
the higher thicknesses of the film [56] at the center region, the curve in Fig.6.1(c) is
drawn. The 1100°C- and 1150°C-grown films have very similar physical structure ( and
measured refractive indices at equal thickness [26,56] ). The small variation in refractive
index between the 1100°C-grown ~1500A and 1150°C-grown ~ 1150A oxides is due to
the thickness variation [56]. The rate of change of refractive index with oxide thickness in
the (-) corona case is much greater than this. Thus, it cannot be simply due to thickness
change, but must be also due to a substantial density change.

Fig.6.2 shows similar data of Fig.6.1(c) for samples S, S3, and S4. For other corona
samples Sg, S7, and Sg, which had been grown on bare silicon instead of on top of 1100A.
the refractive index could not be measured accurately on the low-thickness regions [26].
The approximate thicknesses of these regions was measured with the assumption of a suit-
able refractive index value. The oxide thickness profiles are shown in Fig.6.3 .

Also, to have more precise data with respect to the extra oxide thickness in the corona
regions, the data of Table 6.2 was calculated. The table shows the three factors that have

roles in the growth of film at the corona regions [26]; the expected thermal growth, the

Table 6.2: Extra thickness at corona region due to different factors.

expected extra | expected swelling | remaining extra
sample | thermal growth | due to relaxation growth due to
(A) A) corona ()
S-1 6 25-30 72-77 (center)
S-2 4 25-30 27-32 (center)
S-3 40 25-30 656-661 (center)
S-4 53 25-30 35-40 (center)
70 (outer)
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expected “swelling” due to relaxation , and the growth due to corona. Thus, the extra
thicknesses in the corona regions are clearly not simply due to relaxation. There is extra
oxide growth due to the corona as well. This table will be referred to in the discussion of

FTIR results.

6.4 Etch-back Results

Samples S3 to Sg and S underwent etch-back processes. In this way, the etch rates

of the films at different regions, and at different distance from the Si/SiO; interface, were
-

obtained. Also, by doing FTIR measurement after each step of etching, the structure of the

oxide at different distances from the Si/SiO, interface was studied.

Tables 6.3 to 6.6 show etch rates of the films. The etchant was a solution of 10 ml. of
49% HF in 500 ml. D.I. water. Measuring the thickness and refractive index after each
etching process was done using a single-wavelength ellipsometer (Rudolph Scientific
AutoEl IT) operating at a wavelength of 633nm. When the film thickness fell below 60 nm.
the thicknesses were calculated assuming the refractive index of the unetched film. The
thicknesses and refractive indices of the film after each etching process are also shown in
the tables.

The tables show that the etch rates of the negative corona films are higher than those
of the control region. In negative corona films the locations at which the oxide was com-
pletely etched off first were the circular boundary regions between control and corona
areas. For positive corona, the etch rate is lower, and is much lower at the regions far from
the center. If low etch rate were an indication of oxide quality, this would tend to indicate
that positive corona has better quality and negative corona has worse quality compared to

that of the thermal oxide. However, the electrical behavior of negative corona films as

seen in Chapter 3, is close to that of thermal oxide, and, at least in terms of Qg, positive
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Table 6.3: Etch back results of sample S3.

location center boundary outer
0) (6 mm) (20 mm)
before etch tox (A) 1804 1385 1119
N¢ 1.451 1.46 1.473
I'st etch tox (A) 1626 1024 1015
(2 minutes) N¢ 1.458 1.473 1474
etch rate (A/min) | 89 180 52
2’nd etch tox(A) 1268 832 798
(4 minutes, N¢ 1.459 1.468 1.476
25 seconds) etch rate (A/min) 81.06 43.47 49.13
3'rd etch tox (A) 879 521 536
(5 minutes, N¢ 1.463 1.476 1.483
15 seconds) etch rate (;\/min) 74.10 59.24 4990
4'th etch tox (A) 419 bare silicon | 241
( 6 minutes) Ny - - -
etch rate (A/min) 76.67 - 49.17
5’th etch tox ( A) bare silicon | bare silicon | bare silicon
( <7 minutes, | N¢ - - -
20 secs) etch rate (A/min) 57.16 - 38.07

Table 6.4: Etch back results of reference sample Ss.

before etch tox (A) 1100
N¢ 1.472
I'st etch tox (A) 831
(4 minutes, 35 secs) N¢ 1.477
etch rate (A/min) | 58.69
2'nd etch tox (A) 602
(4 minutes, 30 seconds) | N¢ 1.481
etch rate (A/min) | 50.89
3’rd etch (6 minutes) tox A) 307
N¢ -
etch rate (A/min) | 49.17
4’th etch tox (A) bare silicon
(6 minutes, 50 seonds) N¢ -
etch rate (A/min) | 44.93
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Table 6.5: Etch back results of sample S;.

location center outer
0 (9 mm) (17 mm)
before etch tox (A) 1196 1273 1378
N¢ 1.467 1.464 1.461
I'st etch tox (A) 1107 1150 1282
(2 minutes) N¢ 1.464 1.462 1.457
etch rate (K/min) 4.5 61.5 48
2'nd etch tox(A) 741 792 943
(8 minutes, N¢ 1.473 1.467 1.463
12 seconds) etch rate ( ;\/min) 44.63 43.66 41.34
3'rd etch tox (A) 371 434 600
(8 minutes, N¢ - - 1.472
12 seconds) etch rate (A/min) 45.12 43.66 41.83
4’thetch tox ( A) bare silicon | bare silicon | bare silicon
(<13 miutes) | N¢ - - -

etch rate ( ;\Imin)

47.36

Table 6.6: Etch back results of sample Sg.

location center boundary outer
) (5 mm)
before etch tox (A) 1087 670 ~100
N¢ 1.459 - -
i*stetch tox (A) 904 593 bare silicon
(2 minutes) N¢ 1.461 - -
etch rate (A/min) | 91.50 38.50 -
2'nd etch tox( A) 653 240 bare silicon
(3 minutes, N¢ - - -
15seconds) | etchrate (A/min) | 77.23 108.62 -
3’rd etch tox (A) 222 bare silicon | bare silicon
(4 minutes, N¢ - - -
15 seconds) etch rate (A/min) 101 - -
4’th etch tox (A) baresilicon | baresilicon | bare silicon
(4 minutes, N¢ - - -
5 seconds) etch rate (A/min) 54.36 - -
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corona films , as seen in Chapter 5, have very low quality. These results suggest the likeli-

hood of a different structure for corona oxide films.

6.5 Fourier Transform Infrared Absorption Spectroscopy

Infrared absorption spectroscopy was used to obtain information about oxide film
structure. When a beam of infrared light impinges at normal incidence on an oxide film,
the transmitted light has lower intensity and a different spectrum compared to the original
light. This is caused by infrared absorption at frequencies that match with natural vibra-
tional frequencies of the atoms in the film structure. The spectra of the transmitted light
reveals various information about the film.

A Nicolet Model 550 Fourier transform infrared spectrometer, located at NRC l was
used to measure the absorption spectra of the oxide films at normal incidence.[55] The
absorbance of the substrate after etching off the films was subtracted from the absorbance
of the film plus substrate to get the absorbance of the film. The results showed that for all
the films the intensity of the SiH, SiOH and H,O peaks at 2260, 3650 and 3420 cm’l,
respectively, were below the sensitivity of the instrument, which is estimated to be 0.2
wt%. The three well-known vibrational modes of a-SiO, were visible in the spectra, the
rocking mode (R), the symmetrical stretching mode (SS), and the asymmetric stretching
mode (AS). Fig.6.4 shows a typical spectroscopy result belonging to sample Sy. As the
figure indicates, rocking (R) of the oxygen (O) atom about an axis through the two Si
atoms caused the vibration of the lowest frequency band near 450 cml. Symmetrical

stretching (SS) of the O atom along a line bisecting the axis formed by the two Si atoms

1. This experiment was done at the Institute for Microstructural Sciences at NRC,

Ottawa, Ontario, in collaboration with Dr. Dolf Landheer.
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Fig. 6.4: Infrared absorption spectrum of sample Sy. The beam of infrared light
impinged at normal incidence on the oxide film. The local vibrational motions of
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atoms with respect to silicon atoms also schematically shown in the figure. The
Corresponding effect of each vibration on the spectrum IS indicated in the figure. The
upper shoulder bond of AS mode centered near 1200 cm! is caused by the AS; mode
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caused the vibration of the frequency band near 800 cm™!. Finally, asymmetric stretching
(AS) of the O atom along a line parallel to the axis through the two Si atoms caused the
vibration of the frequency band near 1070 cm’l.

In this work we will concentrate on the characteristics of the AS mode. A conven-
tional analysis of the absorbance spectrum involves measuring the FWHM ( Full Width at
Half-Maximum) and peak frequency for the whole AS feature ( see Fig.6.4 ). The asym-
metric stretching mode actually consists of two components: an AS,| mode in which adja-

cent O atoms vibrate in phase with each other, and an AS; mode in which adjacent O

atoms vibrate 180° out of phase with each other [57.58]. The upper shoulder band of the
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Fig. 6.5: Plot of absorbance as a function of frequency for the AS stretch vibration
of sample S, thermal oxide grown at 800°C. The fit of the three gaussian
components making up the peak and their sum are also shown.

AS mode centered near 1200 cm’!( see Fig.6.4 ) is caused by the AS; mode vibration
[57,59,60]

For comparison, Fig.6.5 shows the absorbance spectrum of the AS stretching vibra-
tion for the reference sample Ss. Also shown is the calculated absorbance obtained by
using three gaussian functions with components vy, v, and v3 with frequencies at 1055,
1088, and 1149 cm’! fit to the data. The FWHM of the components are, respectively, 65,
40 and 180 cm’!. In comparison, it has been found {61] that thinner films were decon-
volved using two gaussians with frequencies of 1050 and 1085 cm™! and FWHM of 65 and
35 cm’!, respectively. The fitting procedure produced excellent fits for the thermal oxide
spectra and for all the spectra of the corona-treated and corona-grown samples. |

Although the basic features of the AS vibration spectrum were not significantly

changed by the corona processing, significant changes in peak position, peak height and
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peak FWHM were observed.

Figs. 6.6 (a) and (b) show, respectively, the peak frequency and FWHM for the whole
AS feature including the AS| and AS, components of all the samples, as a function of dis-
tance from the corona center. They clearly group into two sets, with the positive corona-
processed samples Sy, S7, and Sg (corona treated films and films grown from the bare sili-
con) exhibiting higher frequencies and lower FWHM than the negative corona-processed
samples S|, S,, S3., and Sg. For both positive and negative corona-processed samples the
frequency increases towards the outer region while the FWHM decreases. For the c;)ro;;é-
treated samples S| te S, there is a change in slope at the boundary of the central-corona
treated region. For the corona-grown samples Sg to Sg , measurements were only made at
three positions, in the centre of the corona region, in the boundary region of the centre area
(which was specified by visible change in the color of film caused by different thick-
nesses) , and in the region far from the boundary region. The FWHM and peak frequency
for untreated thermal oxides S5 and S;g grown at 800 °C and 1150 °C are also shown in
Figs. 6.6 (a) and (b).

For the negative corona-processed samples the data in the control region are within
experimental error of those of the unprocessed 800°C thermal oxide, while for the posi-
tive-corona treated samples the data are closer to those of the 1150°C thermal oxide which
is fully-relaxed. As the negative corona current or treatment time are increased the devia-
tions in the central corona region decrease, with the sample S treated using -3uA for 135
minutes showing smaller changes in parameters from those measured for the untreated
800°C oxide than the samples S; and S, treated with -2uA 12 or 20 minutes. The fre-
quency for the corona-grown oxides is lower than that of the samples treated with coronas
of the same polarity; however, some of these differences are due to the significantly

smaller thickness of the corona-grown samples.
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Fig. 6.6: plot of the (a): peak frequency, and (b): FWHM, of the AS stretch vibration as
a function of distance from the centre of the corona region for corona-processed oxides.
For the corona-treated oxides the position of the transition region between the central
and outer regions is marked by an arrow. For the corona grown oxides (S, S+, Sg)
measurement were made at the centre, in the transition region, and in the outer region
only. Data for the 800°C and 1150°C thermal oxides ( S5, Sj¢) are shown near y-axis.
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Fig. 6.7: Plot of the peak area of the AS vibration divided by the film thickness as
a function of distance from the center of the corona region for corona processed
oxides.The measurements were made at the same positions on the same samples
as those shown in Fig.6.6. Data for the 800°C and 1150°C thermal oxides ( S5 and

S;0) are shown near y-axis.

Measuring the mode strength of the combined AS| and AS, modes involves integrat-
ing the whole AS feature and dividing by the film thickness.The corresponding results for
the corona and contro!l films are shown in Fig.6.7. As the figure shows, in the outer
regions of the corona films, deviations from the results of the 800°C thermal oxide are
small. The deviation in the central region for the positive corona processed samples is also
small, while for the negative corona-treated samples the central region shows deviations
which increase with corona current and time. This latter trend for the changes induced by
negative corona processing is opposite to the trend shown for the changes in the frequency
measurements shown in Fig.6.6. The magnitude of mode strength is related to the number
of corresponding bonds in the unit volume of the film. Table 6.2 on page 85 shows that a

part of the extra thickness of corona-treated films is caused by “swelling” which decreases
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the density of the film. This decreases the value of mode strength. However the variations
of the mode strength shown in Fig.6.7 are more than that which can be explained based
only on the swelling of 25-30A in the films with thicknesses about 1100A. As is shown in
Table 6.2, there is a maximum of 30A swelling which results in a maximum variation of
(30 / 1100) * 100% = 2.7% in the film density. This change of density will decrease the
mode strength by 2.7%. The maximum changes in the mode strength of the negative
corona-treated films shown in Fig.6.7, are 4.17% for sample S|, 6.09% for sample S,, and
14.42% for sample S3.

It is well known that the peak frequency and FWHM for thermal oxides[62] are a
function of film thickness. To establish whether the films exhibited the normal variations
with thickness, the measurement was done in the centers of the corona-processed samples
at various stages during the etch-back process. Figs. 6.8 (a) and (b) show the result, along
with data obtained for the 800°C and 1100°C thermal oxides. The data indicate that the
variations with film thickness are comparable for the untreated and treated oxides. It can

be deduced that the films are homogeneous within the limits of this technique.

6.6 Analysis & Discussion

It has been shown that for thermal oxides grown at increasing temperature, FWHM of
the AS vibration decreases and frequency increases. The data of reference samples S5 and
S0 in Figs. 6.6 (a) and (b) also show this feature. Fitch et al. [63] attribute this to decreas-
ing stress in the films as the growth temperature is increased. To do so, they used a center
force model which gives the relation [64,65] :

V= sin(®
0 6.1
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Fig. 6.8: Plot of (a): the peak frequency, and (b): the FWHM of the AS vibration as a function
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where v is the stretching frequency, 0 is half the Si-O-Si bond angle ( see Fig.6.4), and v,
=1134cm™!. The average distance between two Si atoms is equal to dg; s; = 2 r,sin (6),
where r, is the Si-O bond length. It has been shown that r, is a slowly varying function of
6 [63], and that the angle 0 mainly determines the distance between Si atoms. For a high-
temperature grown oxide which has a relaxed structure, ds;_g; is higher, and as a result 6,
which has values around 75 degrees, is higher as well. Equation 6.1 shows that for this
higher value of 8, the frequency v would be higher as well. To show why for high temper-
ature relaxed oxide FWHM is lower, the derivative of equation 6.1 can be taken, which

gives:

dVv =V cos (B)dO
o (6.2)

assuming d® = A® , and du=Av= FWHM, Equation 6.2 shows that higher values of 6
result in lower values of FWHM.

Within the frame of this modeling, it can be deduced that the outer “control” regions
of the negative-corona films (with higher values of v compared to the “center” regions of
the films) have relatively higher 0’s, higher dg;_s;'s , and more relaxed structures (lower
densities). This is in clear contradiction to the fact that the center regions of negative-
corona films, found based on the refractive indices results, have more relaxed structure
compared to the surrounding “control” regions. This means that the center region of the
negative corona films shows characteristics that are opposite those expected on the basis
of the previously established relaxation observed for thermal and corona-treated oxides. In
other words, as the oxide relaxes, the bond angle should increase and the frequency should
increase as described by Equation 6.1.

These apparent discrepancies can only be resolved by assuming that the structure of
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these corona-treated films undergoes modifications that result in changes in the FTIR
spectra not simply described by the thickness and density variations. To further describe
these structural changes, the FTIR data for the positive corona-treated sample S4 and the
negative corona treated samples Sy, S and S are replotted in Fig.6.9 and compared with
the thermal oxide data of Ref.(63). In the figure the refractive index measured at different
positions measured from the center of the corona region are plotted as a function of the
stretching frequency. The solid line is the data for thermal oxides on <100> Si wafers
obtained from Ref.(63) . The data for our 800°C ( sample Ss) and 1100°C (sample S;q)
thermal oxides are also shown, and are slightly shifted from the data of Fitch er al. [63].
This shift cannot be a result of the fact that our films are thinner ( ~1100A vs 1300A in

Ref.(63)) since this would shift the measured frequency in the opposite direction [62], but
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Fig. 6.9: Plot of refractive index versus frequency for positive and negative corona-
treated oxides. The data for the 800°C and 1150°C thermal oxides, joined by a solid line,

are also shown. The thermal oxide data from Ref. (63 ) are represented by the other solid
line.
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are probably due to slight differences in the oxidatien conditions and the differing sub-
strate orientation. The data for the positive corona-treated film are shifted to higher fre-
quencies when compared to thermal oxides. For the negative corona data in the central
region, the small negative shift in peak frequency is accompanied by the large decrease in
refractive index associated with the decrease in density caused by the corona treatment.
Similar trends of changes have been also reported for some anodic-plasma oxide films
[66].

To show the variation of FWHM and frequency data for corona samples and compare
them with similar data for thermal oxides films, the following equation, which resulted
from dividing of Equation 6.2 by Equation 6.1, was used:

dv/V = Bcor (0) (d6/6)
(6.3)

Equation 6.3 shows that a plot of dv/v vs 6 coi(8) gives a measure of the fractional
;/ariation (d6/8) of the bond angle. The values of dv/v ( = FWHM/v) for samples S;- Ss,
and S| were extracted from data of Figs. 6.6 (a) and (b). Also the corresponding values of
0 ( and from that the values of 8 cot(8)) for each v, were calculated from Equation 6.1.
Fig.6.10 shows the dv/v data vs. the 0 cot(0) data. The linear fit to the data of thermal
samples gives a value d8/6=0.359, considerably higher than the values for thermal oxides
(d6/6=0.236), and the value for oxides produced by remote plasma enhanced chemical-
vapor deposition (RPECVD) (d6/68=0.296) found in Ref. (63). This higher slope is proba-
bly a result of differences in the thermal oxidation and the differing substrates (<111> vs.
<100>) used for these studies. For negative-corona treatments with higher currents or for

longer times the data points move above the line representing the thermal oxide data.
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Fig. 6.10: Plot of dV/V ( FWHM divided by peak frequency) vs. 8 cot(6) (20 is the
Si-O-Si bond angle), for negative and positive corona treated samples and the
800°C and 1150°C thermal oxides. The solid line is a linear regression to the
corona data.

6.7 Conclusions

FTIR analysis was used to study the structure of the both positive and negative corona
films. Also, to examine the behaviour of the film properties at different depths in the oxide
layers, the etch-back technique was used along with the FTIR analysis.

The FTIR results show that the basic features of the AS vibration spectrum were not
changed by the corona processing. However, significant changes in peak position, peak
frequency, and peak FWHM were observed. The peak frequency and FWHM of positive
corona-treated films shift in a direction consistent with relaxation of SiO, films, but the
magnitudes of the changes do not follow the trends observed for the relaxation of thermal

oxides as growth temperature is increased. The relationship between refractive index and
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frequency deviates from that observed for thermal oxides. However, the relationship
describing the variation of the ratio of FWHM to peak frequency in terms of the variation
of bond angles does fall on the same line as the data for the starting thermal oxides.

For negative-corona treated films, the shift in peak frequency and FWHM are in the
opposite (unexpected) direction. The curve of refractive index vs. vibration frequency
showed that for negative corona films, higher frequencies correspond to higher refractive
indices. This is in contrast to the well-known behavior of thermally grown films where
increased oxidation temperature (lower refractive index), is correlated with an increase in
vibration frequency. For FWHM, the trends of changes for negative corona films were as
well different from those of thermal oxides. Measured at different distances from the cen-
ter corona region, the mode strength data of the negative corona-treated films indicate a
different behavior at the center region compared to that of the control region.

For negative corona films, the data belonging to the outer (control) regions was closer
to that of the 800°C thermally grown films, while for positive corona films the data was
closer to that of the 1150°C thermal film. For negative corona films, the etch rate in ~1%
HF increases, by a factor of approximately 2, in the central region, and it is unaffected in
the outer (control) regions. For positive corona films, the etch rate is lower compared to
that of thermal oxides. Coupled FTIR and etch-back measurements indicate that both pos-
itive - and negative-corona-processed films are homogeneous.

The results of this chapter indicate that the negative corona films have a different
structure compared to those of positive corona and thermally grown films. In the case of
corona treatment, the negative corona process is capable of changing the structure of an
already thermally grown film. The different structure of the negative corona films may
explain the distinctive electrical behaviour of the corona film at its boundary region as

seen in the results of Chapter 3.
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6.8 Chapter 6 Contributions

e FTIR was used to examine and compare both (+) and (-) point-corona-processed
cases with each-other and with thermally-grown controls.

® By an etch-back experiment with FTIR measurements after each etch step, the
structure of the oxide at different distances from the Si/SiO; interface was exam-
ined.

e Within the limits of the technique used in this work, it was found that the corona
films are relatively homogeneous.

e It was found that despite having the refractive index equal to that of high tempera-
ture grown oxide, negative corona films have AS mode frequency close to that of
low temperature thermally grown oxide.

e It was found that positive corona films have AS mode frequency close to that of
high temperature thermally grown oxide.

e The results suggest that negative corona films have a different structure from that
of thermal oxide films.

e The results support the previously suggested hypothesis in Chapter 3 that the dis-
tinct behaviour of the oxide films at the boundary regions between negative

corona and control regions could be a result of a structural mismatch.
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CHAPTER 7
Simulation and Modeling of Growth Mechanisms

7.1 Introduction

As shown in Chapters 3 and 5, negative- and positive-point corona discharge oxida-
tion processes (anodic and cathodic cases, respectively) result in markedly different oxide
thickness profiles. In the negative case the enhancement is exactly under the needle with a
circularly-symmetric bell-shaped profile over a small area of the wafer. In the cathodic
case, the enhancement varies in a complex manner over the entire wafer surface.

It was shown [30] that the extra oxide grown during the negative-point process could
be accounted for by distinct components. Most importantly, the dominant component
could usually be accounted for by a quantity of O ions roughly equal to the integrated
charge flux from the measured current in the negative corona. It should be noted that in (-)
corona, the gas discharge is localized, with a current density profile approximately bell-
shaped, with maximum immediately under the high-voltage needle. It must be assumed
that the enhancement is directly related to the current density, which obeys this bell-
shaped profile. In contrast, in (+) corona, the enhancement is present across most of the
wafer. Since it is unlikely that the actual corona-discharge space charge region in the gas
extends out to the edges of a 3-inch wafer, with the point-to-plane gap being only ~5-
10mm, we must assume that there is influence from the voltage or current or some other
radiation outside of the corona discharge.

This chapter explores the mechanisms involved in corona-discharge enhanced oxida-
tion processes in order to obtain insights of general relevance in silicon oxide growth pro-

cesses. First, a general review on oxidation mechanisms is given. Then, to explain some
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important phenomena related to corona oxidation, a model proposed for low temperature
voltage-enhanced U-V-assisted oxidation is reviewed. Finally, to relate growth rates of
both positive and negative corona processes to physical parameters of the processes, sev-
eral experimental cases of both polarities are analyzed to fit equivalent linear and para-
bolic rate constants, in accord with the standard 6xidation model [33]. The fitted
enhancements are examined in light of basic mechanisms, and associated physical param-

eters.

7.2 General Review on Some Models for Oxidation Mechanisms

A brief description of Deal and Grove’s linear-parabolic model [33]was presented in
Chapter 2. The model! is based on the moving of neutral oxygen molecules, and three dif-
ferent factors which determine the oxidation rate : oxidant surface concentration, oxidant
diffusion, and the interface reaction. Also in Chapter 2, a brief description of 2 model with
a completely different view of oxidation, proposed by Wolters et al [34], was explained.
This model is based on the movement of ionic oxidants. The creation of space charges
near the SiO,/Si interface is suggested to be the limiting factor in the oxidation process.
Besides these two models, there are also many other models that each try to explain previ-
ously unexplained physical features, explain the kinetics of the process, and improve the
modeling of the oxidation process. These models include electric field enhancement of
diffusing ions [67,68], “fast” diffusion of oxidant through microchannels and micropores
in the oxide [69], changing of diffusion coefficients caused by the effect of stress in the
oxide layer [70,71], parallel oxidation by two separate oxidizing species [73], and so on.

~ In a similar manner, since the discovery of plasma anodization of silicon, much effort
has been devoted to investigate the kinetics of the process [16-18, 74, 75, 79-86]. Here, as

a key issue, the question of the nature of the oxidant species in the growing oxide film has
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been addressed by many researchers. Also, in that regard, since during the oxidation there
is an electrical current flowing through the oxide, the nature of the charge carriers has been
addressed as well [16, 83-86]. Much of the research generally concludes that oxygen ions
are the oxidant species, and the enhancement in the film growth rate is due to field-assisted
transport of the ions [14, 81,82,86]. These moving ions form a percentage of the oxide
current. The remainder of the current is accounted for by the flow of electrons. Also, it is
concluded that the creation of oxide charge during the oxidation process, is a limiting fac-
tor for growth of the film in the linear regime. This model of plasma oxidation [81,82,86 ]
in fact has much in common with the ionic movement model suggested by Wolters er al.
for standard thermal oxidation.

Nevertheless, there have been some other suggestions to explain the rate of oxide
growth in plasma oxidation. For example, in the first anodic plasma oxidation of silicon
reported by Ligenza [ 32] , it was suggested that the process was diffusion- limited and
high growth rate was explained to be due to a high oxidant concentration at the surface. As
an another example, in the model suggested by Peeters and Li [74], a loss term for oxidant
ions (O°) during their migration to the SiO,/Si interface is considered as a crucial factor in

the process that limits the oxidation rates for thick oxides.

7.2.1 Oxidation in the Presence of UV Light and Electric Field

Using Ultra-Violet (UV) irradiation to assist the thermal oxidation of silicon has been
the subject of some research work [89, 87,88]. Oren and Ghandhi [87] showed that auxil-
iary light stimulation enhanced thermal oxide growth. Young [89], in a study of the kinet-
ics of photon-enhanced oxidation of silicon, used visible and UV light in a series of
experiments. The results of that study led to presenting an electron-active oxidation model

applicable for both thermal and “thermal+photonic” cases. The model is mainly based on
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the following suggested phenomenon: the emission of the electrons from the substrate into
the oxide film and consequently, dissociation of molecular oxygen near the interface by
these electrons to create oxygen atoms which have high enough diffusivity to reach Si/
SiO, interface. There, oxygen atoms combine with Si atoms of the substrate, and create
the SiO; structure. In the case of applying UV light, the electron flux level emitted from
the silicon increases. This causes dissociation of more oxygen molecules, which ulti-
mately causes a higher rate of oxidation.

Shining UV radiation directly on the wafer has also the additional effect of breaking
Si-Si bonds at the Si-SiO, interface, as suggested by Schafer and Lyon [96], and con-
firmed by Young and Tiller [93 ]. The breaking of the Si-Si bonds causes the O atoms or
O ions to be bonded to the Si atoms relatively easily.

Dolique and Reader [20] examined the effect of using basic UV-assisted processes in
addition to a voltage, applied to the silicon wafer. The study showed a considerable
enhancement in oxidation rate, compared to that using only UV light. Also, it was found
that the growth rate is linear up to higher thicknesses than in standard thermal oxidation.
By referring to the ionic growth model of standard thermal oxidation by Wolters ez al [34],
it was suggested that applying the voltage across the growing oxide enhances the flow of
O-. They also suggested that the increase in the linear growth regime was due to an
increased charge concentration at the oxide/ambient interface. Taylor et al [79] further
suggested that parabolic growth starts when the charge at the surface of the oxide becomes
too small to supply the oxidation with O™ jons at the same rate. In the case where a voltage
is applied, this prolongs the supply of the charge in the linear regime, thus causing the dif-

fusion controlled (parabolic) regime to start later.
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7.3 Numerical Simulation of Enhancement Profiles

The enhancement in oxidation rate in the corona process can be explained qualita-
tively based on the same effects that were suggested for biased plasma oxidation, and oxi-
dation in the presence of UV and electric field. However, as shown above there are various
models and kinetics suggested to explain the processes. Moreover, despite many similari-
ties that exist between the corona process and the other above processes, it is quite possi-
ble that they have different kinetics.

To explore the kinetics of corona oxidation, in this work, a simulation program based
on a linear-parabolic model is developed. A simulation program is designed using linear
and parabolic rate constants ( as well as an initial thickness, X;,)[90]. Equivalent values of
these parameters are extracted for many experimental results. The results are used to dis-

cuss the possible physical interpretations of the extracted rate constants.

7.3.1 Description of the Simulation Program

The program that was used to simulate the oxide profiles of negative and positive
corona films is given in Appendix D. The program uses a linear-parabolic growth rate law
[33], with spatial variations in the main oxidation parameters. Since the linear-parabolic
constants are commonly related to the Deal-Grove physical parameters, these were taken
as a starting point for the assignment of the spatial variations.

As shown in Chapter 2, the linear rate constant ( B/A) and parabolic rate constant (B)

of the linear-parabolic model are related to D, k;, C* as follows.

Be<C.D and, B/A o< C . k;
For the corona process, to account for the effect of the corona on growth rate, the lin-

ear-parabolic rate constants at different locations of the sample are defined as follows:
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C. (x)=F;(x).C", k;c(X)=F,(x). k; and, D.(x)=F3(x).D

= B (x)=B*F(x)*F3(x), (B/A)(x)=(B/A)*F (x)*F2(x)
where x is distance from the center area of the corona, Cc*(x), k;c(x), and D.(x) are,
respectively, the modified values of oxidant concentration, interface reaction, and oxidant
diffusion for corona process, F{(x), F5(x), and F3(x) are modification factors (functions of
position on the wafer) which account for the differences due to the corona, and finally
B.(x) and (B/A).(x) are parabolic and linear rate constants of the corona process.

Fig . 7.1 shows profiles of F(x), Fp(x), and F3(x), which were found to best match the
experimental data. Figures (a),(b), and (c) show the profiles for positive corona, while Fig-
ures (d), (e), and (f) show the profiles for negative corona. Fig. 7.1(a) shows the modifica-
tion factor expected for the oxidant concentration C* at different locations on the sample
in the (-) corona process. (1 + cxf * lI.ol) is the enhancement factor at the center of the
corona region, and HLcn is half of the width of the corona-affected region. For the region
outside this length, F| is equal to “1” (the corona-unaffected region with no modification
on the oxidant concentration). The other five curves in Fig. 7.1 are formulated in a similar
manner.

More discussion on the functions shown in Fig. 7.1 is brought in the following sec-

tion, along with presentation of the simulation results.
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7.3.2 Simulation Results

Tables 7.1 and 7.2 list several cases of both (-) point and (+) point corona oxidations
or treatments. The profiles attained by these experiments are shown in Figs. 7.2 and 7.3.
The oxidation rates at certain important features of the profiles,

® the (-) point peak thickness

@ the (-) point “control” thickness

® the (+) point center thickness

e the (+) point outer thickness (approximately)
are modeled by use of the simulation program explained above.

For each of the cases in Figs. 7.2 and 7.3 and Tables 7.1 and 7.2, the oxidation rate
was fit, in Figs. 7.4 and 7.5, to a linear-parabolic rate law, using rate constants (B/A) and
(B) taken from the literature [33], modified by functions F|, F5, and F3 (as defined above),
to take account of the corona effect. It was attempted to find factors which were constant
for all cases of a given polarity, allowing variation of only the corona current, Lo As is
seen in Tables 7.1and 7.2, two different sets of factors were used for the (-) and (+) cases.

It was found that the negative corona case could be fit by linear variations with L.
The (+) corona case was more complicated. While other fits may be possible, we found
that, for (+) corona, F, depends on IIcorlo'S, in order to account for the variations of thick-
ness in the outer regions, while F; depends inversely on Hl, in order to account for the
relative reduction in the center region. Note that when I, =0, F and F; reduce to unity.
The constant factor F3 = 1 for standard thermal oxidation, and needs to take on different
(but constant) values for each of the (-) and (+) corona cases.
These rate constants are assumed to vary spatially across the oxide. In the (-) point

case, they are all assumed to vary together. In other words, they all have the same radii of
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Table 7.1¢: Experimental Corona Cases and Fitted Rate Constants for negative corona films,

(B) . ; (B/A). | B). | Q4
x, | s Lo | ¢« | ey BB B eyl ey]en
ID ! t . (E-3) 2 center | center | center
(nm) type HA min Mm center | center | center
pm/h / outer | outer | outer
h outer § outer § outer
- 0 100 -2 25 1.51 1.29 1.24 25 6 44.6 9.24 5
| | | 1.51 1.29 15
2- 0 100 -2 35 1.51 1.29 1.24 25 6 44.6 9.24 5%
| | 1 1.51 1.29 15%
3- 18 100 ) 7 1.51 1.29 1.24 25 6 44.6 9.24 5*
| | 1 1.51 1.29 5.5*%
4- 0 100 -3 150 1.51 1.29 1.36 37 6 74.0 10.3 _
_ 1 1 l 1.51 1.29
5- 108 m -2 12 2.53 1.29 1.24 25 6 76.7 9.43 ~8*
l l ! 2.53 1.29 ~7.5*%
6- 108 M -2 20 2.53 1.29 1.24 25 6 76.7 9.43 ~8*
| 1 | 2.53 1.29 ~7.5*%
7- 108 11 -3 135 2.53 1.29 1.36 37 6 124 103 ~8*
i 1 i 2.53 1.29 ~7.5%

*Indicates representative values on different samples.

All initial oxidations and corona processes were at 800°C in dry O,.
For center region: F; = (1 +0.12*11,,0), Fy=(1+12%,,1)), F3=6
For outer region: F=F=F 3=1

113



Table 7.2: Experimental Corona Cases and Fitted Rate Constants for positive corona films.

(B - ’ ; (B/A). | (B). Oy
x, | si b, 1 + 1®V el O 20 | eyl eyl E
ID . (E-3) 5 center | center | center
(nm) type BA min Hin center | center | center
Mm/h outer | outer | outer
/h outer | outer ] outer
1+ 0 100 +.5 25 1.51 1.29 0943 | 18.68 §25 26.6 3.05 126
| 13.8 2,12 21.5 2.75 162
2+ 0 100 +1 25 1.51 1.29 0893 26 2.5 35.0 2.89 364
1 19.75 [ 2.12 29.8 2.75 57
3+ 0 100 +8 25 1.51 1.29 0510 7171 §25 55.7 1.67 74
| 71.71 2.5 108 3.23 125
4+ 0 100 +3 180 1.51 1.29 0735 4430 |25 49.3 2.39 _
1 4430 |25 66.6 3.23
5+ 108 m +3 180 2.53 1.29 0.735 §44.3 2.5 82.8 2.39 _
1 443 2.5 112 3.23

All initial oxidations and corona processes were at 800°C in dry O,.
For center region: F=1/(140.12*I,,)), F,=(1425%I,,%3), F;=2.5
For outer region: F<1, Fo<(1425*1,,\99), Fi<2.5
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Fig. 7.2: Experimental oxide thickness profiles for negative corona films. See Table 7.1
for curve IDs.
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Fig. 7.3: Experimental oxide thickness profiles for positive corona films. See
Table 7.2 for curve IDs.
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Fig. 7.4: Simulated oxide thickness profiles for negative corona films. See Table 7.1

for curve IDs.
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Fig. 7.5: Simulated oxide thickness profiles for positive corona films. See
Table 7.2 for curve IDs.
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influence, about 5-8mm, corresponding to the circular corona-affected region. (This con-
dition was applied during simulation by giving equal values to HLcn, HLkn, and HLdn in
the range of 5-8 mm). In the (+) point case, they vary with different radii of influence
across the surface. Factor F; has radius ~10mm, corresponding to the center region, while
F> and F3 have much larger effective radii, >> 100mm, allowing influence out to the edge
of the wafer. An exception to this is found at low thickness on bare silicon, where the radii

of influence of F, and F3 need to be ~40mm in order to fit the profiles.

7.3.3 Interpretation Through C*, D, k;

The Deal-Grove model [33] is a useful starting point for any discussion of silicon oxi-
dation. As shown in Chapter 2, the model describes the increase of oxide thickness, X, ,
with time, t, by the equation X,,>+AX,,=Bt. The coefficients A=2D /k; , B=2C*D /M.
and B/A=C*k; /M,, were originally defined in terms of an effective oxygen diffusion con-
stant, D, an interface reaction rate constant, k;, and the molecular oxygen concentration in
the oxide at the gas/oxide surface, C*. The parameter M, is the density of oxygen in the
grown film (~4.45x 1022 cm>).

Based on a discussion by Mott et al. [91], Stoneham et al. [92] have proposed the
existence of an intermediate “reactive” layer within a few nanometers of the Si/SiO, inter-
face that is impermeable to molecular oxygen. This impermeability would then be respon-
sible for the low reaction coefficient, k;, normally found for the Deal-Grove model. The
positive fixed charge in this region creates a field that can draw electrons from the Si sub-
strate by thermionic emission. These electrons could lead to dissociative attachment to the
molecular oxygen diffusing toward the impermeable region, forming O and O". These
could react in the intermediate layer and penetrate to the interface, thus advancing the

growth front into the silicon substrate. It has been proposed [93,95] that the arrival of elec-
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trons in the oxide is, in fact, the rate limiting step during Si oxidation and these ideas have
been advanced to describe the enhanced growth during UV illumination [20,89]. The
corona could thus enhance the Deal-Grove reaction coefficient k; by enhancing the supply
of electrons in the intermediate layer. This could reasonably lead to strong dependences of
k;. on I, such as that given in the fitting factor F; for negative corona, kj.= k(1 + 12
oD, where k; is the enhanced interface reaction coefficient.

In order to fit the body of experimental data for negative corona, other enhancements
in C. and D, would also be necessary, corresponding to the factors F and F3. Since the
(-) corona current drives O™ ions [23,29] in the corona toward the SiC, surface, it is plausi-
ble to hypothesize that the concentration of oxidant species entering the oxide is enhanced
as a function of I, Also, since O or monatomic O are likely to have an enhanced diffu-
sion constant, the factor F3 could reasonably be substantially greater than | (e.g. =6, as
obtained in the simulation).

It should be noted that the network mixing during (-) corona, reported in O'8 tracer
experiments in Ref. [29], renders it unlikely that the enhancement in By is due to simple
enhanced diffusion of O, molecules through interstitial sites in the SiO; network. Rather,
the possibility of oxidation due to two parallel oxidant fluxes[73], such as O, and mona-
tomic O or lattice vacancies [73], is supported here.

While in (-) corona the electrons could be supplied by current flow from the surface
toward the Si/SiO, interface, in (+) corona, the emission of electrons from the Si substrate
would be aided by the applied field. This would again lead to enhanced k;c, possibly with
a different dependence, such as kj.=k; (1 +25 IIco,IO'5 )-

However, within the framework of the Deal-Grove variables, it would be impossible
to model the (+) corona profiles without assuming that this enhancement in k; is felt over

a broader area out to the edges of the treated wafer. An enhancement in D over the broad
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area is also necessary to fit at higher thicknesses. Further, it would be impossible to model
the (+) corona profiles without assuming a substantial reduction in Cc* in the center

region.

7.3.4 Alternative Linear-Parabolic Interpretation

A linear-parabolic formalism can also be interpreted in terms of an ionic mechanism.
Peeters and Li [74] developed a theory for plasma anodization, describing the growth of
the oxide film in terms of the subsurface O™ number density, at the oxide/ambient inter-
face, C;, the oxygen ion mobility, p, a loss coefficient, k, which describes the loss of the
ions as they traverse through the oxide from the plasma-oxide interface, and the electric
field, E, in the oxide film. The variation of thickness of the oxide film with time is given
by Bt=exp(X,x/0)-1, where a=pE/k, B =yC;k/M,,,, and Y is the probability that an oxygen
atom reaching the Si/SiO, interface will react. An estimate of Wk=3.78x10"!! cm®/V at
800°C can be obtained [75] from the data of Vuillermoz et al. [76]. For E= 5%10% V/em. o
will be equal to 1.9 um . For our corona-processed films X, ,<<o so that exponential equa-
tion above can be expanded in a power series in X,/)t. Retaining the first three terms in
the expansion and rearranging gives Xox2+AXox=Bt, where A=2uE/k, B=27Ciu2E2/
kM, and B/A=YC;uE/M,,. This is the same as the Deal-Grove equation and the corre-
spondence with the Deal-Grove model is complete if D is replaced by yquz/k and k; is
replaced by YWE. Peeters and Li assume that y~1, in accordance with Mott [91], who pro-
posed that atomic oxygen species have a very high probability of reacting in or passing
through the intermediate layer. The Deal-Grove reaction coefficient, k; would thus be
replaced in the Peeters and Li model by the oxygen ion velocity ( v=iE), while the diffu-

sion constant would be replaced by a quantity involving the ion velocity and its loss coef-

121



ficient (D = v2/k). The correspondence between the parameters in the two models is
presented in Table 7.3, along with the dependencies on needle current I, in the negative

corona case.

Table 7.3: Model Parameter Correspondences.

Deal-Grove Peeters and Li Current Dependence
Parameter [33] Parameter [74]
C* Ci F=(1+0.12*II__ )
k; YuE Fy=(1+12*0 1)
D W2E%/Kk F3=6

This model supports the basic hypothesis that the linear-parabolic formalism used in
our simulation can apply to the movement of ionic species instead of simply O, mole-
cules. However, the independence of F3 with I, would seem to be problematic in this
model. In order for F, and F3 to correspond properly, the loss coefficient, k, must vary
with I, in the same way that (szz) varies with I .o

However, the model [74] does not treat the cathodic plasma case, and cannot explain

the enhanced growth which is observed in positive corona.

7.3.5 Electrochemical Interpretation

It has been proposed that oxygen ions, rather than oxygen molecules, are the species
responsible for transport through the oxide even for thermal oxidation. As was described
in Chapter 2, Wolters et al. [34] suggest that these oxygen ions (0% or O") are in equilib-
rium with the electrons and oxygen molecules in the oxide film. The ions diffuse through
the bulk against the field generated by the charge separation caused by their drift. The low

interface reaction rate is then a result of the fields opposing the ions responsible for oxida-
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tion, particularly the high field in the layer near the interface where positive fixed charge
resides. This leads to a power-parabolic law (instcad of a linear-parabolic law) for the
oxide growth-rate.

Although the model remains controversial for silicon oxidation, it could potentially
be useful in explaining the enhancements observed during both positive and negative
corona oxidation. The equations as developed for thermal oxidation in Ref. [34], and
shown in Eq.(2.17), could be modified taking into account the voltage drop across the
oxide and the electron currents through the oxide caused by the corona. Wagner’s theory
[34,35] on metal oxidation, used by Wolters et al. [34] to model standard thermal oxida-
tion can be extended to handle a flux of ions such as driven by the corona:

(o' +0p) iy, Ol

Flux, = + (7.1)

ion 8q2 1754 2' CII (Ge + o’ion)

where O, is the electronic conductivity, Gjo, is the ionic conductivity, and [y is the
thermodynamic potential of O, in the Si/SiO, oxidation system, which depends critically
on the oxygen concentration. The hopping model of Verwey [77] can be used to calculate
a field-dependent Gjgy, -

This development would suggest that the corona, through the injection of electrons
into the oxide, can result in an increase in the concentration of reactive species (ions)
responsible for oxidation. Phenomenologically, in negative corona, this can be treated by
postulating that the corona results in an increased concentration of reactant C* in the Deal-
Grove formalism. In positive corona, on the other hand, this concentration would have to

be decreased, in order to account for the less-enhanced rate in the center region. In order
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for the ion flux to be enhanced for both positive and negative values of I, other parame-
ters of the equation (mostly Ojg,), must be enhanced by the corona process.

A highly attractive feature of the electrochemical model [33] is its inherent consider-
ation of fixed oxide charge located at or near to the Si/SiO, interface. Flat-band voltage
shifts in C-V measurements indicate that there is a significant positive charge, Qy, in all
oxides. For thermal oxidation it is estimated that Qf is located at a position Xq within 4
nm of the Si/SiO, interface, in a region where up to 10'3 non-stoichiometric Si states have
been shown to exist [78]. These states can potentially act as positive charge sites. It is
likely that the charge is also close to the interface for the corona-processed oxides so that
for thick films Xq /Xox<<! and (X,x-Xq)/Xox~1. By Gauss’ law the field, E; , between
the fixed charge and Si/SiO, interface, and the field, E;, between the fixed charge and

SiO-/gas interface are given in terms of the oxide thickness X, and surface potential Vi,

by [34]:
Q; (X, —Xg) o
E,=E +——m_ <= =F + — .
I ox € Xox ox € (7.2)
QrXg
EZ - on_ ?Xox '_'Ea.r (7.3)

with E,,=V,,/Xox- The value of fixed charge determined from C-V measurements
represents a lower-bound on Qg since it is likely that some of the fixed charge will anneal
out during cool-down from the growth temperature.

For negative corona E, is negative and Qg is positive so that [E5I>IE|. If Qf /g=N¢>

~7x10'! cm™(see Tables 7.1 and 7.2) is taken for the central region of the negative
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corona, this leads to values of Qg /£>3.3x10° V/cm. This would make the contribution of
the fixed charge to the field small by Egs. (7.2) and (7.3). However, the true Qg is not
known during growth. If Q¢ is large enough, E| could become small or even positive and
the flow of ions through the region near the interface could become limited by diffusion.
For the central region of a positive corona-treated sample, a representative value of Q¢
/q=N¢> ~7x10'2 ¢cm2 so that Qf/e>3.3 10® V/cm. In the outer region Qg /e can be a factor
of 2 higher. The field in region 1 is large and opposes the drift of positive ions. However, if
Qf during growth is large enough, the approximation in Eq.(7.3) may not be valid and E,
may in fact become smail allowing a negative ion diffusion mechanism to become opera-
tive. For the high fields generated by the fixed charge in region 1 tunnelling may also be an
important source of electrons. The lower fixed charge observed in the central corona
region as compared to that in the outer region would lead to a smaller field, lower electron
injection, lower dissociative attachment rates in the intermediate layer, and lower growth

rate in the central region as is observed.

7.4 Summary

Several experimental profiles of both positive- and negative-point corona discharge
oxidation processes (anodic and cathodic, respectively) are simulated using linear-para-
bolic rate constants, modified to account for the corona current. Three enhancement fac-
tors are required for a reasonable fit. The interface reaction constant may be enhanced in
both anodic and cathodic cases due to movement or emission of electrons. The effective
oxidant concentration under the corona needle is hypothesized to be increased in the
anodic case, and decreased in the cathodic case. The effective diffusion constant must be
enhanced, but does not need to vary with corona current. Perhaps is corresponds to a dif-

ferent diffusing species. For a variety of reasons, other models may be required to explain
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all the phenomena for both polarities.

For the negative corona case, a field-aided ionic transport model [74] is further con-
sidered, which leads neatly to a linear-parabolic formalism. However, the correspondence
between the physical quantities and the three simulation parameters mentioned above, is
problematic, and the model is applicable only to the anodic case.

An electrochemical model [34] has been considered since it takes account of the fixed
charge in the oxides, which can be very large for the positive-corona case. To fully evalu-
ate the applicability of this model, it needs to be extended to account for the change in
ionic conductivity with surface potential V,,, which changes during corona oxidation to

maintain a constant current through the oxide.
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7.5 Chapter 7 Contributions

® A simulation program was désigned to model the oxidation enhancements
observed in both anodic and cathodic corona processes. Based on a linear- para-
bolic formalism, three enhancement factors were used to modify the linear and
parabolic rate constants. Spatial variations were accounted for by different radii
of influence for each of the three factors. The three factors were designed to vary
in different ways with applied corona current.
® Good fits to the model were obtained for negative corona. Satisfactory fits to the
mode! were obtained for positive corona.
® The fits to the linear-parabolic model were interpreted in terms of the common
physical oxidation quantities, C*, D, and K;. Based on this interpretation, it was
found that:
— in negative corona, there is an enhancement in oxidant concentration in the
oxide at the gas/oxide surface. In positive corona there is a reduction in this
parameter.
— In both negative and positive corona processes, there is in enhancement in the
Si/Si0; interface reaction factor.
— In both negative and positive corona processes, there is an enhancement in
the oxidant diffusion constant.
® The physical meanings of these enhancements were interpreted in light of

various prior insights from several different oxidation researchers.
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CHAPTER 8

Summary of Contributions, and Suggestions for Future
Work

8.1 Overview

This experimental investigation has examined different aspects of oxide films grO\;vn
or treated by the corona procedure. Four lines of investigations are included in this work:
1) Study of the electrical characteristics of the films ( Chapters 3 and 5) ; 2) Study of the
structure of the films (Chapter 6) ; 3) Investigation toward .creation of films on broader
areas of the wafer (Chapter 4); and finally, 4) Study of the kinetics of the growth (Chapter
7.

Through electrical characterization of the negative corona films, it was found that the
films have characteristics comparable to those of standard thermal oxide films. Also, by
using a two-step corona procedure the distinct behaviour of the films at their boundary
with control oxide area was revealed. C-V tests on positive corona films showed that the
positive corona process creates films with high oxide charges.

FTIR analysis of the films gave insight into the structure of the corona films. It was
found that the expected relation between refractive index of the films and frequency and
FWHM of AS vibration spectrum, is not valid for negative corona films. It was suggested
that the negative corona films have a different structure from that of thermal oxide film.
For positive corona films the behaviour was found similar to that of thermal oxide films.

Preliminary work to produce uniform negative corona films in larger areas of the

wafer was presented in this work. The strategy and procedures involved in using a grid of
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points fabricated out of a piece of Si wafer (instead of the platinum needle) was described.
Experimental results of the new structure revealed some important features of the tech-
nique.

Using a simulation program the oxidation rates in both positive and negative corona
processes were modeled based on a linear-parabolic equation. Based on the results, the

mechanisms involved in the processes were discussed.

Below are listed the primary contributions of this dissertation:

8.2 Contributions

Refer to Chapter 3:
® The trends found by previous researchers in negative-point corona processing of
thicker oxides were confirmed for thinner oxides:
— Qg was found to be in the level of ~mid-10'!/cm?. This is close to that previ-
ously found for thick corona films, and to that of thermally grown films.
— Dj;; was found to be in the level of ~mid-10'%m?eV. This is also comparable
to those of thick corona films, and standard thermally grown films.
— the presence of edge phenomena seen previously in the Qfand Dj, results of
thicker corona films, was also seen in thin corona films.
® Preliminary oxide reliability tests show that the negative-corona oxide is more
resistant to creation of oxide defects. Also, AQgdata indicates that bulk oxide in
the center region of the corona film, may have better quality compared to that in
surrounding regions. The trends of charge creation during electrical stress are

comparable to those of standard thermally grown films.
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® Ramp voltage tests showed that the V4 are slightly higher for corona treated
oxides compared to thermallf—grown films.
® Edge phenomena were found in Qpq results. There were low values of Qg at the
boundary regions of the corona oxides.
® Overlapped corona treatments showed that if a boundary region of a corona film is
located in the area of a second subsequent corona process, its properties recov-
ered for satisfactory Qg and breakdown strength. Also if a boundary region of a
corona film is located in the area of a previously grown corona film, its Qg and
breakdown strength are not degraded.
® Most of the results are consistent with a structural difference between thermally
grown and negative-corona grown films.
Refer to Chapter 5:
® The trends in positive-point corona-oxidation, first discovered by Modlin er al
[22], were confirmed:
— The thickness profile shape in (+) corona is wider compared to that of (-)
corona, and appears to be limited by wafer size.
— The thickness profile in (+) corona is not as regular as it is in (-) corona; for
thinner films the highest thicknesses are in the center region, while for thicker
films the highest thicknesses are in the outside regions surrounding the center.
— For a given amount of time and current, the maximum thickness enhancement
of a (+) corona film is lower than the center region enhancement of a (-) corona
film.
e It was found that positive corona-treated films have similar thickness profiles of
thick positive corona films (the center region has lower thickness compared to its

surrounding regions).
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e Similarly to negative corona, positive-point corona treatments of low-temperature
thermally-grown SiO, films, cause structural relaxation phenomena, as measured
by refractive index changes. However, the refractive index of (+) corona treated
films is not as low as that of (-) corona-treated films.

® Q¢ and D;, results showed that the electrical quality of the positive corona films is
much lower than standard thermally grown films grown at similar temperature.

e The results of positive corona films are consistent with some other cathodic
plasma processes in terms of very poor oxide electrical properties, but quite dif-
ferent in terms of stopping of the film growth seen in the cathodic plasma at cer-

tain thicknesses of the film.

2-Study of the Structure of the Corona Films
Refer to Chapter 6:

e FTIR was used to examine and compare both (+) and (-) point-corona-processed
cases with each-other and with thermally-grown controls.

e By an etch-back experiment with FTIR measurements after each etch step, the
structure of the oxide at different distances from the Si/SiO, interface was exam-
ined.

® Within the limits of the technique used in this work, it was found that the corona
films are relatively homogeneous.

e [t was found that despite having the refractive index equal to that of high tempera-
ture grown oxide, negative corona films have AS mode frequency close to that of
iow temperature thermally grown oxide.

e It was found that positive corona films have AS mode frequency close to that of

high temperature thermally grown oxide.
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® The results suggest that negative corona films have a different structure from that
of thermal oxide films.

® The results support the previously suggested hypothesis in Chapter 3 that the dis-
tinct behaviour of the oxide films at the boundary regions between negative

corona and control regions could be a result of a structural mismatch.

e In the interests of growing more-uniform negative-corona SiO; films on broader
areas of silicon wafers, experiments using multi-point or multi-needle cathode
structures were conducted.

® Micromachined grid-of-points structures were fabricated and used as cathodes for
corona-discharge oxidations, in two different configurations.

e The oxidation rate enhancements were found to be non-uniform, leading to several
other experiments to discover the nature of the causes for the non-uniformity.
Two other cathode structures were examined: one made from 3 Pt needles, and
another made by micromachining 12 long needles from a piece of silicon.

e Difficulties were found to be likely due to two main issues: (a) the great sensitivity
of the corona discharge to the point-to-plane distance, which would thus require
that any two points have exactly the same distance to the substrate; (b) the ten-
dency of the electric current carried in the corona discharge to seek the most
divergent paths available, thus leading to the thickness profiles being enhanced
around the edges of several cathode geometries.

® It was found that the grid-of points method was more effective in oxidizing areas
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of bare Si opened through a previously-grown thick oxide layer. The thick oxide
pattern may act as a shield, guiding the corona discharge current to the desired
areas.

® Regarding the relationship between the number of charge carriers passing though
the film due to the corona current and the number of oxygen atoms incorporated
into the film, it was found that using the grid-of-points, much fewer charge carri-

ers (approx 10 times fewer) are required.

4. ..
Refer to Chapter 7:
® A simulation program was designed to model the oxidation enhancements
observed in-both anodic and cathodic corona processes. Based on a linear- para-
bolic formalism, three enhancement factors were used to modify the linear and
parabolic rate constants. Spatial variations were accounted for by different radii
of influence for each of the three factors. The three factors were designed to vary
in different ways with applied corcna current.
® Good fits to the model were obtained for negative corona. Satisfactory fits to the
model were obtained for positive corona.
® The fits to the linear-parabolic model were interpreted in terms of the common
physical oxidation quantities, C*, D, and K. Based on this interpretation, it was
found that:
— In negative corona, there is an enhancement in oxidant concentration in the
oxide at the gas/oxide surface. In positive corona there is a reduction in this
parameter.

— In both negative and positive corona processes, there is an enhancement in
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the Si/SiO2 interface reaction factor.

— In both negative and positive corona processes, there is an enhancement in
the oxidant diffusion constant.

e The physical meanings of these enhancements were interpret;:d in light of

various prior insights from several different oxidation researchers.

8.3 Suggestions for Future Work

This work has revealed some related aspects of the corona films. However, still there
are many other aspects that must be studied in detail before reaching a point at which the
process could be considered as a candidate in the line of VLSI fabrication processes. The
list of the necessary work would be a very long list, and prioritizing it would also be a dif-
ficult task. Nevertheless, this author would like to offer some suggestions for future work

based on his observations during the course of this research:

- Continuing the work that has been presented in Chapter 4. Using some electrically
separated cathode structure, together with the grid-wafer structure introduced in that chap-
ter would be a step to improve the uniformity of the film. Also, an apparatus should be
attempted in which a flat quartz piece with some open windows was inserted between
cathode and anode.

- Fabrication of MOS transistors by using corona oxidation to grow gate oxide.
Through this some important measurement techniques such as hot-carrier stress, and car-
rier-separation can be applied on corona films.

- Using polysilicon instead of metal in fabricating MOS capacitors on negative corona
films followed with electrical characterization of the films to study the effect of gate mate-

rial on film characteristics.
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- Even though the preliminary results of this work show that the positive corona films
have poor electrical properties, a low etch rate of the film indicates a potential use of the
films as a field oxide or as a temporary layer during a fabrication process. In that respect,
detailed knowledge of the characteristics of the film would be necessary before introduc-
ing the process into VLSI technology.

- The effects of corona procedures on the substrate and on dopant profiles is also an

important issue.
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Appendix A

Corona Discharge Apparatus and Experimental

22,2

more details in references [22,26]. In this appendix, some data related to the paramieters of

the experiments are presented.

FURNACE END CAP

Parameters

A detailed schematic illustration of the apparatus used in this study shown in Fig. A.l

6]. Basic features of the apparatus mentioned before in Chapter 2 can be found with
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Fig. A.1: Illustration of the corona apparatus used in this work. [22,26{

Fig. A.2(a) shows schematically the position of the sample inside the apparatus in

respect o the circuit connected to it. Four main parameters of V. Vi, I, and 1} shown in
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the figure can be monitored during experiment. R; in the figure represents the effect of
leakage current between the apparatus needle and the ground wire. Practically R, is very
big, and as a result I is considered the wafer current. In the case of constant-current oper-
ation, by use of feedback control circuits, this current is held constant.Fig. A.2(a) shows a
typical variation of the apparatus voltages and currents during a negative corona experi-

ment done in the constant-current mode. The thickness profile of the resulting oxide is

shown in Fig.A.3.
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Fig. A.2: a): Position of the sample with respect to the circuits connected to it,
b): voltage and current changes for a negative corona experiment with
teor=2hours, I set to 2 1A, and temperature = 840°C.
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Fig. A.3: Thickness profile of an oxide film resulting from the experiment
shown in Fig. A.2(b). The shaded area shows the part of the oxide that is
grown due to the corona effect.

A.I Relation Between Corona Current and Oxide Volume in the Negative Corona

Process

It has been shown [26] that in a negative-point corona process, the number of elec-
trons which are passed through the film during the process is close to the number of oxy-
gen atoms incorporated into the oxide structure as the result of the corona. To examine that
phenomenon for the results of this work, and more importantly, to examine that if the phe-
nomenon is valid for the results of experiments in which the grid-wafer was used (as the
cathode as presented in Chapter 4, the following calculations are done for the profile result
shown above in Fig.A.3, for two cases of thin oxide profiles presented in Chapter 3 (one
corona-grown, Fig.3.3 (a), and one corona-treated film, Fig.3.4 (a)), and for two results of

Chapter 4, Fig. 4.5(a and b), which are related to the use of a grid-wafer as the cathode.
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For the thickness profile shown in Fig.A.3 the extra thickness of the oxide, at different
locations of the film, resulted from corona effect, can be approximated as follows:

tox-cor(r)=700* 10°8-43.75+10°6%2

where r is distance from the center. The volume of extra oxide can be calculated by inte-

grating above equation;

2r 0.4

J. j tox-cor™ [*dr*d8 = 175. 9%108cm’?
00

multiplying above number to the number of oxygen atoms in unit volume of oxide
(4.6%10%2 cm™3) results the number of oxygen atoms in the oxide film:

number of oxygen atoms = 175. 9%108 * 461022 =8.09 * 10 '6

The number of electrons which pass through the film during a corona process step is
calculated based on the time of the corona process (2 hours) and the current of the process
(191 HA):

number of electrons = 1.91*10°® * 2%3600 * 6.24 *10'® = 8.58*10'®

As the results show, the two above numbers are very close.

For Fig.3.3 (a) time of corona process is 25 minutes, corona current is 2 LA, the extra
thickness at the center is about 170 A and r is about 0.3 cm. Similar calculations to the
above yield:

number of oxygen atoms = 24* 108+4 6¥10%2=1.11*10'6

number of electrons = 2*10°% * 25 *60* 6.24 *1018 = 1.87*10!°
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For Fig.3.4 (a) time of corona treatment is 2 minutes, corona current is 2 LA, the
extra thickness at the center is about 22 A and r is about 0.35 cm. Similar calculations to
the above yield:

number of oxygen atoms = 5.2* 108+4.6+10%2=2.40*10'°

number of electrons = 2*10°6 * 2 *60* 6.24 *10'8 = 1.49*|0'5

The above results show a close relation between the number of oxygen atoms and
number of electrons.

For the case of using a grid-wafer ( instead of a single needle), two oxide profiles of
Fig. 4.5(a and b) in Chapter 4are examined. Considering the shape of the curves for two
profiles, the approximate volumes of oxides can be calculated by multiplying the average
of the extra oxide thicknesses ( that is due to corona effect) to the areas of the effected
areas of the wafers. For Fig. 4.5(a) the area is about 8 (the width that shown in the figure)
* 6 ( the width of the wafer ) =48 cmz, and for Fig. 4.5(b) it is about 6.5 (the width that

shown in the figure) * 6 ( the width of the wafer ) = 39 cm?.

For Fig. 4.5(a) :
oxide volume created due to corona effect =
48 * (400-100)*10%= 1.4*10%cm3
number of oxygen atoms =1.4%10**4.6%10%2 =6.62 * 10 18
The number of electrons which pass through the film during a corona process step,
based on the time of the corona process ( 3 hours) and the current of the process ( 10 [LA):

number of electrons = 10 *10° * 3 *3600 * 6.24 *10'8 = 6.73 *10!7
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For Fig. 4.5(b) :
oxide volume created due to corona effect =
39 * (1000-400)*10°8= 2.34*10"%cm>
number of oxygen atoms = 2.34*104+4.6*10%2 =1.08* 10 '°
The number of electrons passed through the film during corona process based on time
of corona process ( 3 hours) and current of the process ( 10 jLA):

number of electrons =4 *10°6 *22 *3600 * 6.24 *1018 = 1.98*10!8

As the results show, for these two cases the numbers of oxygen atoms are greater than

the numbers of electrons.

A.I1 Comparison of Needle Voltages, in Negative and Positive Corona Processes

The values of voltages and currents during both negative and positive corona pro-
cesses showed that for equal magnitude of currents, and for the same geometric conditions
of the needle and wafer, the voltages needed for the needle (to hold current at its pre-set
level), are greater in the negative corona case. Two examples of the voltage values for

each case are shown in Fig. A.4.
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voltage (kV)

1.8
1.6

0.4
0.2

- — llcor |=2 pA, tcor=25 minutes -
X -~ lcor =3 uA, tcor=150minutes 1
50 100 150

time ( minutes)

Fig. A4: Two examples of needle voltage changes for each case of
negative and positive corona process. The temperature of oxidation for
all four results shown was 800°C.
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Appendix B

Detailed Description of Fabrication Procedures

B.I Reverse RCA Cleaning Procedure

-1:1 H,S04: HyO, 5 minutes on hot plate, boiling.

- Rinse in D.I. water.

-1:1:5 HCl:H,G,: HyO, 5 minutes on hot plate, boiling .

- Rinse in D.I. water.

- Dip in HF : H,O ( 1 : 50 ) for 30 seconds.

- Rinse in D.I. water.

-1:1:5 NH40H : H,O, : H,O, 5 minutes on hot plate, no boiling.

- Rinse in D.I. water.

B.II Corona Oxidation and Treatment Protocols

The following describes the processing sequence for preparing corona-grown.

corona-treated, and two-step corona-treated oxide films.

Corona-grown film:

1- Begin with a slice of wafer (approximately square-shaped having side approxi-
mately 3 cm.

2- Reverse-RCA cleaning procedure.

3- Keep in D.I. water before loading into oxidation tube.

4- Transport wafer(s) (under D.I. water) to laminar flow station at entry to oxidation
tube.

5- Adjust furnace temperature setting.
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6- Ensure that N, flows in tube.

Under laminar flow:

7- Carefully remove furnace baffle and pull out apparatus.

8- Blow dry wafer on lint-free paper with N, .

9- Load the wafer on the silicon ground plate (under needle) .

10- Push slowly the apparatus into the tube and replace furnace baffle (in 10-15 min-
utes to avoid thermal shock.)

11- Connect thermocouple wire to apparatus thermocouple and monitor temperature

on thermocouple readout from now on.

12- When T reaches the intended process temperature (800°C ) change the gas flow
from N; to O,.

13- After 1 minute, turn on the high voltage supply in constant current mode,(I=~ 0.5
LA to ~ 40 HA.)

14- After the specific experimental time (e.g. 25 minutes), turn off the corona current.

15- After 1 minute change the ambient from O to Nj.

16- After 1 minute, remove the baffle and slowly pull the apparatus out from the tube

(in 10-15 minutes.)
17- Using tweezers carefully remove the wafer from the ground plate.
18- Cool the wafer by N, gun.

19- put the wafer in a clean petri-dish.

Corona-treated film:
The procedure is mostly like the one of corona-grown film with two main
differences:

- between steps 3 and 4 there is a step of conventional dry oxidation at
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800°C to grow a certain thickness of thermal oxide.

- at step 14 the time of corona process is lower( e.g. 2 minutes).

Two-step Corona-treated film:
The procedure is mostly like that of the corona-grown film with some
differences:
-between steps 3 and 4 there is a step of conventional dry oxidation at 800°C
to grow a certain thickness of thermal oxide.
- at step 14 the time of corona process is lower (e.g. 2 minutes).
- at step 17 instead of removing the sample, the location of sample under the

needle is changed slightly ( about 3 mm) and following that:

18- Slowly push the apparatus into the tube and replace furnace baffle ( in 10-15

minutes to avoid thermal shock.)

19- Connect thermocouple wire to apparatus thermocouple and monitor temperature
on thermocouple readout from now on.

20- When T reaches the intended process temperature (800°C) change the gas flow

from N; to O,.

21- After 1 minute, turn on the high voltage supply in constant current mode,(I=~
0.5 HA to ~40puA))

22- After the specific experimental time ( e.g. 2 minutes), turn off the corona cur-

rent.
23- After 1 minute change the ambient from O, to N».
24- After 1 minute, remove the baffle and slowly pull the apparatus out from the

tube ( in 10-15 minutes.)
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25 - Using tweezers carefully remove the wafer from the ground plate.

26- Cool the wafer by N, gun.

B.III Metallization

Two different procedures were used for metalization. One uses a shadow mask, and
the other uses photoresist and lithography procedures. The latter was especially used in

fabricating MOS structures with smaller areas.

B.III .1 Using a Shadow Mask:

1- Set the wafer on Shadow mask. ( The mask includes many
circular holes with diameters of 0.5 - | mm. The distance

between centers of adjacent circles is 2mm (Fig. B.1) )

‘.’HJDLS,Oﬂorlmm ‘>l 1‘7
ONONONONONONONONONONNFY |
OOOOOOOOOO_L
ONONONONONONONORONG
OOOOOOOOOOT_
ONONONONONONONORONG,
ONONONONONONONONONG
CRONONONONONONONORG

Fig. B.1: The Shadow mask used in metallization process.

2- Load wafer and Mask into Aluminium evaporator. (thermal evaporation using an

Aluminium filament)
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3- Evaporate about 1000A Al on top of the wafer through the
Shadow mask.
4- Etch wafer backside oxide using cotton Q-tip and 1 : 20 HF : H,O .
5- Evaporate (unmasked) about 1000A Al on backside of wafer
6- Anneal the wafer in annealing tube in ambient of 80% N,

and 20% H,, at 400°C for 10 minutes.

The wafer is now ready for electrical testing.

B.III .2 The photo-lithography procedure:

1- Set the wafer on spinner chuck and secure it with vacuum.

2- Blow off dust particles with N, gun.

3- Apply 3-4 drops of positive photoresist with a filter-equiped syringe.

4- Spin at 3000 rpm for 30 seconds.

5- Soft Bake in forced-air convention oven for 30 minutes at 95 °C.

6- Allow wafer to cool for 15 minutes.

7- Expose to UV light through the mask that has desired pattern on it.

8- Dip in stirred developer solution for few minuters so that the photoresist is
stripped away from exposed area.

9- Rinse in D.I. water.

10- Blow dry with N, gun.

11- Dry in forced-air convention oven for 30 minutes at 95 °C.

12- Load wafer into Aluminium evaporator. (thermal evaporation using an

Aluminium filament)

13- Evaporate about 1000A Al on top of the wafer through the open windows
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of the photoresist layer.

14- Soak the wafer in acetone for a few minutes so that the photoresist with the
Al on top of it is lifted off.

15- Rinse in D.I. water.

16- Blow dry with N, gun.’

17- Etch backside oxide using cotton Q-tip and 1 : 20 HF : H,O .

18- Evaporate about 1000A Al on backside of wafer

19- Anneal the wafer in annealing tube in ambient of 80% N

and 20% H,, at 400°C for 10 minutes.

The wafer is now ready for electrical testing.
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Appendix C

Oxide Charges and Electrical Measurements Details

C.I Oxide Charge Types

The following categorizes different oxide charge types and explains their locations
in the gate oxide (Fig. C.1) [1,3,4]:

Oxide fixed charges are predominantly positive and exist approximately within 50A
of the interface. They are immobile under an applied electrical field and do not exchange
charge with the silicon when gate bias is varied. Since they are predominantly positive,
they shift the threshold voltage (Vy;, ) negatively.

Interface trap charges occur because of the existence of interface traps, within 10A
of the Si/SiO, interface, which are energy levels distributed through out the band gap of
the energy band diagram of a semiconductor at Si/SiO; interface. The reason for these
extra energy states is the abrupt termination of the periodic semiconductor crystal at the
interface. These traps become charged by exchange of electrons or holes with the silicon
when the gate bias is varied.

Oxide trapped charges occur because of the existence of defects in the oxide bulk.
They are located often near interfaces. Oxide traps become charged when charges are
injected through the oxide . They can also be caused by ion implantation or ionizing radi-
ation.

Mobile ionic charges most commonly reflect the presence of ionized alkali metal
atoms such as sodium or potassium. They are located either at the metal-SiO, interface,
where they originally entered the oxide layer, or at the Si/SiO; interface where they have
drifted under an applied field. These are not commonly a problem due to the extreme

cleanliness enforced on fabrication processes.
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Fig. C.1: Different types of oxide charges in an oxide film (Redrawn from
Ref [101]).

C.II Evaluation of Oxide Quality

The main reasons for changes of MOSFET parameters during use are one or both
of: (a) the change in concentration of bulk and interface charges, and (b) change in the
centroid of the location of the charges. These changes can dramatically influence the
threshold voltage (V) of the MOSFET.

The rate of change of charge density mostly depends on the density of the charge
traps in the oxide. These traps are defect sites which are created during fabrication or
during application of electrical stress on the oxide [40]. Good understanding of the posi-

tion and density of these traps and the probable mechanism of change of density and
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centroid of these traps is the main aim of many studies related to evaluation of oxide
quality. In fact, these sites via their charging (or discharging) have the potential to change
the parameters of the MOSFET.

To determine the density and position of charge traps it is necessary somehow
that they be filled by charges so that later or simultaneously by electrical measure-
ments the position and centroid of them can be determined. Different techniques like
Fowler-Nordheim tunneling, photo injection, hot carrier and so on are used to charge
the traps [41, 97,98, 100].

There are many ways to evaluate the amount and position of trapped charges; for
example, C-V measurements determine the product of the amount of oxide charges and
their centroid; Photo-I-V or It measurement determines both the amount and centroid
of the bulk charges; by combination of the C-V and Photo-I-V (or [-t) measurements
the number of interfacial Si/SiO, charges and the number of interface states can be deter-
mined.

In addition to the charging and discharging of as-fabricated traps that can change
the MOSFET parameters, the number of charge traps can be changed during electrical
stressing of oxide. These traps can accept or donate charges, increasing the change of
MOSFET parameters. Trap creation, impact ionization and their relation to the energy of
the electrons which pass through the oxide during stressing of the oxide are some rele-
vant topics that have been studied in detail in recent work by many researchers [for

example 40,99].

C.I1.1 C-V Measurements

The MOS ( Metal-Oxide-Semiconductor ) capacitor consists of a parallel plate capac-

itor with one electrode being a metallic plate, called the gate, and the other electrode being
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the silicon. The two electrodes are separated by a thin insulating layer of SiO, (Fig. C.2).
The "metal" electrode may be actually metal ( like Aluminum ) or deposited high-con-

ductivity polysilicon, as it is in many cases.

metal

t insulator(oxide
tox €ox ¢ )

* Semiconductor

substrate

Fig. C.2: The basic structure of MOS.

In C-V measurement as shown in Fig. C.3(a) the capacitance is measured at differ-
ent bias voltages. Depending on the gate voltage, the substrate immediately before the Si/
SiO, interface may be in accumulation, depletion or inversion. At each voltage, the value
of capacitance is measured. Fig. C.3(b- solid curves) shows typical HFCV and LFCV
curves of a N-substrate MOS capacitor. Based on the amount and position of oxide
charges the C-V curves can be different from the ones of a MOS capacitor with a charge-
free oxide. This difference, which may include the change of horizontal position or/and
some distortion ( Fig. C.3(b) dashed curves ), is used to obtain information about oxide

charges and Si/SiO, interface states [1].

C.II1.2 I-t Measurements

In I-t measurements, as shown in Fig. C.4(a), a constant voltage ( high enough to

cause the Fowler-Nordheim tunneling phenomenon ) is applied to the MOS structure and

162



the gate current is monitored [1, 40, 41]. For an ideal MOS structure the current should be
constant. However, the change of gate oxide charge densities due to the voltage and cur-
rent flow changes the characteristics of the original MOS structure and as a result the cur-
rent may change. For example - for the case of applying positive voltage - creation of
positive charges in the bulk oxide can increase the gate current, and creation of negative
charges can decrease the current. Fig. C.4(b) shows a typical I-t curve; the part between
points a and b shows creation of positive charges, the part between points b and ¢ shows
creation of negative charges ( or annealing of already created positive charges ) and part
between points c and d shows creation of more negative charges in such a way that the
net trapped charge is negative. I-t measurements evaluate the quality of the oxide by
examining its resistance to the generation of new defects and charges. I-t analysis is dis-

cussed in more detail in following section.
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C.III I-t and C-V Measurement Theory

As mentioned above, I-t measurement is used to obtain information about bulk
trapped charges (Qp). This measurement senses the effect of bulk trapped charge build-up
on the oxide internal field near the injecting interface. Fig. C.5 shows schematically the
internal field in an oxide for both cases: (a) Q5 =0, and (b) Q5 # 0. As the figure shows,
because of the existence of bulk trapped charges near the cathode interface, the field near
that interface changes. This, in turn, changes the oxide current. By making some assump-

tions, the relation between @), and the oxide current can be obtained.

By assuming that bulk trapped charges are near the cathode interface (but at least a
tunneling distance away from that interface), the effect of these charges on the oxide field
near the interface is the same as the effect of changing the gate voltage by the value of

OpXpox in wWhich X, (measured from the gate oxide interface) is the centroid of bulk

A

cathode *
interface

cathode *
interface

SiO,

@ (b)

Fig. C.5: Energy band diagrams ef SiO, during I-t measurement;

a: 0p=0
b:the effect of some negative bulk trapped

charges near the cathode interface.
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trapped charges and €,, is oxide low frequency dielectric. Under this condition the
field near cathode interface is equal to E,(ave)-(QpXp£,.L), in which L is oxide
thickness and E,,(ave) is equal to V,,(oxide voltage)/L. The relation between Fowler-Nor-
dheim current and the oxide field near cathode interface is as following:

B
J = AFZexp (_f‘) h

where:
F- field near cathode interface
A and B : constants

J : oxide current density

At the beginning of the stress, the field near the cathode interface is equal to the aver-

age oxide field (because Q,=0 ) and we have:

J(0) = AE,_(ave)Zexp (—E—f—am)
ox

During the stress, and consequent change in Qp, the field near cathode will change and we

will have:

0, X
J() = A(on (ave) —- eb [lj) exp B QbXb (3)

e L
ox

on (ave) —

For the case of applying constant voltage during stress, E, (ave) will be constant. By

dividing both sides of Equation (3) by the corresponding sides of Equation (2) the follow-
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ing equation can be obtained:

J (1) BOyX), 4)

[n(J(O))

E ox (ave) 2eoxL

As Eq.(4) shows, we have information about the product of @}, and X},. In the condi-

tion of (X/L) = 1 ( the condition that usually exists for thick oxide) we will have:

2. o1, S
Qb = on(ave) eoxB [n(m) (5)

For the condition of applying constant gate current, comparison of Egs. (2) and (3)
shows that:
If J(0)=J(1) =
E,dave)p=0 = Eolave) s (QpXpfoxl)
Vod OVL = Vo L - (Qp X 5iL)

QpXp = AVprEox (6)
by assuming that silicon surface potential changes during stress are negligible , Eq. (6)

yields following equation:

%, o

where Av, (=AYV,,) is the change of gate voltage.
Equations (5) and (7) show that the I-t technique does not give any information
about interfacial charges. The usual technique to obtain information about total charges

in oxide is C-V measurement. C-V measurement determines the product of total oxide
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Fig. C.6: Effect of oxide and interface charges on the C-V curve.

charge density (Q,,) and the centroid of the charges (X;,) :

X0 Qo =AYV €5 ®)

[ Q,,= Qp (bulk charge density) + Q; (interfacial charge density)]

AV is the change of voltage in C-V curve. To minimize the effect of interface state
charges (AQ;,) and the silicon substrate charges (AQ,) on measuring Q,,; AV is measured

at flat-band voltage.
X0 %0 = AVfb “Eox ®)

On this situation the measured Q,, still includes not only trapped bulk charges and
trapped interfacial charges, but also AQ;(0) and AQ(0). Fig. C.6 shows how the measured
0,, includes AQ;(0).

If curve(a) is a high frequency C-V curve for a charge-free oxide , the existence of
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oxide charges causes the curve shift horizontally to the left or right. Curve(b) shows the
effect of a positive charge which causes a shift to the left. Interface state charges not only
cause a smearing-out of the curve (curve(c)), but they also can shift the curve more to the
right or left (curves d and e).

Curve(e) shows the case where all interface states are donor type. For this case, in
carrier accumulation, (which corresponds to the right section of the curve), the donor
states are filled with electrons and there is no net charge created by these states. Curve(e)
shows that for accumulation there is no extra shift in comparison to that of Curve(b). By
decreasing the applied gate voltage, the electrons in donor states are repelled, and as a
result there is a net positive charge at interface. Extra shift to the left at thé inversion
region of curve (e), compared to that of curve (b), is caused by this positive charge. The
usual "U" shape of the density of interface states shows that for the case of curve(e) the

distribution of interface states is as following:

Ec

XXX
XX
XX

x x : donor state

XX
XXX

XXX Ev

Curve(d) shows a case in which all interface states are acceptor type. For this case,
during the inversion condition (which corresponds to the left section of the curve), the
acceptor states are empty and there is no net charge created by these states. Curve d)
shows that in inversion there is no extra shift compare to that of curve(b). By increasing
the applied gate voltage, the acceptor states are filled with electrons, and as a result there is
a net negative charge at interface. Extra shift to the right at the accumulation region of

curve(d), compared to that of curve(b), is caused by this negative charge. The usual "U"
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shape of the density of interface states shows that for the case of curve(d) the distribution

of interface states is as following:

000 Ec

o0
00

0 0 : acceptor state

00
000
000

Ev

curve(c) shows the case that the interface states in the upper part of the energy
band of SiO, are acceptor type, while in the lower part of the band they are donor type.
For this case, for voltages higher than V. (in figure 2), curve(c) shifts to the right side of
curve(b), which means the net interface charges are negative (caused by acceptor states).
and for the voltages lower than V, curve(c) shifts to the left side of curve(b), which means
the net interface charges are positive (caused by donor states). At voltage V,, the net value
of interface charges is zero. The usual "U" shape of the density of interface states shows

that for the case of curve(c) the distribution of interface states is as follows:

Ec
0000
000

00 0 : acceptor state
ox

oX

XX
XXX
XXX X

x : donor state

Ev

From the four different values of AVg, that are shown on Fig. C.6, the only value that
gives the real value of Q,, (by using equation (8)) is AVpg,;); however, practically by C-V
measurement we have one of the three values of AVj,) , AVp,4) or AVp,,), that we refer
to that as AVp, . The difference between this value and AV, determines how many inter-

face state charges play a role in the shift of the C-V curve.
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AV,—-AV
_ V)
Qit(o) - X eax (10)

to

It is shown that the usual situation for C-V curves is curve (¢) for which AVg,(c)

--AVfb(b) and as a result the measured Q,, (by using equation (8)) is very close to real

value.

To have information about interfacial charges and separate them from bulk charges,

and also obtain the values of Q,, and X,, we can use both photo-I-V and C-V measure-

ment together:

photo-I-V = Q) ., Xp

C-v =00 X [Q1o=0+ Qi O includes Q;,(0) ]

We have:
Qo Xio = QpXp+QiL
Which results:

_ QloXto _ QbXb
Q; = —F L (1D

By knowing the value of Q; the value of Q,, can be calculated:
Q= 9p+Q; (12)
and by knowing Q,, the value of X,, can be calculated:

X0 = Qtoxto/Qto (13)
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To have information about interface state densities we can use HF or/and LF C-V
measurement. Alsn the total number of interface states can be obtained by measuring the
different shifts of HF curve points for corresponding points of accumulation region and

inversion region:

Real HF curve
\ AVZ
- Ideal HF curve
-
AV,
E AV -AV2
c
- (18)
IE Dit(E) dE T o eox

v

[ e : electron charge ]

1. Inour C-V program that we use to find Q,, , the program consider X, = L to cal-
culate Q,, from equation (8). This leads to estimation of the density of the charges that are
close to Si/SiOé interface. For the cases that all charges are just near two interfaces, that
estimation is close to real value; for example if there are equal charges of q;=q;=q near
both interfaces, the real values of X, and Q,, are equal to L/2 and 2q respectively, and the
measured value of the product of these two values is equal to L.q. If we consider
wrongly the value of X,,, equal to L then the value of Q,, will be calculated L.q/L= q. This
value is half of the real value of Q,, ; however it is the correct value of the charges close to

Si/SiO, interface.
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Appendix D

Simulation Program

The following program simulates the Thickness profiles of the oxide films
grown through the point-to plane positive and negative corona processes. It
calculates thicknesses based on the linear-parabolic equation, and using the

modifed values of the parameters that are used in the Deal-Grove model

of thermal oxide films.

To ¥***xkFkxeikrkrtrkrtt Qpening a window to show the parameters

o

that needed to be entered by user

check=exist(‘parameters’);

if check =0

figure(1); clIf; axis([0 1 0 1]); axis(‘off’);

text(-.1,1,’before running the program enter the following parameters’);

text(-.08,.9, temp=? (in C)’);

text(-.08,.85, corona=? (-1 for negative and 1 for positive corona)’);
text(-.08,.8,”OtoNr=? ( the percentage of oxygen; 1 for 100% )’);

text(-.08,.75, time=? (time of oxidation in minute)’);

text(-.08,.7,"xin=? (initial oxide thickness in Angstrom)’);

text(-.08,.65,’I=? corona current in uA(absolute value)’);

text(-.08,.6,’cxf ksxf,dxf=? changing factors for concentration, reaction and diffusion’);

text(-.08,.55, Hlen=? half of the length of wafer in mm’);
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text(-.08,.5,”Hlcp,Hlcn=? half of the length for effect on concentration in positive and neg-
ative corona’);
text(-.08,.45, Hidp, Hldn=? half of the length for effect on diffusion in positive and nega-
tive corona’);
text(-.08,.4,"Hlkp, Hlkn=? half of the length for effect on reaction in positive and negative
corona’);
text(-.08,.3, siltype=? (100 Or 111)’)

end;

parameters=1;

G *xxxxkrxtikktkrrxxx Calculating the coeffitients which will be used to

%o modify the B and B/A parameters
cx=cxf*[;
if corona == -1

ksx=ksxf*I;

elseif corona == 1

ksx=ksxf*(I~(0.5));

end

Dx=dxf;

o ****% i *** Calculating the original valus of B and B/A
% at the oxidation temperature

K=8.62*(10~(-5)); T=273+temp; E1=1.23; C1=772;
if siltype == 100

C2=(6.23/1.68)*(10"6); E2=2;
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elseif siltype == 111
C2=(6.23)*(10"6); E2=2;

end

B=Cl1*(exp(-1 *E1/(K*T)));
BoverA=C2*(exp(-1*E2/(K*T)));
A=B/BoverA;

B=B*OtoNr;

To ** ¥4 xdxxxkrkktrkaixkrs* GGiving the initial values of the parameters
%o that belong to different regions of the film
for x=-1*Hlen : Hlen;

b(x+Hlen+1)=B;

a(x+Hlen+1)=A;

c(x+Hlen+1)=1;

ks(x+Hlen+1)=1;

d(x+Hlen+1)=1;

end

Tp ¥ xxkkiexixrxirxsxx Calculating the modified values of concentration

%o factors for different regions of the film

%Hlcp: half of the effective lenght base on the concentration factor
% for positive corona
if corona==1

for x=-1*min(Hlcp,Hlen) : min(Hilcp,Hlen);
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c(x+Hlen+D=(1/(cx+1))-(((1/(cx+1))-1)/(Hlcpr2)y*(x*2);
end
for x=-Hlen : Hlen;
b(x+Hlen+1)=b(x+Hlen+1)*c(x+Hlen+1);
end
else
Z%Hlcn: half of the effective length based on the concentration factor
Y% for negative corona
for x=-1*min(Hlcn,Hlen) : min(Hlcn,Hlen);
c(x+Hlen+1)=(cx+1)-(cx/(Hlcn”2))*(x*2);
end
for x=-1*Hlen : Hlen;

b(x+Hlen+1)=b(x+Hlen+1)*c(x+Hlen+1);

end,
end
T ¥ H AR A A A A A AN * Calculating the modified values of diffusion
Yo factors for different regions of the film

%HIdp: half of the effective length based on the diffusion factor in positive corona

if corona==1

for x=-1*min(Hlen,HIdp) :min(Hlen, Hidp),
d(x+Hlen+1)=((Dx+1))-(Dx/((Hldp)*2))*(x"2);

end

for x=-1*Hlen : Hlen;

b(x+Hlen+1)=b(x+Hlen+1)*d(x+Hlen+1);
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a(x+Hlen+!1)=a(x+Hlen+1)*d(x+Hlen+1);
end
%Hldn: half of the effective length based on the diffusion factor in negative corona
else
for x=-1*min(Hlen,Hldn): min(Hlen,Hldn),
d(x+Hlen+1)=(Dx+1)-(Dx/(Hldn)*2)*(x"2);
end
for x=-1*Hlen: Hlen,
b(x+Hlen+1)=b(x+Hlen+1)*d(x+Hlen+1);
a(x+Hlen+1)=a(x+Hlen+1)*d(x+Hlen+1);
end,

end

Gp *xxxkrrkkicrkkrtrx Calculating the modified values of interface reaction

% factors for different regions of the film

%Hikp: half of the effective length based on the reaction factor in positive corona
if corona == 1
for x=-1*min(Hlen,Hlkp) : min(Hlen, Hikp),
ks(x+Hlen+1)=(ksx+1)-(ksx/(Hlkp"2))*(x"2);
end
for x=-1*Hlen : Hlen,
a(x+Hlen+1)=a(x+Hlen+1)/ks(x+Hlen+1);
end

%HIlkn: half of the effective length based on the reaction factor in negative corona

else
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for x=-1*min(Hlen,Hlkn) : min(Hlen,Hlkn),
ks(x+Hlen+1)=(ksx+1)-(ksx/(HIkn"2))*(x"2);
end
end
for x=-1*Hlen : Hlen,

a(x+Hlen+1)=a(x+Hlen+1)/ks(x+Hlen+1);

end

To ¥ ¥ *¥FkFRHAREAXRIAAXE *** Calculating the thicknesses
t=time/60; % t: oxidation time in hour

Xi=xin/10000; % Xi: initial thickness in um

for x=-1*Hlen : Hlen,
ta(x+Hlen+1)=((Xi*2)+(a(x+Hlen+1)*Xi))/b(x+Hlen+1);

end

% The following calculated thicknesses are in um
for x=-1*Hlen : Hlen,
thickness(x+Hlen+1)=(a(x+Hlen+1)/2)*(sqrt(1+(((t)+ta(x+Hlen+1))/
((a(x+Hlen+1)*a(x+Hlen+1))/(4*b(x+Hlen+1 MH-1);

end

G * AR *HAA **++5% Plotting the result
for x=-1*¥Hlen : Hlen,
xax(x+Hlen+1)=x;

end
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figure(2);plot({]);hold on;
plot(xax(1:(2*Hlen)+1),thickness(1:(2*Hlen)+1)*1 0000);
xlabel(* Distance from center mm’);

ylabel(‘thickness A’)

Gp **xxxxxxsrrxxs++Showing the process parameters and some calculated
% values

I=L siltype=siltype,time=time temp=temp,ksxf=ksxf,cxf=cxf,dxf=dxf
centertox=thickness(Hlen+i)* 10000

edgetox=thickness(1)*10000

xin=xin

gp*+**x*++%* The modified values of B/A and B at the center and edge regtons
boveracenter=(b(Hlen)/a(Hlen))

boveraedge=(b(1)/a(1))

beenter=b(Hlen)

bedge=b(1)
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