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4.1 INTRODUCTION

The oxidation of silicon is necessary during the entire process of fabricating modemn

integrated circuits. The production of high-quality ICs requires not only an under-
standing of the basic oxidation mechanism, but the ability to form, in a controlled and
repeatable manner, a high-quality oxide. In addition, to ensure the reliability of the
ICs, the electrical properties of the oxide must be understood.

Silicon dioxide has several uses: to serve as a mask against implant or diffusion
of dopant into silicon, to provide surface passivation, (o isolate one device from
another (dielectric isolation as opposed to junction isolation), to act as a component in
MOS structures, and to provide electrical isolation of multilevel metallization sys-
tems. Several techniques for forming the oxide layers have been developed such as
thermal oxidation, wet anodization, vapor phase technique [chemical vapor deposi-
tion (CVD)], and plasma anodization or oxidation. When the interface between the
oxide and the silicon is required to have a low charge density level, thermal oxidation
has been the preferred technique. However, since the masking oxide is generally
removed, this consideration is not as important in the case of masking against diffu-
sion of dopant into silicon. Obviously when the oxide layer is required on top of a
metal layer,-as in the case of a multilevel metallization structure. the vapor phase
technique is uniquely suited. This chapter concentrates on thermal silicon oxidation,
because it is the principal technique used in IC processing.

In this chapter we describe the oxidation process to provide a foundation for
understanding the kinetics of growth and interface properties. Section 4.2 examines
the oxidation model and its fit to experimental data: the effect of orientation, dopant
concentration, and HCI addition to the ambient: and surface damage on the kinetics of
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oxidation. Section 4.3 describes standard thermal oxidation techniques, such as dry,
wet, and HC dry as well as the less familiar high-pressure and plasma oxidation tech-
nigues. It also describes the cleaning processes needed to remove surface contamina-
tion prior (o oxidation. Section 4.4 covers the characteristics and propertics of
oxides, with emphasis on oxide masking, oxide charges, and stresses in thermal
oxides. Sections 4.5 and 4.6 examine the redistribution of dopants at the Si-5i0;
interface during thermal oxidation and during oxidation of polysilicon, respectively.
Section 4.7 considers oxidation-induced stacking faulis and oxide isolation defects. A
summary and a discussion of the future trends are presented in the last section.

4.2 GROWTH MECHANISM AND KINETICS

Since a silicon surface has a high affinity for oxygen, an oxide layer rapidly forms
when it is exposed to an oxidizing ambient. The chemical reactions describing the
thermal oxidation of silicon' in oxygen or water vapor are given in Egs. | and 2,
respectively.

Si(solid) + 0 — SiOx(solid) (1
Si(solid) + 2H,0 — SiOy(solid) + 2H, (2)

The basic process involves shared valence electrons between silicon and oxygen; the
silicon-oxygen bond structure is covalent. During the course of the oxidation process
the 5i-5i0) interface moves into the silicon; however, the volume expands, resulting
in the external 510, surface not being coplanar with the original silicon surface.
Based on the densities and molecular weights of 51 and 510,, we can show that for
growth of an oxide of thickness o, a layer of silicon 0.444 thick is consumed (Fig. 1).
The framework of a model to describe silicon oxidation has been created.
Radicactive tracer,’ marker,” and infared isotope shift’ experiments have established
that oxidation proceeds by the diffusion of the oxidizing species through the oxide
the 5i-5i05 interface, where the oxidation reaction occurs. Uncertainties exist, how-
ever, as evidenced by controversies in the literature as to whether charged or neutral
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species are transported through the oxide, and on the details of the reaction at the Si-
Si0y interface.

4.2.1 Silicon Oxidation Model

Deal and Grove's model describes the kinetics of silicon oxidation.* It is generally
valid for temperatures between 700 and 1300°C, partial pressures between 0.2 and 1.0
atm (pethaps higher), and oxide thicknesses between 300 and 20,000 A for oxygen
and water ambients. Figure 2 shows the silicon substrate covered by an oxide layer
that is in contact with the gas phase. The oxidizing species (1) are transported from
the bulk of the gas phase to the gas-oxide interface with flux F | (the flux is the
number of atoms or molecules crossing a unit area in a unit time), (2) are transported
across the existing oxide toward the silicon with flux F, and (3) react at the $i-5i0,
interface with the silicon with flux F .

For steady state, F| = F3 = F3. The gas-phase flux | can be linearly approxi-
mated by assuming that the flux of oxidant from the bulk of the gas phase to the gas-
oxide interface is proportional to the difference between the oxidant concentration in
the bulk of the gas Cy; and the oxidant concentration adjacent to the oxide surface Cy.

Fi=hs(Cg — Cs) (3

where h; is the gas-phase mass-transfer coefficient,
To relate the equilibrium oxidizing species concentration in the oxide to that in
the gas phase, we invoke Henry's law,

Co = Hp, i4)
i
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Fig. 2 Basic model for thermal oxidation of silicon. (After Deal and Grove, Ref, 4.
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and

&= Hy (5)
where C is the equilibrium concentration in the oxids at the outer surface, €7 is the
equilibrium bulk concentration in the oxide, p, is the partial pressure in the gas adja-
cent to the oxide surface, pg is the partial pressure in the bulk of the as, and H is

Henry's law constant. Using Henry’s law along with the ideal gas law - allows us to
rewrite C(; and Cc

Po

Cs = T {6a)
_ 2
Ce = T {6h)
Combining Egs. 3 1o 6 gives
Fy=hiC" - ¢y (7

where h is the gas-phase mass-transfer coefficient in terms of concentration in the
solid, given by b = hg; /HkT. When the concentration of the oxidant in the oxide at
the oxide-gas interface Cy is less than the equilibrium bulk oxide concentration, F | is
positive. Okidation is a nonequilibrium process with the driving force being the devi-
ation of concentration from equilibrium ® Henry’s law is valid only in the absence of
dissociation effects at the gas-oxide interface. This implication is that the species
moving through the oxide is molecular,
The flux of this oxidizing species across the oxide is taken to follow Fick's law

dC
Fy=-p £
2 D P, (8)
at any point o in the oxide layer. D is the diffusion coefficient and dC/ dd is the con-
centration gradient of the oxidizing species in the oxide. Following the steady-state
assumption, F'; must be the same at any point within the oxide {i.e., dFy/dd =0)
resulting in

ANy =€)

F
2 dIZI

(9
where C; is the oxidizing species concentration in the oxide adjacent to the oxide-
silicon interface and d, is the oxide thickness.

Assuming that the flux corresponding to the 5i-510; interface reaction is propor-
tional to C;

F3y = kG (10}
where &, is the rate constant of chemical surface reaction for silicon oxidation.

After setting F| = Fy = Fy, as dictated by steady-state conditions, and solving
simultaneous equations, we obtain the following expressions for C; and C
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The limiting cases of Egs. 11 and 12 arise when the diffusivity is either very small or
very large. When the diffusivity is very small, €, — 0 and o—>C". This case is
called the diffusion-controlled case. It results from the flux of oxidant through the
oxide being small (due to D being small) compared to the fluy cormesponding to the
5i-8i0; interface reaction. Hence the oxidation rate depends on the supply of oxidant
to the interface, as opposed to the reaction at the interface.

In the second limiting case, where D is large, C; = Cg = C*/(1+k, k). This is
cilled the reaction-controlled case, because an abundant supply of oxidant is provided
at the Si-Si0, interface, and the oxidation rate is controlled by the reaction rate con-
stant jc_., and h}" C; (which equals Cu}

To calculate the rate of oxide growth, we define N| as the number of oxidant
molecules incorporated into a unit volume of the oxide layer. Since the oxide has 2.2
% 107 8i0y molecules/em® and one 0, molecule is incorporated into each Si0,
molecule, whereas two HyO molecules are incorporated inta each 5i0; molecule, N
equals 2.2 % 107 em™ for dry oxygen and twice this number for water-vapor oxida-
tion. Combining Eqs. 10 and 11 along with the definition of flux, the flux of oxidant
reaching the oxide-silicon interface is given hy

B k€
L 3 TR A3
e MR, Ll
A D

We solve this differential equation assuming that an oxide may initially be present
from a previous processing step or it may grow before the assumptions in the mode]
are valid, that is, dy = o atr = 0. The solution of Eq. 13 is

di + Ady = B(t + 1) (14)
where
| 1
A= — 4+ =
D i P {14a)
e
B = |
N, (14b)
d? + Ad,

= B (14c)
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The quantity 7 represents a shift in the time coordinate to account for the presence of
the initial oxide layer d;. Equation 14 is the well-known, mixed linear-parabolic rela-
tionship.”
Solving Eq. 14 for g, as a function of ime gives
dy »
EL T N
A/l [ A/ 4B

One limiting case occurs for long oxidation times when t == T.

] (15}

di = B (16)

Equatien 16 is the parabolic law, where B is the parabolic rate constant. The other
limiting case occurs for short oxidation times when (t + 7)== 42458

dy = %fr + 1) (17}
Equation 17 is the linear law, where B/ A is the linear rate constant given by
B _ | _kh ] [ec
A k, 4+ h J N ()

Equations 16 and 17 are the diffusion-controlled and reaction-controlled cases,
respectively.
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4.2.2 Experimental Fit

This section compares Deal and Grove's model to their experimental measurements.
Deal and Grove used (111} oriented, lightly boron-doped silicon wafers, that were
cleaned prior to oxidation in purified dry oxygen (less than 5-ppm water content) or in
wet oxygen (the partial pressure of water was 640 Torr). For wet oxygen oxidation
they found that & = 0 at 7 = 0 by plotting oxide thickness versus oxidation time.
Algebraically manipulating Eq. 14 and using the plot of wet oxygen data, they graphi-
cally obtained the rate constants. Table 1| lists the values of these rate constants for
wet oxidation of silicon.® The absolute value of 4 increases with decreasing tempera-
ture, while the parabolic rate constant B decreases with decreasing temperature (Figs.
3a and b),

For dry Oy a plot of oxide thickness versus oxidation time does not extrapolate to
zero initial thickness, but instead to a value which equals about 250 & for data span-
ning a range of 700 to 1200°C. The faster initial oxidation rate during the initial
phase of oxidation implies a different mechanism in this region. Thus use of Eq. 14
tor dry oxidation requires a value for 7 that can be generated graphically by extrapo-
lating the linear region back to the time axis. Problems arise at higher temperatures
where the linear-parabolic or parabolic ranges are encountered, in which case the
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Table 1 Rate constants for wet oxidation of silicon

Parabolic rae Linear rate

Cridation Constan constant

wemperature (°Ch  A(am) B (amhy BiA (mh) Tih
1200 0.05 0.7%0 14.40 ]
1100 0.1 0.510 4 64 0
1000 0.226 0.287 1.27 Li]
920 0.50 0.203 (.40 0

value of 7 as defined in Eq. 14 must be used. Table 2 lists the values of rate constants
for dry oxidation of silicon.*

Examination of Eq. 14b reveals that B is expected to be proportional to C”,
which, according to Henry's law, is proportional to the partial pressure of the oxidiz-
ing species. However, A should be independent of the partial pressure. This has
indeed been confirmed experimentally for both wet and dry oxidations* ® in the tem-
perature range between 1000 and 1200°C and between 0.1 and | atm. The pressure
independence of A means that the linear rate constant B/A has the same linear pres-
sure dependence as B,

Figure 3a shows the cffect of temperature” on the parabolic rate constant B for
both dry and wet oxygen at 640 Torr and for wet oxygen normalized to 760 Torr using
the linear pressure dependence. As might be expected from Eq. 14, the temperature
dependence of B is similar to that of D, that s, B increases exponentially with tem-
perature. For dry oxygen the activation energy for B is 1.24 eV, which is comparable
to the value of 1.17 eV for the diffusivity of oxygen through fused silica (similar in
structure to thermal 5i0.). The wet oxygen activation energy (0.71 ¢V also com-
pares favorably with the activation energy for the diffusivity of water in fused silicon
(0.80 eV).

Figure 3b shows the temperature dependence of the linear rate constant 8/A for
both dry and wet oxygen at 640 Torr and for wet oxygen normalized to 760 Torr.
Once again an exponential dependence is observed with activation energies |.96 and
2.0 eV for wet and dry oxidation, respectively, Deal and Grove® show that these

Table 2 Rate constants for dry oxidation of silicon

Parabol rate Linear rate

Oxidation constant constant

temperature (°C) A {um) B {pmih) B/A (kY T(h)
1300 (.00 0.045 1.12 0.027
1100 0,090 0.027 0,30 0076
1000 0. 165 0.0117 0.071 0.37
920 0.235 LRI 00208 140
RO 0370 UL 00030 Q.0
0 0026 B21.0
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Table 3 C" values in Si0, at 1000°C

Species € (cm™Y)

0; 5.2 x 10"
H 3.0 x 10

values reflect the temperature dependence of the interface reaction-rate constant &, .
As stated previously, in the linear range the reaction is reaction controlled. Similar
values were obtained for the linear rate constants for both dry and wet oxidations,
indicating a similar reaction or surface control mechanism. Interestingly, the above
values are comparable to the 1.83 eV required to break a Si—5i bond.

The equilibrium concentration C” of the oxidizing species in SiO; can be calcu-
lated I"rnm Eqg. 14b by using appropriate values for B, D, and N,. Table 3 gives an
cxample

Even though the diffusivity of water in 5i0; is lower than that of oxygen,” the
parabolic rate constant B is substantially larger for wet oxidation than for dry. This is
the major reason why the parabolic oxidation rate in steam is faster than in dry oxygen;

the flux of oxidant, and hence B, is proportional to C ", which is approximately three

orders of magnitude greater for water than for oxygen (see Table 3). Furthermore,
since the linear rate constant B /A also is related to B and hence C”, we can also attri-
bute the faster linear oxidation rate for wet oxidation to the above mﬁchamsm

Deal and Grove's simple model (Eqs. 14 and 15) for thermal silicon oxidation
provides excellent agreement with various normalized experimental data® for bath wet
and dry oxidations. The only exception is for 510, films less than about 300 A thick
grown in dry oxygen. In this case an anomalously high oxidation rate is observed
with respect to the model.

4.2.3 Diffusing Species and Interface Considerations

The excellent agreement between the model and experimental observations supports
the use of Henry's law. This implies the lack of dissociative effects at the gas-Si0;
interface indicating the species diffusing in the oxide is molecular for both oxygen
{dry) and steam (water-vapor) oxidations. Additional results” indicate that the oxidant
is molecular for both water and oxygen oxidations, since good agreement is obtained
between the calculated (for fused silica) and measured oxidation rates (for oxidation
of silicon) with respect to absolute rate and pressure, and with respect o temperature
dependence.

A proposed modification'” to the Deal-Grove model provides an excellent fit to
the experimental data, including the thin, dry oxidation regime where the Deal-Grove
model breaks down. The physical basis of the proposed model is that while diffusion
through the oxide is still by molecular oxygen, the oxidation of silicon occurs by the
reaction of a small concentration of atomic oxygen,

As stated earlier, the question of whether the oxidizing species is charged or neu-
tral is still a subject of controversy. While the above discussion favors diffusion of a

e e e e e e et IS =
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molecular species, supportive evidence® for a charged species arises from experiments
showing that an applied electric field can influence the oxidation rate, either
accelerating it or retarding it, depending on whether the silicon is positive or negative
with respect to the oxide-gas interface. Another work,!! based on studies of electrical
conduction at elevated temperatures, concludes that the species responsible for ionic
conduction is doubly negative interstitial oxygen ions (07 7).

We now shift our discussion from the unresolved question of the nature of the dif-
fusant to the Si-8i0; interface. The structure and oxidation mechanism at the inter-
face is particularly important since what occurs here from an atomistic point of view
can influence not only the oxidation kinetics but also allied areas of interest, such as
diffusion. Both the interface structure and its oxidation mechanisms are complicated
and a continuing source of discussion in the literature,

The controversies as to whether charged or neutral species are transported
through the oxide have been reviewed'> ' followed by the proposal of a model that
appears consistent with much of the earlier data. The model is based on a large
molecular volume difference between Si and $i0,. This difference must be accom-
maodated to allow a newly formed 5i0; molecule to fit into the normal Si0; structure
This leads to the proposal of en interface transition region, which consists of a net-
work of extra half planes that terminate at the Si side of the Si-Si0, interface. Move-
ment of this interface requires a supply of vacancies from the silicon to the interface,
the movement of Si interstitials from the interface into the bulk 5i, or free volume
influx from the $i0; (i.e., viscous flow)."*™ " An additional proposal® relating to the
interface suggests that silicon is transformed to a-cristobalite plus interstitial Si ions.
Subsequent oxidation of the interstitials produces lattice distortion and transformation
to vitrous silica. Hence the crystalline 5i0; phase exists only as a buffer between the
St and vitrous Si0;. The proposed interface mechanisms are consistent with qualita-
tive explanations related to oxidation-enhanced diffusion, stacking fault formation,
interface charge, and oxidation velocity,

Additional mechanisms have been proposed, which attempt to explain point-
defect-related interface phenomena. The presence of doubly negative interstitial oxy-
gen ions (OF7) was discussed previously, Such ions at the Si-5i0; interface may
react with silicon and displace it to an interstitial position in the lattice to form
Siy—0, which can combine to form Si0;. A silicon interstitial flux can occur if the
Si;—0 pair dissociates before forming Si0;."* Such an incomplete oxidation occurs
for one out of every thousand silicon atoms.'® Although the interface reaction gen-
erally goes to completion, even a small flux of silicon interstitials into the silicon can
have a large effect on defect formation or diffusion. The case of Of reacting with
vacancies, as supplied from the silicon substrate, could lead to a vacancy flux, Such
a process may be significant in the case of heavy doping.

4.2.4 Thin Oxide Growth

As noted earlier, the structure of the oxide very close to the silicon-oxide interface
and the oxidation process itself both involve uncertainties. Our understanding is
further complicated by the observation of an initial rapid oxidation for the case of dry
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oxide growth, which causes the linear portion ufathe oxide growth versus time curve
to extrapolate to an initial thickness of about 200 A.

With advanced MOS structures the ability to grow, with reproducible results, thin
=300-A, uniform, high-quality gate oxides has become increasingly important. In
another application, thin pad oxides of thicknesses between 50 and 1000 A have been
used routinely under masking nitride layers to prevent stress-induced defects in the
underlying silicon. The discussion in this section concentrates on the techniques and
properties of thin oxides.

The technology for thin oxide growth is still emerging with a variety of tech-
niques being used. Aside from the kinetics of oxide growth, other properties .-'.tu|.:|i¢.=_d
typically include refractive index, oxide composition, etch rate, density, susceptibil-
ity to pinholes, stress, and dielectric breakdown, :

From a practical point of view, thin oxide growth must be slow enough to obtain
uniformity and reproducibility. Various growth techniques include dry oxidation, dry
oxidation with HCI, sequential oxidations using different temperatures and ambients,
wet oxidation, reduced pressure techniques, and even high-pressure, low-temperature
oxidations. The oxidation rate will, of course, be lower at lower temperatures and
reduced pressures. Ultrathin oxides (<50 A) have been produced using hot nitric
acid, boiling water, and air at room temperature. For whatever technique is chosen,
the desired properties must be obtained.

In discussing the techniques used and properties obtained it should be emphasized
that thin oxide growth is influenced by the cleaning techniques used'” and the purity
of the gases used (especially moisture content). Figure 4 shows an example of thin
oxide growth versus oxidation time in dry oxygen.' This data demonstrates that a set
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Fig. 4 Onide thickness versus oxidation time at 780, 893, and Y80°C in dry oxygen, (After Irene, Ref. 15.)
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of time-temperature conditions can be chosen to grow thin oxides compatible with
reasonable throughput.

Processing conditions have, an important impact on oxide properties. For exam-
ple, oxide density increases as the oxidation temperature is reduced.!” Additionally,
HC1 ambients have typically been used to passivate ionic sodium, improve the break-
down voltage, and getter impurities and defects in the silicon. This passivation effect
only begins to occur in the higher temperature range. A two-slep process sequence
has been devised®™ in which a uniform, reproducible oxide of small defect density is
formed at a moderate temperature { I000°C or less) using a dry Oy, HCl ambient. The
second step consists of a heat treatment in N3, Os, and HCl at 1150°C to provide pas-
sivation and to bring the oxide thickness to the desired level. Such a processing
scheme takes advantage of beneficial effects occurming in both the lower and higher
temperature ranges,

Reduced pressure oxidation offers an attractive way of growing thin oxides in a
controlled manner. Oxides between 30 and 140 A thick have been grown in a CVD
reactor at 900 to 1000°C using oxygen at a pressure of 0.25 w 2.0 Torr.2! The
observed kinetics are parabolic, and the rate constants agree with values extrapolated
from atmospheric pressure. Oxides obtained by this technique etch at the same rate as
dry oxides obtained at 950°C and | atm. The equal etch rate indicates a similar oxide
composition and structure between the two oxides. The intrinsic breakdown fields are
high (10 to 13 MV¥/cm) and distributed over a narrow range. All indications are that
the reduced pressure oxides are very uniform, homogeneous, and similar to thicker
oxides prepared at atmospheric pressure,

As a final example of thin oxide growth, we consider the use of high-pressure,
low-temperature steam oxidation of silicon. At 10-atm pressure and 750°C, a 300-A-
thick oxide can be grown in 30 min. Obviously the time, temperature, and pressure
can be changed to vary the thickness. Such a technique has been applied to the
growth of a thin gate oxide in the process to fabricate MOS dynamic RAMs. 2 At the
same time the thin oxide layer was grown, a thick oxide layer was grown over &
doped polysilicon layer as a result of concentration-enhanced oxidation. The proper-
ties of the oxides depended on the oxidation temperature rather than pressure. For
example, oxide density and refractive index decreased whereas chemcial etch rate and
residual stress increased with increasing temperature. The temperature and pressure
ranges were 700 to 1000°C and approximately 5 to 10 atm, respectively.

4.2.5 Orientation Dependence of Oxidation Rates

Experiments have indicated that the oxidation kinetics are a function of the crystal-
lographic orientation of the silicon surface.™ This relationship is attributed to the
orientation dependence of &, (Egs. 10 and 14a) and manifests itself in an orientation-
dependent linear rate constant. The linear rate constant is related to the interface
reaction kinetics and depends on the rate at which silicon atoms are incorporated into
the oxide. This depends on the silicon surface atom concentration, which is orienta-
tion dependent. As might be expected, the parabolic rate constant B is independent of
silicon surface orientation,™ since B is diffusion limited. Figure 5 shows™ oxide
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Fig. 5 Oxide thickness versus oxidation i for silicon in H0 at 640 Toer. (After Deal, Ref, 25.)

thickness as a function of oxidation time in water at 640 Torr for both (111) and (100)
oriented silicon. Table 4 gives rate constants obtained from this data.™ This data
along with that for oxygen yields linear rate constants for (111) silicon that are 1.68
times those for ( 100) silicon at corresponding temperatures.

A model has been presented™ to explain how the linear oxidation rate of the sili-
con depends on the orientation of the silicon surface. According to this model, a
direct reaction occurs between a water molecule in the silica and a silicon-silicon
bond at the Si-Si0; interface. At this interface all the silicon atoms are partially

Table 4 Rate constants for silicon oxidaticn in H;(O (640 Torr)

Parabolic rate Linear rate

Oridation Orien- constant constant
temperature (*C) tation Afpm) B {um?h) BiA (uavh)  BYA matio (111} 1000
W0 {1007 0,95 0.143 0.150

{111y 0,60 0,151 0.252 1.68
950 100} 0.74 0,231 0.1l

{1nn (.44 0,231 0.524 .68
KR} (100 0.48 0,314 (1664

(111) 0,27 0.314 1.163 1.75
1050 (100} 0,295 0.413 1.400

(111 0.18 0415 2,307 1.65
1100 {100 0.175 0521 2977

{amn (105 0.517 4926 1.65

Avernge 168
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Table 5 Calculated properties of silicon crystal planes

Area of Availahle
Orien- unit cell 51 atoms 5i bomds Bonds Bonds bonds, & (= N
tation {emth in anca in area available 10 em-2 104 em—2y i
(110} V2 gl 4 § i 1918 5 55 1.5
(311} 118Vl at 1.5 3 2 24.54 16.36 |70
(111} 1VE gl 2 4 3 15.68 11.76 L.
{1000 al 2 4 2 13.55 6.77

bonded to silicon atoms below and to oxygen atoms above. The orientation depen-
dence of the oxidation rate comes from terms representing the activation energy for
oxidation and the concentration of reaction sites. This concentration depends on the
concentration of silicon-silicon bonds available for reaction at a given time. The
bond is directional so its availability depends on its angle relative to the surface plane,
its position with respect to adjacent atoms, and the water molecule size being. such
that when reacting with some angled silicon-silicon bonds, it can screen adjacent
bonds from other water molecules.® These and other geometric effects are called
steric hindrances and result in the linear oxidation rate being orientation dependent.
Table 5 lists calculated properties of four silicon planes.®® The orentation dependence
is related to the available bond density M and the orientation dependence of the activa-
tion energy.

As might be expected, steric hindrance results in higher activation energy.
Experimental data has been analyzed to determine the apparent activation energy,
which is the sum of two components: a term related to the enthalpy of solution of
water in the silica films and the orientation-dependent term related to the activation
energy of oxidation. Table 6 lists the values of some apparent activation energies.”
The interaction between the available bond density and the activation energy deter-
mines the orentation dependence of the linear oxidation rates. Experiments™ show
that the oxidation rate v in steam is ordered in the following manner

Ly - Py = 3 ?
Vi = Yan - ¥

with a slower rate predicted for the (100) orientation. Additional measurements® in
steam show the following oxidation rate sequence

Vitg = ¥y = Va = Vg

However, this set of measurements was made at a higher temperature than the former
st~
For dry oxidation a similar argument for steric hindrance can be made. The fol-
. " & ¥
lowing sequence is experimentally obtained™
Yo = Vi = Vim

for the linear oxidation rate.
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Table & Apparent activation energies

Orieniation Activation energy (V)
(110 1.23 = 0.02
(310 1.30 =0.03
(tn 1.29 = 0.03

4.2.6 Effect of Impurities and Damage on the Oxidation Rate

Because wet oxidation occurs at a substantially greater rate than for dry oxidation,
any unintentional moisture accelerates the dry oxidation. In fact, both the linear and
parabolic oxidation rates are sensitive to the presence of water and other impurities.
The effects of some of these impurities are discussed in the following sections.

Water Experiments were done to siudy the effect of intentionally adding 15-ppm
waler vapor to a process that normally used less than 1-ppm water.™ A significant
acceleration in the oxidation rate was observed. For example, an 800°C oxidation of
(100} silicon for 700 minutes grew an oxide approximately 300 A thick with less than
[-ppm moisture and an cxide approximately 370 A thick with 25-ppm moisture. In
these experiments the oxygen was from a liquid source and the oxidation chamber
was a double-wall, fused-silica tube with N; flowing between the walls. A
precombustor and cold trap were used to achieve the less than [-ppm moisture level.

Sodium High concentrations of sodium influence the oxidation rate by changing the
bond structure in the oxide, thereby enhancing the diffusion and concentration of the
oxygen molecules in the oxide ®

Group III and V elements The common dopant elements in this group, when
present in silicon at high concentration levels, can enhance the oxidation behavior.
The dopant impurities are redistributed at the growing Si-5i0; interface.”” This effect
is discussed in greater detail in Section 4.5, but we consider it from a mechanism
standpoint here. The effect results in a discontinwous concentration profile at the
interface, that is, the dopant either segregates into the silicon or into the oxide. The
redistribution of the impurity at the interface influences the oxidation behavior. If the
dopant segregates into the oxide and remains there (which is the case for boron in an
oxidizing ambient), the bond structure in the silica weakens. This weakened structure
permits an increased incorporation and diffusivity of the oxidizing species through the
oxide, thus enhancing the oxidation rate. Impurities that segregate into the oxide but
then diffuse rapadly through it (such as aluminum, gallium, and indium) exhibit the
same oxidation kinetics as lightly doped silicon. Figure 6 shows oxidation rate curves
for various concentrations of boron for wet oxygen.” From the above discussion it is
not surprising that an enhancement in the oxidation kinetics is observed where diffu
sion control predominates. For oxidation of phosphorous-doped silicon in wet oxy-
gen,? a concentration dependence is observed only at the lower temperatures where



146 VLSl TECHNOLOGY

10

- 0.8

E

2 o8

"

0

w

=z 04

¥

-

x

F

w

8 0ZF e cye25x 10%0em™?

-] & Cge 1.0 %100 em-3

® Cge1.0 X 10% em-2

ol £ T [ R Pt PR FS o B 14 | L)

0.1 0.2 0.4 06 OB LD 20 30
OXIDATION TIME (k)
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centration, (After Deal and Sklar, Ref. 28.)

the surface reaction becomes important (Fig. 7). This dependence may be the result
of phosphorus being segregated into the silicon. Figure 8 shows the oxidation rate
constants for dry oxygen as a function of phosphorus doping level ¥ Here B/A
increases substantially at high concentrations, thus reflecting the reaction-rate controd,
whereas B is relatively independent of concentration, thus reflecting the diffusion-
limited control.

The oxidizing interface is a complicated and not fully understood region. Its high
concentration of dopant provides further complications. A theoretical model has been
developed™ to explain concentration enhancement. According to the model, the high
doping levels shift the position of the Fermi level, which results in enhanced vacancy
concentrations. These point defects may provide reaction sites for the chemical reac-
tion converting Si to Si0s, thereby increasing the reaction rate,
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Fig. 7 Onidation of phosphorus-doped silicon in wet oxygen (95°C Ha00 as a function of temperature and
concentration. (After Deal and Skiar, Ref. 28.)
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Figure 7 shows the large increase in oxidation thickness obtained for oxidation of
heavily doped phosphorus in wet oxygen at lower temperatures. A dramatic example
of this effect is seen in Fig. 9, which shows a bulk phosphorous-doped silicon wafer
{(~7 % 10"/cm?) after oxidation at 750°C in steam at 20-atm pressure to accelerate
the kinetics. The wafer was not preferentially etched. Phosphorus dopant variations
(striations), incorporated into the Czochralski crystal during solidification (see Sec-
tion 1.2}, appear as color variations representing oxide thickness variations. These
striations clearly correspond to the concentration-enhanced oxidation of the more
heavily phosphorous-doped regions in the crystal.

Halogen Certain halogen species are intentionally introduced into the oxidation
ambient to improve both the oxide and the underlying silicon properies. Oxide
improvements include a reduction in sodium ion contamination, an increased dielec-
tric breakdown strength, and a reduced interface trap density. At or near the Si-5i0,
interface, chloring 18 instrumental in converting certain impurities in the silicon to
volatile chlondes, resulting in a gettering effect. A reduction in oxidation-induced
stacking faults is also observed. Chlorine is typically introduced into dry oxygen
ambients in the form of chlorine gas, anhydrous HCL, or trichlorethylene.

Experimental results’’ for dry O,—HC] mixtures show that HCl additions
increase the oxidation rate. Typical HCI additions range from 1 to 5%. The parabolic
rate constant B increases linearly with HCl additions above 1%, At 1000 and 1100°C
large increases in B are initially observed. The linear rate constant B/A shows an ini-
tial increase when 1% HCl is added, but no further increase with subsequent HCI
additions. The mechanisms associated with this enhanced growth rate are not fully
understood. However, the generation of water upon adding HCl to dry oxygen does
not mocount fully for the increased oxidation rate, since a similar increase occurs
when chlorine™ is added (even though no water is generated in that case).
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Fig. 9 Concentration-enhanced oxidation, showing dopant variations in a heavily doped phosphorus sub-
strue.

For thermal oxidation of silicon in Hy0, adding 5 volume % HC| decreases the
-ﬂllwn oxidation rate by about 5%, apparently because of the reduced H,0 vapor pres-
sure,™ Although it is not common practice to add HCL to HyO ambients, such addition
appears (o reduce impurity contamination from the u:ud.mun system,

Thermal oxidation of silicon at 1100°C with additions of up to 1% tri-

chlorethylene (TCE) yield oxidation rates comparable to similar concentrations of

chlorine. At lower temperatures the values for O,/ TCE are larger. The mechanisms

involved are complicated and not fully understood.
Finally, a word of caution. Care must be taken in handling and using the halo-

gens mentioned since the system's metallic parts and exhaust can corrode.  Addition-

ally, high concentrations of halogens at high temperatures can pit the silicon surface.

Effect of damage on oxidation rate Determining how damage to the silicon affects
the oxidation rate is not easy. To study these effects, the silicon is usually intention-
ally damaged by ion implantation of a nonelectrically active species (Si or A), orofa
group Il or ¥V dopant. Separating damage effects from dopant effects is difficult,
Enhanced thermal nxllmtlnn nr implanted silicon as a function of ion species and
concentration has been studied.” Implanted into (100) silicon were 80-keV arsenic,
fl-keV boron, 106-keV antimony, and 48-keV argon with ion doses ranging from
4 % 1010 1 = 10" em™. For wet oxidation at 900°C the maximum enhancement of
the oxidation rate was a factor of 1.1 for boron, 1.3 for argon, 3.5 for antimony, and

7.5 for arsenic. The higher enhancements occurred for the higher doses. The
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enhancement for argon is attributed to the damage effect; for the other cases the pn—::.-
ence of the impurity atoms certainly contributes to the enhancement. Another study™
found a retardation effect for oxidation, following implantation of Ge, 51, and Ga into
silicon. It also found an enhancement for B, Al, P, As, and Sb,

4.3 OXIDATION TECHNIQUES AND SYSTEMS

The oxidation technique chosen depends upon the thickness and oxide properties
required. Oxides that are relatively thin and those that require low charge at the inter-
face are typically grown in dry oxygen. When sodium ion contamination is of con-
cern, HC1—0; is the preferred technique. Where thick oxides {i.e., =0.5 pm) are
desired steamn is wsed (~1 atm or an elevated presure of up to 25 atm). Higher pres-
sure allows thick oxide growth to be achieved al moderate temperatures in reasonable
amounts of time.

One-atmosphere oxide growth, the most commonly used technigue, 1s carmed oul
in a quartz or silicon diffusion tube with the silicon wafers held vertically in a slotted
paddle (boat) made of quartz or silicon. Typical oxidation temperatures range from
00 ta 1200°C and should be held to within = 1°C to ensure uniformity. In a standard
procedure the wafers are cleaned, dried, placed on the paddle. and automatically
inserted into an 300 to 900°C furnace, which is then ramped up to lemperature,
Ramping is used to prevent wafer warpage. Following oxidation, the furnace is
ramped down and the wafers are removed.

Eliminating particles during oxidation is necessary to grow high-quality, reprodu-
cible oxides. In earlier procedures the paddle rested directly on the tube duning inser-
tion and withdrawal or an integrated roller paddle design was used. In either case
particulates were generated. Innovative designs now use a cantilevered arrangement;
the pacdle is inserted into the oxidation tube in a contactless manner and then lowered
onto the tube. It is removed by reversing the steps

4.3.1 Preoxidation Cleaning

Before placing wafers in a high-temperature fumace they must be cleaned to elim-
inate both organic and inorganic contamination arising from previous processing steps
and handling. Such contamination, if not removed, can degrade the electrical charac.
teristics of the devices as well as contribute to reliability problems.

Particulate matter is removed by either mechanical or ultrasonic scrubbing.
Immersion processing techniques were the preferred chemical cleaning methods, until
the development of centrifugal spray methods which eliminate the build up of con-
taminants as cleaning progresses. The chemical cleaning procedure usually involves
removing the organic contamination, followed by inorganic ion and atom removal.

A common cleaning procedure™ uses a HyO—H; 0, —NH4OH mixture to remove
organic contamination by the solvating action of the ammonium hydroxide and the
oxidizing effect of the peroxide. This process can also complex some group 1 and 1T
metals. To remove heavy metals a HaO—Ha0,—HCI solution is commonly used.
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This solution prevents replating by forming soluble complexes with the removed ions
and is performed between 75 and 85°C for 10 to 20 minutes, followed by a quench
rinse, and spin dry

Many “optimum'’ cleaning procedures have evolved over the years. Reference
35 reviews the necessary considerations for optimizing the cleaning procedure for sili-
con wafers prior to high-temperature operations,

Modern diffusion {oxidation) furnaces are microprocessor controlled to provide
repeatable sequencing, temperature control, and gas flow (mass flow control). The
entire procedure previously described, from boat loading to boat withdrawal, is pro-
grammed. The microprocessor control provides a feedback loop for comparing the
various parameters to the desired ones and for making the appropriate changes. For
cxample, the actual temperature of operation may change when the gas flow is
changed. Direct digital control compares this temperature to the programmed tem-
perature and automnatically makes any necessary power changes. *

il

4.3.2 Dry, Wet, HCI Dry Oxidation

Dry oxidation or HCl dry oxidation is straightforward using microprocessor-
controlled equipment. The desired insertion and withdrawal rates, ramp rates, gas
flows, and temperatures are all programmable, Care must be taken in handling HC|
especially with the exhaust because HC| corrodes metal parts. Also remember that
trace amounts of water vapor can drastically effect the oxidation rate.

Wet oxidation can be conveniently carried out by the pyrogenic technigue, which
reacts H; and O, from water vapor. The microprocessor controls the Ha /O mixture,
The pyrogenic technique assures high-purity steam, provided high-purity gases are
used. If wet oxidation by the bubbler technique is used, a carrier gas is typically
flowed through a water bubbler maintained at 95°C. This temperature corresponds
a vapor pressure of approximately 640 Torr.

4.3.3 High Pressure

As we saw in Eq. [4b, the parabolic rate constant B is directly proportional to C*, the
equilibrium bulk concentration in the oxide, which in turn is proportional to the par-
tial pressure of the oxidizing species in the gas phase. Oxidation in high-pressure
steam produces a substantial acceleration in the growth rate.

High-pressure oxidation of silicon is particularly attractive, because thermal oxide
layers can grow at relatively low temperatures in run times comparable to typical
high-temperature, 1-atm conditions. The movement of previously diffused impurities
can be minimized. Low-temperature operating conditions also minimize lateral diffi
sion, which is of great importance as device dimensions get smaller. Another advan-
tage is that oxidation-induced defects are suppressed (see Section 4.7). For higher-
temperature, high-pressure oxidations, the oxidation time is reduced significantly.

High-pressure oxidation has been under investigation since the early 196052
Both experimental and production equipment are now available, along with device
applications. For example, a high-speed, high-density, oxide-isolated bipolar pro-
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Fig. 10 Oxidation thickness versus oxidation time for pyrogenic stearmn at Q00FC for {1000 and (111 silicon
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cess’” has been described. In the MOS arena application has been successfully made
to the growth of a thick-field oxide layer in a dynamic RAM.* The high-pressure
technicjue is very promising and is beginning to be used more extensively.

Figure 10 shows oxide thickness versus time data™ for steam oxidation at various
pressures and 900°C. The substantial scceleration in the oxidation rate caused by the
increased pressure is apparent, In analyzing the kinetics of oxidation at elevated pres-
sure, several complications arise such as: continuous variations in pressure during
pressurization, slightly variable pressurization times, small temperature variations
that occur during pressurization and during the early part of the oxidation at full pres-
sure, varying partial pressure of steam during depressurization, and thickness varia-
tions from run to run and across a wafer. A linear-parabolic model was used to
analyze the data shown in Figure 10. A linear pressure dependence™ was observed
for both the linear and parabolic rate constants. Figure |1 shows the results for the
parabolic rate constant, " where the dotted lines represent 5, 10, 15, and 20 times the
parabolic rate constant at 1 atm. The figure shows that the rate constant is propor-
tional to pressure, and also indicates the presence of a second activation energy below
900°C. This may be related to structural changes in the oxide ** A typical 10-atm oxi-
dation cycle*! is shown in Figure 12.

Both pyrogenic and water-pumped equipment can provide steam oxidation to 25
atm pressure and | 100°C.*! The water-pumped system alleviates the concern associ-
ated with using hydrogen at high pressure and temperature, but requires extra atten-
tion to purity since the water quality and pumping apparatus determine the steam
quality. Equipment for growing dry oxides at pressures up to 700 atm is in the
developmental stages,
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4.3.4 Plasma Oxidation

The anodic plasma-oxidation process offers the possibility of growing high-quality
oXides at termperatures even lower than those achieved with the high-pressure toch-
nique. This process™? has all the advantages associated with low-temperature process-
ing, such as movement of previous diffusions and suppression of defect formation,
Anodic plasma oxidation can grow reasonably thick oxides (on the order of | ) at
low temperatures (=2600°C) at growth rates up to about | pwm'h,

Plasma oxidation is a low-temperature vacuum process usually carried out in a
pure oxygen discharge. The plasma is produced either by a high-frequency discharge
or a DC electron source, Flacing the wafer in a uniform density region of the plasma
and biasing it positively below the plasma potential allows it to collect active charged
oxygen species. The growth rate of the oxide typically increases with increasing sub-
strate temperature, plasma density, and substrate dopant concentration

The mechanisms involved with plasma oxidation are not fully understood.
Uncertainty exists as to whether the oxide grows by the inward migration of oxygen
species or by other, more complicated mechanisms, One maode| Proposes that silicon
and oxygen ions and/or their vacancies move across the oxide in opposite directions
as a result of the applied electric field across the oxide &

The beneficial effect of plasma oxidation will oceur with selective oxidation
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Fig. 12 Typical 10-atm steamn oxidation cycle [After Karz ¢t al , Ref, 41 )

techniques (where portions of the wafer are masked against oxidation). Appropriate
oxidation masks include aluminum oxide, magnesium oxide, and silicon nitride pa-
terned by the photolithographic technique, Oxide properties, specifically the etch
rate, refractive index, stress, fixed charge, interface states, and breakdown strength of
plasma oxides grown at S00°C compare favorably to the properties of thermal oxides
grown at 1 100°PC.#—4

4.4 OXIDE PROPERTIES

Although the literature quotes specific values for various oxide properties, it is
becoming apparent that these values are affected by the experimental conditions of
oxide growth. For example, the index of refraction of dry oxides'® decreases with
increasing temperature, saturating above | 190°C at an index of 1.4620. Additionally,
the apparent density of oxides grown at 800°C is 3% greater than those grown'? above
[190°C. The etch rate of thermal oxides at room temperature in buffered HF (49%) is
generally quoted at about 1000 A/ min but varies with temperature and etch solution.
The etch rate also varies with oxide density and thus with oxidation temperature.
Measurements show that high-pressure oxides grown at 725°C and 20 atm exhibit a
higher index of refraction, higher density, and slower etch rate in buffered HE than
steam oxide grown at 900°C and 1 atm.* This difference is partially caused by the
oxidation temperature effect.

For thin oxides the role of the interface in determining oxide propertics is impor-
tant. Unanswered questions involve the effect of lamtice mismatch on oxide structure,
optical properties, oxide kinetics, and oxide defects such as pinholes.

4.4.1 Masking Properties of Si0,

A silicon dioxide layer can provide a selective mask against the diffusion of dopant
atoms at elevated temperatures, a very useful property in IC processing. A predepo-




‘in the silicon forbidden bandgap and can interact electrically with the underlying sili-
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Table 7 Diffusion constants in 5i0,

Diffuskon constants at [ 10FC

Dopants {eme/s)

B 34 %1077 w20 x 1g-M
Ga 53x 7Y

P Ox W Wpanx 1071
As LZx 10~ W35 = 107t
Sh 9.9 x 1o~ I7

sition of dopant, by ion implantation, chemical diffusion, or spin-on technigques,
typically results in a dopant source at or near the surface of the oxide. During the
high-temperature drive-in step, diffusion in the oxide must be slow enough with
respect to diffusion in the silicon that the dopants do not diffuse through the oxide in
the marked region and reach the silicon surface. The required thickness may be deter-
mined by experimentally measuring, at a particular temperature and time, the oxide
thickness necessary to prevent the inversion of a lightly doped silicon substrate of
opposite conductivity. A safety factor is added to this value. The impurity masking
properties result when the oxide is converted into a silica impurity oxide *‘glass”
phase,

The values of diffusion constants for varigus dopants in SiC} depend on the con-
centration, properties, and structure of the 5i0;. Not surprisingly quoted values Ty
vary significantly. Table 7 lists diffusion constants for various common dopants, ¥’

The commonly used n-type impurities P, Sb, and As, as well as the most fre-
quently used p-type impurity B, all have very small oxide diffusion coefficients and
are compatible with oxide masking. This is not true for gallium or aluminum (Al data
not shown). Typically, oxides used for masking common impurities in conventional
device processing are 0.5 to (0.7 wm thick.

4.4.2 Oxide Charges

The Si-5i0, interface contains a transition region, both in terms of atom position and
stoichiometry, between the crystalline silicon and amorphous silica. Various charges
and traps are associated with the thermally oxidized silicon, some of which are related
to the transition region. A charge at the interface can induce a charge of the opposite
polarity in the underlving silicon, thereby affecting the ideal characteristics of the
MOS device. This results in both yield and reliability problems.

Figure 13 shows general types of charges.® These charges are described by
N'=Q/q where Q is the net effective charge per unit area (coulombs/cm?) at the
5i-8i0; interface, N is the net number of charges per unit area (number/cm?) at the
5i-8i0, interface, and g is the electric charge. A brief description of the various
charges follows.

Located at the 5i-5i0, interface, interface-trapped charges (2, have energy states

con. These charges are thought to result from several sources, including structural

Oanamion 158

MOBILE IQNIC
CHARGE [Qpp)

50,
OXIDE TRAPPED
HARGE (Ogs)
c,,_ + D"'+ FIXED OXIDE
510y
INTERFACE 5|

TRAFFED CHARGE 10y)

Fig. 13 Charges in thermmally oxidized silicon. (Afier Deal, Ref. 48 )

defects related (o the oxidation process, metallic impurities, or bond breaking
processes. A low-lemperature hydrogen anneal (450°C) effectively neutralizes
interface-trapped charga.* The density of these charges is usually expressed in terms
of unit area and energy in the silicon badgap (number/cm®-eV). Capacitnnc&-vcr_]tagc
(high frequency, low frequency, or quasistatic) and conductance-voltage tlil:hmﬂuu:.
are typically used to determine the interface-trapped charges.® Values of 10" cmt-eV
and lower have been observed. . T

The fixed oxide charge O (usually positive) is located in theln}ude within
approximately 30 A of the Si-Si0; interface. O cannot be charged ordischarged. Tts
density ranges from 10'/cm? to 10" /em?, depending on oxidation and annealing
conditions as well as orientation. (; is related to the oxidation process Jtseti._ For
electrical measurements Qr can be considred as a charge sheet at the 5i-Si0) inler-
face. The value of this charge can be determined using the capacitance-voltage (C-V)
analysis technique and the following equation

e €;

% =(-Vm + di'm}‘:?‘ll = (Ve + bys) e (15}
where Vg is the flatboard voltage, dyg is the metal silicon work-function difference,
€; is the dielectric permittivity of the semiconductor, |, is the oxide thickness, and
Cyis the oxide capacitance per unit area. 7 values for (100) oriented silicon are less
than those for (111) silicon. This difference is apparently related to the number of
available bonds per unit area of silicon surface. . »

From a processing standpoint both temperature and ambient determine . IIn
an oxygen ambient, the last high-temperature treatment determines {J¢: rapid cnolmg
from high temperatures results in low values. Inert ambient annealing also results in
low (¢, however; at low temperatures enough time must be allowed for equilibrium
to be reached.

The mobile ionic charge @, is attributed to alkali ions, such as sodium, potas-
sium, and lithium, in the oxide as well as to negative ions and heavy metals. The
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alkali ions are mobile even at room temperature when electric fields are present.
Densities range from 10"/ em? to 10"/ cm?® or higher and are related to processing
materials, chemicals, ambient, or handling. Because of larger ionic radii and lower
mohility, the heavier elements contributing to this charge drift at a slower rate than
the lighter elements. Measurements can be made by using the C-V technique which
involves a change in the silicon surface potential or current flow in the oxide as a
result of ionic motion. Both the interface-trapped charge and oxide-trapped charge
must be annealed to ensure that they do not contribute to the mobile ionic charge.
Since alkali ions can be present at vanous places in the oxide, the MOS capacitor is
subjected to a temperature-bias stress test which is compared to the standard C-V plot.
The shift in flat-band voltage berween the two curves allows the mobile ionic charge
to be calculated. Commeon techniques to minimize this charge include cleaning the
furnace tube in a chlorine ambient, gettering with phosphosilicate glass, and using
masking layers such as silicon nitride. Although chlorine in the oxidation ambient
and hence in the oxide can complex sodium, the temperatures at which this is effec-
tive are higher than the normal processing temperatures.

Oxide-trapped charge Q,, may be positive or negative due to holes or electrons
trapped in the bulk of the oxide. This charge is associated with defects in the Si0y,
may result from ionizing radiation, avalanche injection, or high currents in the oxide,
and can be annealed out by low-temperature treatment (although newtral traps may
remain).** Densities range from less than 10°/¢m? to 10"/ em®. Again the C-V tech-
nigue can be used to measure the charge.

In addition to the earlier concerns, such as exposure of devices to ionizing radia-
tion encountered in space flights, additional concerns arise from the newer device-
processing techniques such as ion implantation, e-beam metallization, plasma or
reactive-sputter etching, and e-beam or x-ray lithography.

4.4.3 Oxide Stress

Understanding the stress associated with a film is important, because high stress lev-
els can contribute to wafer warpage, film cracking, and defect formation in the under-
lying 5i. Room temperature measurements following thermal oxidation of silicon
show Si0; to be in a state of compression on the surface. Stress values of 3 x 10
dynes/cm’ are reported™ with the stress attributed to the differences in thermal
expansion for 8i and 510, Viscous (shear) flow of thermally grown Si0; occurs at
temperatures as low as 960°C, evidenced by the inability of the oxide-silicon structure
{oxide on one side only) to remain thermally warped above that tﬂl‘[lp&fﬂiurﬁ:.ﬂ In one
experiment the stress present in thermal (wet) 5i0; during growth was measured as a
function of growth temperature™ in the range of 850 to 1030°C. Growth at 950°C and
below resulted in a compressive stress of approximately 7 x 10° d:,'m:s."cm:" in the
510, This at-temperature stress value is somewhat higher than the room temperature
value of 3 x 10" dynes/cm® given above, indicating the possibility of some stress
relief during cool down. Stress-free growth at 975 and 1000°C was achieved.

During device processing, windows are cut into the oxide resulting in a complex
stress distribution. At these discontinuities exceedingly high stress levels can oceur.
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Typically such stress would be relieved by ]}I:_miu flow or other stress-relief _rrwchan-
isms. The stress reduction is further accomplished by shear components which aver-
age the load over adjacent areas.™ = .

The possibility of structural damage in the silicon is very r-:afl. Shear b[];fb_h&"h at
the interface are comparable to the values of compressive stress given above.” Mhese
shear stresses are substantially higher than the values of 3.2 % l'.UI Ij}lm.l“.cm:n!ql-! 4._3
% 107 dynes/cm’ given for the critical stress of shear flow for silicon at WL ﬁus_
leads to the possibility of plastic deformation in the silicon. TI_1-: clleletu:r_u_m etfe_u:t of
structural damage in the silicon (particularly when decorated with meun_u_::s] on junc-
tion leakage and on other device properties is well documented. Additionally, vis-
cous shear flow has been related to hole traps at the interface.

4.5 REDISTRIBUTION OF DOPANTS AT INTERFACE

When silicon is thermally oxidized, an interface is formed separating the silicon fq:m
the Si0>. As oxidation proceeds this interface ad\_runn_xs into the s;_i]imn. A du_plpg
impurity (initially present in the silicon) will redistribute at ﬂ?c mt:_:rfz}ce _unul its
chemical potential is the same on each side of the interface. This redistribution _ma};
result in an abrupt change in impurity concentration acr_nss_l_hc 'mterfacc._ ’I'h:: ratio of
the equilibrium concentration of the irmpurity fu;]:upant]_m 5-:-|.]|cl.:_|n to that in SLQZ at the
interface is called the equilibrium segregation coefficient. (Note: In some meru!un:
an inverse definition is used, so care must be taken in using published values.) _[hr
experimentally determined segregation coefficient may differ from the equilibrium
segregation coefficient. This will primarily be determined by the chemical potential
differences and the kinetics of redistribution at the interface.

Two additional factors that influence the redistribution process are the diffusivity
of the impurity in the oxide (if large, the dopant can diffuse through the oxide rapidly,
affecting the profile near the Si-Si0; interface) and the rate at '-'\:".!'I.ll::h the mt:;r?uce
mioves with respect to the diffusion rate. Figure 14 shows four different possibilities
of impurity segregation.™

The segregation coefficient determined experimentally is called the effective or
interface segregation coefficient. It is particularly important Itn_undn:raqu the con-
centration profile at the interface since electrical charactenistics are affected. In
extreme cases inversion can occur,

Typically, to determine the segregation coefficient nperimeutal]y_'. a rlnudc] [:c:r
diffusion has been formulated, diffusion profiles experimentally determined in lhe_ sil-
icon, and a segregation coefficient chosen to force the data to fit the M].' Direct
determination of the segregation coefficient is possible using the semm_]a.ry-mnlnmss
spectrometry (SIMS) technique to obtain concentration values in the oxide and in the
silicon,

Most of the effort in segregation coefficient determination has been r:?lutmt to
boron. The segregation coefficient, as defined above, increases w'l[]:l inn:n:_asmg tem-
perature, and is orientation dependent with values for (100) orientation being greater
than for (111} orientation. Reported coefficients™ ™" are generally 0.1 to approxi-
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OXIDE  siLigoN OXIBE  SILICON mately 1.0 over the temperature range 850 to 1200°C, although values greater than |

: have been obtained in special cases.™ Figure 15 shows the results of some boron
tg cg segregation deferminations. Bﬁcause_ very small amounts of moisture can greatly
2 ) affect the segregation coefficient, a distinction must be made between dry, near dry,
&q s and wet oxidations. A “dry oxidation'" containing even 20-ppm moaisture exhibits a
me1 i segregation coefficient similar to that of wet oxidation. The data in Fig. 15 shows
that “‘near dry™" oxidation (obtained in a furnace without special drying precautions)
] # ¥ and wet oxidation give virtually identical segregation coefficients. Larger segregation
la ib]

coefficient values are obtained when special drying precautions are taken " Addition-
ally, boron implanted through oxide even when subsequent oxidations are performed
in ambients with trace amounts of H,0 has segregation coefficients equal to those for
OXIDE  siLicoN OXIDE  siLicow dry 0. These effects are particularly important at lower temperatures. For example,

at 900°C the surface concentration following a **near dry"" oxidation is approximately
; one-half that of pure dry oxidation.™ Quoted effective segregation coefficients (m )
“e y for boron in silicon are™
= L
-]
: ‘s 1. Pure dry O, orientation independent
i m=l
—.33 eV
= 134 exp ————
. 5 it cxp T (201
le) ('R

2. Mear dry or wet Oy

FE:-,. 14 Tmpurity sepremation o the 5i-580; interfuce resulting from thermal oxidatidn, {a) Diffusion in 066 eV
oxide slow nfl:-mw?h (b} diffusion in oxide Fast (boron-H, ambient): ie} diffusion in oxide show (phos - Mg = 65.2 exp - - = (21)
phorus); and (d) diffusion in oxide Fast (gallivm). [After Grove, Leistiko, and Sah, Ref’ 54 ) k
- —{.66 eV
TEMPERATURE (*C) iy = 1R i -

1200 1100 1000 200
T T T T

For phosphorous, arsenic, and antimony, where the dopant segregates into the

10— silicon (pile-up), segregation coefficient values of approximately 10 are wsuvally
= H\"‘k;_ quoted,™ although higher values {up to 800 at 1050°C) have been determined for
E \f\n arsenic. With gallium, which diffuses rapidly in the oxide, a value of approximately
£ 20is given.™

4.6 OXIDATION OF POLYSILICON

& DRY ﬂi (Ref. 5T) : :
GNEAR DRY Oy (Ret.85) Polycrystalline silicon has been used in IC technology to provide conducting lines

OMNEAR DRY Oy |{Ref 86 between devices and gates. Thermal oxidation of polycrystalline silicon provides
*WET 0, (Ref 56) electrical isolation which can be employed as an interlevel dielectric for multilayer
B structures. An understanding of the oxidation mechanisms is necessary since device
reliability depends on the quality of the oxide. Various parameters of polycrystalline
o= s.':. r!u::l 71_5 a.‘o 315 g'ﬂ 5 silicon including growth method, growth temperature, doping level, grain size, and
10%T (k-1 ' ' morphology have been studied with respect to oxidation rate and oxide properties,

such as electrical conductivity and breakdown. Typically, comparisons are made

Flg. 15 Boron segregation coefficient as a function of temperature for dry, near dry, and i : ] ; ik
FAfer Falr ad Tios. et 01 dry, near dry, and wet oxidations. with oxides grown on single-crystal silicon.

BORON SEGREGATION COEFFICIENT
T
L= |
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In one study,™ using CVD doped and oxidized polycrystalline films, the
atmospheric-pressure polysilicon (deposited at 960°C) oxidized at the same rate as
low-presure polysilicon (deposited at 625°C). However, a substantial difference with
respect to single-crystal silicon was observed. At moderate doping levels, the electri-
cally active carrier concentration at the surface controlled the oxidation rate, While
the total amount of dopant introduced into polysilicon and single-crystal samples was
the same, the dopant diffused more deeply in the polysilicon reducing the
oxidation rate with respect to single-crystal silicon. This result should not be too
surprising in light of our previous discussion of concentration-enhanced oxidation.
Following a phosphorus **predeposition,’ having 70-{2/[ sheet resistance and 850°C
steam oxidation, oxide thickness values of approximately 3000 to 3200 A on polysili-
con, approximately 3850 4 on (100) single crystal, and approximately 4250 & on (111)
single crystal were obtained.™® The ratio of polysilicon-consumed oxidation to oxide
growrn was about the same as for single-crystal silicon (0.45),

In another study,™ using CVD (at 625°C) undoped polysilicon and lightly doped
single-crystal silicon, the oxidation rate increased in the following order: {100},
(111, polysilicon, and (110). These observations are consistent with the lransmission
electron microscope determination that the polysilicon was oriented between (1
and (110). For heavily phosphorous-doped polysilicon, the parabolic rate constant js
saturated at concentrations greater than 2 % 102 cm ™ while the linear rate constant
continues (o increase.

If the oxidation rate of polysilicon depends on the random orientation of the
grains, which is true in the surface or reaction-controlled region, then a surface
roughening would be expected. Surface roughening, however, is not as pronounced
for oxidations at higher temperatures where diffusion control is predominant.
Transmission electron microscope results™ show that the oxide exhibits thickness
undulations coincident with previous grain boundaries. The oxide is thinner over
grain boundaries by approximately 25% and forms intergranularly in addition fo form.
ing on the surface. For higher-temperature oxidations, the thickness undulations are
less severe because the oxide and silicon can flow and the reaction can enter the
diffusion-controlled region,

Device reliability may be affected when the oxide is removed 1o open the con-
tacts to the polysilicon; the oxide in the intergranular regions may also be removed
unintentionally.  Subsequent metallization can form a conducting path along the
exposed regions between the grains in the polysilicon, and electrical shorts.®

4.7 OXIDATION-INDUCED DEFECTS

4.7.1 Oxidation-Induced Stacking Faults

Thermal oxidation of silicon can produce stacking faults lying on (111) planes. These
planar faults are structural defects in the silicon lattice that are extrinsic in nature and
are bounded by partial dislocations. The growth mechanism generally invoked
involves the coalescence of excess silicon atoms in the silicon lattice on nucleation
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sites such as defects grown in during crystal growth, surface mechanical damage
present prior to oxidation, chemical contamination, or defects referred 1o as saucer
pits or hillocks. As a result of the oxidation process, excess _:ntc*rstnm] mhc::q] is
present near the Si-5i0y interface. A small fraction of these silicon atoms ﬂ_c:w into
the bulk silicon. The silicon interstitial supersaturation in the silicon determines the
stacking fault growth rate.®! An alternative explanation involves a decreased vacancy
concentration in the silicon near the 5i-5i0); interface.

The deleterious nature of oxidation-induced stacking faults is well known.
Examples include degraded junction characteristics in the form of increased reverse
leakage current, and storage time degradation in MOS structures. L'I"Illrzse problems
oceur when the stacking faults are electrically active as the result of being -::Ie-:nragd
with impurities, typically heavy metals. The decoration occurs hotlh on Lh_-E stacking
fault itself and on the bounding dislocations. The dislocations, in [:'Islrtlcuia_r> are
favorable clustering sites because they represent a disarrayed high-;n&rgy region in
the lattice. Diffusing impurity atoms prefer to reside in such a region because_ the_}'
distort the lattice less here than in the perfect lattice; that is, the high-energy region is
energetically more favorable. _

The growth of oxidation-induced stacking faults is a strong fuqctmn of substrate
orientation, conductivity type, and defect nuclel present, (’Jbr-_ie_watmn.l; show i.hr.n th_f:
growth rate is greater for (100} than (111) substrates, A:llldltlt‘.lll}a“j-', the density is
greater for n-type conductivity than for p-type conductivity. Flgurﬁg 16 511:::1.?.'5 t!'mt
stacking fault length is a strong function of oxidation lemperature.™ The activation
epergy in the growth region is 2.3 eV independent of surf:a.-:e orientation and ambient
{dry or wet). In the retrogrowth temperature range, stacking fm._:l]ts_ Lmt_uﬂly grow and
then begin to shrink as oxidation proceeds. Typically the distribution of surﬂ_’ar:le
stacking fault lengths is very tight, except for an anomalous few percent which exhibit
substantially greater lengths. Shorter-length stacking faults are umu:l!.}- I:nf'ulk-
nucleated stacking. faults intersecting the surface. The length to depth ratio of the
surface-oxidation stacking fault is approximately 3 to 10

The curves in Fig. 16 clearly show two regions: a growth n:_gjunl and a retro-
growth region. In the retrogrowth region, stacking fault formatidn is suppressed
while preexisting stacking faults shrink. The addition of HCI to the ambient can also
suppress stacking fault formation.” Additional observations show, for comparable
oxide thickness, shorter stacking faults are grown (in the growth region) whenlthe oxi-
dation temperature is lower. Indeed even for oxides as thick as 1 pum, stacking fauff:
formation is completely suppressed when the temperature is reduced below 930°C.
Shrinkage of preexisting stacking faults can also be agcumphsh_&d by high-
temperature inert ambient heat treatment, Ny for examp_le, ?.l.-'Llh an activation energy
of approximately 5 ¢V (which is almost equal 1o the activation cnergy _o_t_ sl_]lcc:n sghl“-

diffusion), This indicates that the shrinkage is probably related to the diffusion of sili-
con atoms, :
Experimental observations show that at comparable temperature and time, the
oxidation stacking fault length is greater for steam ambients th_nn for dry ambncu_w;.
This suggests that the oxidation rate strongly influences the point-defect mechanism
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Fig. 16 Growth of oxidation-induced stacking faults versus teemperature; for 3 b of dry oxiduton. {Afer
Hu, Ref. 62 ) '

responsible for stacking fault growth. Equation 23 is a propesed model® in which the
oxidation rate is the controlling parameter in oxidation stacking fault length.

E=H:[~dr—“‘} - K, (23)

where [ is the stacking fault length, T, is the oxide thickness. 1 is the time, n is the
power dependence, K| is related to the growth mechanism and defect generation at
the Si-5i0) interface, and K 5 is related to the relrogrowth mechanism. Applying this
equation to experimental data gives values for n, K i» and K. A 0.4th power depen-
dence is observed.® This less-than-linear dependence of oxidation stacking fault
growth rate on the oxidation rate means that smaller stacking faults will result for a
higher oxidation rate at the same temperature for the same oxide thickness. This, of
course, is the case with high-pressure oxidation where the oxidation rate is increased.
Figure 17 shows an experimental result for a 950 to 1 100°C temperature range at both
1- and 6.4-atm pressure.* The above results confirm the proposed model. Additional
results™ at 700°C and 20-atm pressure show complete stacking fault suppression for
all thicknesses studies (up to § wm), Preexisting stacking faults tend to grow during
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Fig. 17 Length of oxidation-induced stacking faults versus oxide thickness for 1-atm and 6 d-aim steam
axidations. (After Tsubowchi, Mivoshi, and Abe, Ref, 64.)

this high-pressure, low-temperature oxidation. However, the net length of the stack-
ing fault is reduced by the consumption of silicon.

4.7.2 Oxide Isolation Defects

Selective oxidation of silicon represents an important process in IC processing. For
VLSI, oxide isolation is preferred to junction isolation. Stress along the edge of an
oxidized area especially in recessed oxides (that is, where the silicon has been
trenched prior to oxidation to produce a reasonably planar surface) may produce
severe damage in the silicon, Such defects result in increased leakage in nearby de-
vices, The stress generated by the growing oxide, whose volume is over twice that of
the consumed silicon, must be relieved without damaging the silicon. Various param-
eters have been examined for recessed isolation processes with the conclusion that the
oxidation temperature must be sufficiently high to allow the stress in the oxide to be
relieved by viscous flow, Temperatures {around 950°C) will prevent stress-induced
defect formation in a recessed structure (recess approximately | um and oxide growth
approximately 2.2 wmj). This critical temperature correlates well with that for stress-
free growth in oxides at 1 atm.
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4.8 SUMMARY AND FUTURE TRENDS

The ability to mathematically describe the oxidation process reasonably well in its
simplest form has been demonstrated. Our understanding of the oxidizing species and
the point-defect mechanisms in the viciniry of the oxidizing interface is still evolving,
We can determine experimentally the effect of impurity species, dopant concentra-
tion, and orientation on the oxidation kinetics, bul are somewhat less able to explain
some of the mechanisms involved,

An understanding of oxide charge is necessary in order to fabricate highly reli-
able devices. This is particularly important with the new processing techniques used
for YLSI fabrication. An understanding of how to form oxides without damaging the
underlying silicon is necessary when fabricating advanced structures, such as dielec-
trically isolated devices that may require thick recessed oxides. Oxide viscosity is a
first-order effect, and oxidation temperatures above 950°C minimize stress-related
defect formation.

Polycrystalline silicon usage has become increasingly important and has attractad
more study recently both in its formation and oxidation. The polysilicon deposition
technique, polysilicon grain size, orientation, and doping level all affect oxidation.
Formation of oxide in intergranular regions and its removal when contacts to the
polysilicon are opened leads to the possibility of electrical shorts during metallization,

The impact of continually shrunken vertical and lateral dimensions, tighter
design tules, and lower-temperature processing cannol be overlooked in future
research. The recent availability of commercial high-pressure oxidation equipment
allows thick oxides to be grown at low to moderate temperatures. As an added bonus,
suppression of oxidation-induced stacking is obtained. This technique has not been
exploited to any great extent, but more utilization is undoubtedly in the offing,

A low-temperature technique for growing reasonably thick oxides (~1 wm in
I h), the anodic plasma-oxidation technique, offers vast potential. The low-tem-
perature processing suppresses defect formation and minimizes movement of previous
diffusions. Oxide properties are comparable to those of thermally grown oxides,
Uses should proliferate when commercial equipment becomes available.

The prevention of the bird's beak during selective oxidation is another area which
is receiving much attention and has a potentially big payoff. Bird's beak is associated
with the thin “pad’” oxide necessary to prevent defect formation. The oxide is
between the silicon and masking nitride layer and results from the diffusion of oxygen
and growth of $i0,. Success has been demonstrated when the silicon is selectively
trenched, processed so that nitride is present on the trench sidewall, and subsequently
oxidized ® Encouraging results have also been obtained with the anodic plasma-
oxidation technigue for nonrecessed oxides.

Oxide requirements on advanced structures are changing. As discussed earlier,
these requirements range from highly reliable thin oxides to thick isolation oxides that
can be grown at moderate temperatures. Renewed emphasis on oxidation techniques,
sich as high-pressure and plasma oxidation, has occurred. It is inevitable that further
advances will be made in growth techniques, processing schemes, and understanding
of oxidation mechanisms.
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4.9 PROBLEMS

1 Show from the densities and malecular weights of 5t and 5i0; that a layer of silicon of thickness 01,45 oy
is consumed when a Si0; layer of thickness &5 is formed. Use density values of 2.27 gm/em? for S0, and
2.33 pmiem? for Si.
2 Show that in Eg. 14, df + Ady = Bir + 7) reduces to df = Br for long times and tndy = B /A + 9
for short tirmes.
3 {a) Show that in Eq. 14, d,j1 + Ady = Bit + 7) can be used graphically to obtain an equation describing
the oxidation rate.

(b Generate such a ploa for the | 100PC oxidation data of Fig, 5. Use v = 0 and {100) cnentation to
oblain rate constants, Cormpare your results to those of Fig, 3.
4 Using Eq. 14 and Table 1, how long will it take 1o grow 2.0 pm of 510y at 920°C and 25-atm steam pres-
sure”?
5 Define a set of conditions to minimize the chance of inverting the surface of an n-type substrate (contain-
ing a boron diffusion) when oxidizing the wafer.
6 List possible ways of growing an imitial oxide on o substrate without forming oxidation-induced stacking
faults.
7 Solve Eq. 14 for oxide thickness as fi¢, 1, A, B),
B Make use of the equation derived in Problem 7, and the data in Tables 1 and 2, 1o generate oxide thick-
s versus time curves for wel and dry exadations at 1100FC, Assume 7 =0
9 Generate a mode] showing possible interface reaction and point-defect fuxes at the interface.
10 Devise a processing scheme o generste selectively a planar recessed oxide in silicon,  Show how you
might prevent lateral oxidation during the oxide growth, .
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6 For a median life of .0 * 10°h and a o of [.3; i A
fa) What fraction of devices will have failed after 10 years of use at TFCT

th) I 100 of these devices are used in a system, what fraction of the systems will have failed in 10

years? (Hin: Use the Poisson approximation o the binomial probability, Eq. 4, that no failed devices are i PRDPERT[FS DF SIL[CDN {aT_ 30[} K}
found in a given system. )

fe) What is the expecied fraction of failed devices after 10 years of operation using the lower limit for
the median life of 1.8 = 10° b7

fd) What is the expected fraction of failed systems?

() Wha 15 the expected fraction of Faled devices and systems after [0 years of aperwtion if the system

15 operated at S0°C where the expected mean life is 4.0 x 107 Properties Si

7 Twenty sample devices from another production lot of the same devices as in the Previous problens wens T P

eviluated at an aging temperature of |50°C, Some of the devices in this lot were 'h.‘lil."v'm; 1o have been Atoms/ ¢y 5.0x 10

improperly processed and contaninated with sodium These 20 devices were tested after 2,4,8, ..., and Atomic weight 28.09

4096 h of aging. Failures were found af the following times: 32, 64 (three failures), [28, 502, 1024 (two

failures), 2048 (three failures), and 4096 (two failures) h. Plot the failure distributions on log-normal plot- | Breakdown field

ting paper {Vicm) =3 % 1¢
(a0} Estimate from the inflection poant of the failure distribution the fruction of contaminsared or 5 Wi :

devices in the population ' Crystal structure Diamond
i) Separate the devices into sport and nonmal dey ices. Replot the failure data 1o determine the median Density (g.-'l:mﬁ 3t

life and o of each popalation Salid 7213

¥ Assume that the sodium-contumirgred Sport devices comprise 25% of the population, that the median life Liguid (1412°C) 2.53

a 150°C is 60 b, the o i5 0.7, and the activatian energy is 1.0 eV, Assume that the main populstion has a g =

median life at 150°C of 4800 b, a o of 1.3, and an activation energy of 110 eV Dielectric constant 11.9
fal Plot the failure rate of the devices us a function of time in wse at 3 lemperature of 70°C for devices ; X

used as produced. Effective density n!_’
() Would a 150-h busnein ar 150°C provide an effective method of reducing the failure rate of these states in conduction

devices during normal operation a TPC? hard, Ne (cm™? ] 2.8 = 10"

Effective density of
states in valence

band, My (cm™) 1.04 x 10"

Effective mass, m* /my: : )
Electrons my =098, m =019
Holes my, = 0.16, my, = 0.49

Electron affinity (V) 4.05

Energy gap (eV) 1.12

Heat capacity (cal/g-mol-*C):

Solid 4.7
Liquid (1412°C) 6.76

Index of refraction 142

Intrinsic carrier
concentration (cm ™) 1.45 x 100

Intrinsic Debye Length {wm) 24

Intrinsic resistivity ({2-cm) 23 % 10°

Lattice constant () 5.43095

6x9
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Properties

Si

Linear coefficient of
thermal expansion,
ALILATFC )

Melting point {°C)

Minority-carrier
lifetime ()

Mobility (drift)
fem® Y-s):

Ky telectrons)
Hyp tholes)

Optical phonon energy
eV}

Phonon mean free
path kg (A
Electrons
Holes

Poisson’s ratio

Specific heat
i1ig-"C)

Thermal conductivity
(W/iem-"Ch
Solid
Liguid (1412°C)

Thermal diffusivity
{cm®/ 5)

Torsion modulus
{kgimm?® )

Vapor pressure
(Pa)

Young's modulus
(kg fmime

26 x 1070

1412

2.5 x 1079

4050

| at 1650°C
107" ar 900°C

10,390

APFENDIX

LIST OF SYMBOLS

Symbaol

Description

\.._
m

h
o

kT

My

it

Lantice constant
Magnetic induction
Speed of light in vacuum
Capacitance

Electric displacement
Diffusion coefficient
Energy

Fermi energy level
Energy bandgap
Electric field
Maximum field
Frequency

Planck’s constant
Photon energy
Current

Current density
Boltzmann constant
Thermal energy
Length

Electron rest mass
Effective mass
Refractive index
Density of free electrons
Intrinsic density
Doping concentration

Acceptor impurity density

Donor impurity density

J-5

ey

A
Alcm
WK
eV
CIm OF jurm
kg

kg

2

CIm
I
cm’
CIm
CIm

B4l
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Symbal Description Unit
. Density of free holes cm 3
P Pressure Nim?
q Magnitude of electronic charge C
Q@ Interface-trap density charges/cm?
kE Resistance 0
g Time H]
T Absolute temperature K
v Carrier velocity cmis
Vy Saturation velocity CIm /8
¥ Voltage v
Vi Built-in potential v
s Breakdown voltage Y
W Thickness CIm Or jum
iy x direction
vr Temperature gradient K/cm
€ Permittivity in vacuum Fiem
£ Semiconductor permmittivity Ficm
£ Insulator permittivity Fiem
£ ggore; fg Dielectric constant
T Lifetime or decay time 5
8 Angle rad
A Wavelength pLm o A
v Frequency of light Hz
Ha Permeability in vacuum Hiem
™ Electron mobility A
e, Hole mobility cm’ / Vs
P Resistivity l-cm
] Barrier height or imref Y
i Metal work function L%
w Angular frequency (2f or 2mrv) Hz
n Ohm 4]

I ——

APPENDIX

INTERNATIONAL SYSTEM OF UNITS

Symbaol

Quantity Unit Units

Length meler m

Mass kilogram kg

Time second 5

Temperature kelvin K

Current ammperne A

Frequency hertz Hz i3

Force NEWTON N kg-m/s

Pressure pascal Pa MN/m*

Energy Jjoule ] M-m

Power watl W Tis

Electric charge coulomb C A5

Potential volt LY nc

Conductance siemens 5 AV

Resistance ohm {1 Via

Capacitance farad F /v

Magnetic flux weber Wh Vs

Magnetic induction  tesla T Whim?
henry H Whi A

Inductance
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PHYSICAL CONSTANTS

Quantity Svmbal Value
Angsirom unit A 1A =10"am=10"*pum
=10 %= 10"y
Avogadro constant Nave 6.02204 % 102 mal™!
Bohr radius ag 0.52017 4
Boltzmann constant k L.3BO66 = 1072 LK (R/N 4vn )
Elementary charge g 1.60218 x 1079 C g
Electron rest mass iy 091095 x 107 ke
Electron volt eV leV = |.60218 XEJ{] L
] = 23053 keal/mol
Gas constant R L.98719 cal mol~! K !
Permeabil ity in vacuum o 1.25663 % 10" Hiem 4 = 1079
Permmittivity in vacuum £f 885418 = 10" Frem CLf o)
Planck constant h 662617 = 107 )g :
Reduced Planck constant i | 05458 > 107" Jog (hr2m)
Proton rest mass M, 1.67264 = 107 kg
Speed of light in vacuum ¢ 299792 x 10" cmys
Standard atmosphere L0325 = 10° N/mé
Thermal vollage at 300 K AT /g 0.0259 v
A

Wavelength of 1-¢V guantum

1.23977 pm

INDEX

AC discharge, 314

Accelerated testing, 624

Activation energy, 36, 99, 108, 109, 120,
138, 144, 161, 177, 183, 244, 247,
328, 370, 413, 626, 631

Acrial image, 413

Alignment seguence, 491

a-particle, 384, 635

AlCL,, 340

Al-Cu alloys, 341, 364, 364

Al Ga, _As, 51

Al-Pd, W -5i, 168

Al-Pt,Cr,-5i, 368

Al-51 alloys, 341, 372

Aluminum (Al), 77, 82, 145, 149, 340,
355-357, 300, 361, 368, 369, 373,
FTT. 380, 428, 440, 465, 475, 513,
521, 523, 555, 558, 583, 633

Aluminum alloys, 347, 356

Aluminum nitride, 124

Aluminum oxide (A1,0,), 124, 366, 431,
571

Aluminum spikes, 367

Ambient control, 28

Ambient getlering, 258

Amorphous pelysilicon, 105

Amplitude, 412

Angle of incidence, 321

Anisotropic etching, 303, 330, 364

Anisotropy of growth, 70

Annealing, 242, 252

Antimony (Sb), 23, 77, 149, 154, 159, 193,
205, 212, 259, 400, 452, 527

Area defect, 15, 17

Arrival angle, 112

Arsenic [As], 59, 66, 67, 77, 149, 154,
159, 193, 197, 200, 203-205, 209,
211, 220, 231, 236, 248, 253, 259,
I6-348, 301, 393, 400, 452, 454,
437, 463, 471, 485, 521, 522, 524,

Arsenic (As) (Conr. )
327, 528, 330

intrinsic diffusivities of, 193
Arsenic clustering model, 197
Arsine (AsH,), 53, 62, o6, 95, 98
Aromistic diffusion models, 170
Au (see Gold)
Auger electron spectroscopy (AES), 520
Autodoping, 56, 59, 60, 70, 32, £7, 390
Average failure rate, 620
Average ion velocity, 235

Backward difference method, 407

Ball-wedge bonding, 555

Bamdgap narrowing effect, 202

Barrel susceptor, 62

Base formation, 453

BCL,, 66

Beryllia {Be()) modules, 572

Bethe energy loss rate, 418

B.H, isee Diborans)

BF,. 220, 253, 255, 485, 439

Bias, 304

Binomial distribution, &5

Bipolar technology, 63, 448

Bipolar transistor, 1, 9, 169, 189, 200, 445,
446, 445-44], 494

Bird's heak, 405, 452, 461, 472

Boltzmann-Matano analysis, 176

Boltzmann transport equation, 391

Bonding, 380

Baron (B), 14, 18, 32, 77, 105, 145, 149,
134, 158, 193, 199, 201, 205, 209,
210, 213, 240, 228, 231, 235, 240,
242, 244, 245 247 248, 259, 390,
304, 400, 401, 440, 451, 463, 469,
485, 488, 490, 521, 528

intrinsic diffusivity of, 193
Boro-phosphosilicate glass, 124
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Symbol
Nsi

Nsio,

Table A.1: Physical constants

Description Unit
specific volume of silicon atoms | em?
specific volume of 5i0; molecules/ cm®

ratio of specific volume
of silicon to oxide
# of oxidant molecules react- molecules/ cm?

ing with unit volume of 5i

264

Value

5 x 104
23 % "
2.97

5 x 102 for Oz(g)
1 x 10 for H,0(g)



