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Tilt-axis effect on oxidation behaviour and
capacitance–voltage characteristics of (1 0 0) silicon
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(1 0 0) Si and 4° off (1 0 0) Si were oxidized in dry oxygen, and the differences in thermal

oxidation behaviour, oxidation-induced stacking faults and capacitance—voltage

characteristics were investigated. The thickness of the oxide produced by oxidation of the

silicon samples in dry oxygen in the temperature range 1000—1200 °C was measured using

an ellipsometer. The oxidation rates of the 4° off (1 0 0) Si were faster than those of the (1 0 0)

Si but the differences between them decreased as the oxidation temperature increased.

The size of the oxidation-induced stacking faults increased as the oxidation time and

temperature increased from 1100 to 1200 °C. The density of oxidation-induced stacking faults

was lower for the 4° off (1 0 0) Si than for the (1 0 0) Si. Variations in the capacitance—voltage

characteristics with the oxidation temperature showed that the flat band voltages were

shifted positively. The fixed surface state charge density and the interface trapped charge

density of the 4° off (1 0 0) Si were lower than those of the (1 0 0) Si. Si lattice strains induced

by excess interstitial Si atoms were investigated through convergent beam electron

diffraction. The lattice strain of the 4° off (1 0 0) Si was lower than that of the (1 0 0) Si and this

showed that the 4° off (1 0 0) Si had a lower interstitial concentration.
1. Introduction
The thermal oxidation of single crystal silicon has
been extensively studied due to its role in modern
integrated circuit production [1—6]. However, the
thermal oxidation of silicon is known to induce the
growth of stacking faults in the silicon [7—9]. The
presence of these stacking faults causes adverse effects
on the performance of the integrated circuit, e.g., cur-
rent leakage in junction diodes and bipolar transis-
tors, storage time degradation in MOS devices, etc.
[10—12]. In addition, charges are present in oxidized
silicon structures and these adversely affect junction
leakage, noise, and the breakdown voltage in discrete
transistors and integrated circuits, and device stability
in MOS devices [13]. The concentration of oxidation-
induced stacking faults can be reduced by a heat
treatment at high temperatures in a nonoxidizing at-
mosphere such as Ar or by oxidation with chlorine
species [14, 15]. In addition, silicon wafers that dis-
play orientations inclined with respect to the (1 0 0)
plane at an angle between 3—10° either along the [011]
or [0 1 0] zone have been reported to show a consider-
ably reduced stacking fault content [16]. The oxide
charge content can be minimized by additional treat-
ments such as annealing in an inert or an hydrogen
atmosphere [17, 18]. For future developments, more
highly integrated, reliable, and reproducible devices
are needed, and thus better control of the substrate
0022—2461 ( 1997 Chapman & Hall
characteristics as well as the oxide layer properties are
required. Hence, in this study, the effect that tilting the
silicon surface orientation has on the thermal oxida-
tion behaviour, the oxidation-induced stacking fault
content and the capacitance—voltage characteristics
has been investigated by oxidizing (1 0 0) silicon and 4°
off (1 0 0) silicon in dry oxygen. In order to provide
a theoretical explanation for these effects, the lattice
strain produced by silicon interstitials, that are pro-
duced due to incomplete oxidation and whose content
depends on the surface orientation, were investigated
using convergent beam electron diffraction methods.

2. Experimental procedure
The wafers used for this study were boron doped
p-type single crystal silicon with orientations parallel
to the (1 0 0) plane and inclined with respect to the
(1 0 0) plane at an angle of 4° along the [0 1 0] zone.
They had a resistivity of 5—8 )]cm and 11 )]cm,
respectively. Silicon slices were cut into 1]1 cm
squares and cleaned with organic solvents, etched
in hydrofluoric acid and rinsed in deionized water.
Specimens were placed flat in a quartz boat during
oxidation and dry oxygen was supplied at 50 sccm
(standard cubic centimetre). The temperature was
controlled within $3 °C over the range 1000—1200 °C.
6101



The oxide thickness was determined using an ellip-
someter and a scanning electron microscope.

For the optical observation of oxidation-induced
stacking faults, silicon slices 2]2 cm were oxidized at
1100—1200 °C. After removal of the oxide layer by
hydrofluoric acid, the surfaces were etched for 2 min
by Shimmel etching [19] and examined with a metal-
lurgical microscope.

High frequency (1 MHz) capacitance—voltage (C—V)
characteristics were measured using an LF Impedance
analyser over the range of !15—5 V with a sweep
speed of 0.2 V s~1. Gate and back side electrodes were
produced by evaporating aluminium at 4]10~3 Pa
onto the specimens oxidized at 1000—1200 °C to pro-
duce an oxide thickness of 57 nm ($1.5 nm). The flat
band voltages and oxide charges were calculated from
the measured C—V characteristics.

To measure the silicon lattice strain after oxidation,
each wafer was oxidized at 1200 °C for 3 h and the
silicon lattice parameter variations from the Si/SiO

2
interface were compared using convergent beam
electron diffraction on samples with and without an
oxide layer. The examination was performed at an
accelerating voltage of 100 kV and [0 1 2] HOLZ zone
axis patterns were used since small deviations from
true dynamic diffraction conditions prevail at lower
symmetry zone axis, allowing accurate computer
simulation. Computer simulation using the program
DIFFRACT were performed to find the corrected
accelerating voltage value for the reference sample
(unoxidized silicon) and also to estimate the lattice
parameter of the silicon substrate as a function of
distance away from the interface.

3. Results and discussion
3.1. Thermal oxidation of silicon
The oxidation rate of silicon depends on the crystallo-
graphic orientation of the surface plane, that is, the
number of available bonds in the silicon crystal plane
[20, 21]. If the surface plane normal is tilted away
from [1 0 0] by 4° towards [0 1 0], the density of sur-
face steps and kinks increases due to the atomic struc-
ture of silicon and in addition the number of available
bonds increases [12]. The number of available bonds
in the (1 0 0) and (1 1 0) planes are reported to be
6.8]1014 cm~2 and 9.6]1014 cm~2, respectively
[20]. From these values, the number of available
bonds for the 4° off (1 0 0) plane were calculated to be
7.45]1014 cm~2. Thus, as is shown in Fig. 1, the
oxidation rate of the 4° off (1 0 0) silicon was more
rapid than the (1 0 0) silicon. Very little difference in
the rates was noted at 1200 °C. However, at 1000 °C,
the (1 0 0) values were definitely lower than those of
the 4° off (1 0 0). This is because the oxidation rates in
the linear growth region, in which the growth rate is
limited by the reaction at the Si/SiO

2
interface, of the

4° off (1 0 0) plane were more rapid than those of the
(1 0 0) plane owing to the difference in the number of
available bonds. This could be ascertained by the
result that a detailed plot of oxide thickness versus
time did not extrapolate to a zero initial thickess. Also,
the oxidation rate of silicon depends on the impurity
6102
Figure 1 A comparison of the oxidation results for (1 0 0) and 4° off
(1 0 0) Si in dry O

2
; solid lines, solid symbols — (1 0 0) Si, dashed lines,

open symbols - 4° off (1 0 0) Si. The temperatures investigated were:
(h, j) 1000 °C; (., £) 1050 °C; (d, s) 1100 °C; (r, e) 1150 °C and
(m, n) 1200 °C.

doping concentration [20, 22] and thus the oxidation
rate of (1 0 0) silicon with an impurity concentration of
1.6—2.6]1015 atoms cm~3 should be more rapid than
that of the 4° off (1 0 0) silicon with an impurity con-
centration of 1]1015 atoms cm~3 [23]. However, the
opposite results were observed, which apparently fur-
ther highlights the effects of the crystal orientation.

Linear and parabolic rate constants for oxidation
were calculated as follows. The initial condition
x
*
"23.0 nm and the corresponding values of

s,(x2
*
#Ax

*
)/B were adopted from reference [1].

Where, x
*
, x

0
, B, B/A and s are called the initial

thickness of oxide on silicon, the thickness of oxide,
the parabolic rate constant, the linear rate constant
and a shift in the time coordinate to account for the
presence of the initial thickness of oxide on silicon,
respectively. From the plot of x

0
versus (t#s)/x

0
, the

slopes of the lines corresponded to B and the intercepts
at (t#s)/x

0
"0 corresponded to !A in the equation

x2
0
#Ax

0
" B (t#s). (1)

With the resulting A and B, s were calculated for
this system and by iterating the above calculation, rate
constants were evaluated. The resulting rate constants
for dry oxygen are listed in Table I. The logarithms of
the parabolic rate constant, B and the linear rate
constant, B/A are plotted in Fig. 2 against the recipro-
cal of the absolute temperature. The linear rate con-
stants, B/A of the 4° off (1 0 0) silicon were generally
larger than those of the (1 0 0) silicon, which closely
agrees with the preceding explanation of the effect of
the number of available bonds. The activation ener-
gies of B for the (1 0 0) and 4° off (1 0 0) silicon samples
were found to be 107.9 and 119.7 kJ mol~1 respective-
ly. These are similar to the value of 119.2 kJ mol~1

found by Deal and Grove [1] and the 117.2 kJ mol~1

value reported by Norton [24] for the diffusivity of
oxygen through fused silica. The activation energies of
the linear rate constant, B/A for the (1 0 0) and 4° off



TABLE I Rate constants and activation energies for oxidation of silicon in dry oxygen. x2
0
#Ax

0
"B(t#s)

Oxidation A (lm) B B/A s (h) E
B

E
B@A

temperature (lm2h~1) (lmh~1) (kJmol~1) (kJmol~1)
(°C)

Reference [1] 1000 0.165 0.0117 0.071 0.37
1100 0.090 0.027 0.30 0.076 119.2 192.5
1200 0.040 0.045 1.12 0.027

1000 0.2356 0.011 0.047 0.541
(1 0 0) Si 1100 0.1075 0.0245 0.228 0.123 107.9 237.7

1200 0.0438 0.044 1.005 0.035

1000 0.1630 0.0095 0.058 0.45
4° off (1 0 0) Si 1100 0.0914 0.0233 0.255 0.113 119.7 229.7

1200 0.0393 0.0442 1.125 0.032
Figure 2 The effect of temperature on the linear rate constant, B/A
and the parabolic rate constant, B. Key: (j) Deal and Grove [1];
(s) (1 0 0) Si and (n) 4° off (1 0 0) Si.

(1 0 0) silicon samples were 237.7 and 229.7 kJmol~1,
respectively which are different from the 192.5 kJmol~1

of Deal and Grove [1] and the 176.6 kJ mol~1 re-
quired to break a Si—Si bond [20].

3.2. Oxidation-induced stacking faults
The thermal oxidation of silicon creates excess inter-
stitial silicon atoms near the Si/SiO

2
interface. Some

atoms can escape into the bulk silicon and become
silicon self-interstitials while others flow into the bulk
oxide and quickly react with incoming oxygen near
the interface. A supersaturation of silicon interstitials
occurs in the silicon substrate near the Si/SiO

2
inter-

face an oxidation-induced stacking faults (OSF) grow
by absorbing these interstitials [7—9].

There exists a certain density of active sites on the
silicon surface. These sites are kinks in the surface
steps and the density of these kinks is strongly depen-
dent on surface orientation. Hu [8] has reported that
when the excess interstitials, are in the neighbourhood
of these kinks, they are captured by the kinks and
undergo a surface regrowth. Thus the rate of surface
Figure 3 Variation of the size of the oxidation-induced stacking
faults as a function of oxidation temperature. The oxidation time
was 180 min for (d) (1 0 0) Si and (s) 4° off (1 0 0) Si.

regrowth is directly proportional to the surface kink
density. Hence, the concentration of excess interstitials
will be a decreasing function of the kink density and
consequently will depend on the surface orientation.
Therefore, the growth of OSF (size as well as density)
is dependent on the kink density and the crystal ori-
entation of the silicon surface. Oxidation-induced
stacking faults were not observed to occur at temper-
atures below 950 °C [13] and so their growth as
a function of oxidation time and temperature in the
range 1100—1200 °C is investigated in the present
work. Fig. 3 shows the growth of the stacking faults as
the oxidation temperature increases and Fig. 4 shows
the time dependence of the OSF growth when silicon
is oxidized at 1200 °C. The densities of OSF on (1 0 0)
and 4° off (1 0 0) silicon samples oxidized at 1150 °C
were about 4.2]107 and 3.8]106 cm~2 respectively.
Therefore, considerable decreases in the density and
the size of OSF for the 4° (1 0 0) silicon were observed
over the experimental range.

The thermal oxidation of silicon produces stacking
faults lying on M1 1 1N planes. Therefore, stacking fault
traces on the (1 0 0) surface form right angles with
these faults but those on the 4° off (1 0 0) surface will
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Figure 4 Variation of the size of the oxidation-induced stacking
faults produced at 1200 °C as a function of oxidation time for (d)
(1 0 0) Si and (s) 4° off (1 0 0) Si.

Figure 5 Oxidation-induced stacking faults having various angles
on the surface of (a) (1 0 0) Si and (b) 4° off (1 0 0) Si wafers.

deviate from the right angle. The calculated angles
were 93.7, 85.7 and 4° which closely agree with the
observed angles shown in Fig. 5(a and b).

3.3. Capacitance—voltage characteristics
In order to examine the effects of silicon crystal ori-
entation and OSF on the application of MOS devices,
6104
Figure 6 Measured C—V characteristics after dry oxidation at tem-
peratures of (—) 1000 °C, (— · — · ) 1100 °C and (— — —) 1200 °C. Thin
lines — (1 0 0) Si, thick lines — 4° of (1 0 0) Si.

Figure 7 Fixed surface state charge densities after dry oxidation for
(d) (1 0 0) Si and (s) 4° off (1 0 0) Si.

capacitance—voltage (C—V) characteristics were inves-
tigated. Measured C—V curves are shown in Fig. 6.
The flat band voltages, »

FB
were shifted positively as

the oxidation temperature increased. This effect is
caused by the fact that the fixed surface state charge,
Q

SS
and the interface trapped charge, Q

IT
decreased as

the oxidation temperature increased [16]. The origins
of these oxide charges, Q

SS
and Q

IT
are respectively

excess ionic silicon in the vicinity of the Si/SiO
2

inter-
face that has broken away from the silicon and un-
satisfied chemical bonds (so-called ‘‘dangling bonds’’)
at the surface of silicon. These charge densities depend
on the silicon surface orientation and are greatest on
M1 1 1N Si surfaces and smallest on M1 0 0N surfaces [13,
18, 25]. In this study, on the contrary, the Q

SS
on the 4°

off (1 0 0) surfaces was lower than that on the (1 0 0)
surfaces as is shown in Fig. 7 despite the fact that the



number of available silicon bonds for the 4° off (1 0 0)
surface is larger than that for the (1 0 0) surface. Also,
the interface trapped charge induces the distorted or
spread out nature of the C—V characteristics. In Fig. 6,
the C—V curves of 4° off (1 0 0) Si spread out less than
those of (1 0 0) Si and so Q

IT
of the 4° off (1 0 0) Si could

be inferred to be lower than that of (1 0 0) Si. These
contradictory results are thought to originate from the
fact that the structural kinks on the 4° off (1 0 0)
surface lower the excess silicon interstitial concentra-
tions and thus, lower the oxide charge densities as well
as the growth of OSF.

3.4. Lattice strain measurement through
convergent beam electron diffraction

Lattice strain in silicon consists of two components,
one called intrinsic that is generated during the high
temperature oxidation process due to a density differ-
ence between Si and SiO

2
at the growth temperature

and secondly the incorporation of Si interstitials into
the silicon lattice. The second component is introduc-
ed during cooling to room temperature due to a ther-
mal expansion mismatch between the Si and SiO

2
.

The measured lattice strain in silicon with an oxide
layer reflects the sum of intrinsic and thermal strain,
while the removal of the oxide layer will leave only the
contribution from the intrinsic strain.

In order to measure the lattice strain or the concen-
tration of silicon interstitials in silicon during high
temperature oxidation, variations of the lattice para-
meter from the Si/SiO

2
interface were compared

through the convergent beam electron diffraction
(CBED) method after the removal of the oxide layer.
Fig. 8 shows a [0 1 2] higher order Laue zone (HOLZ)
pattern whilst Fig. 8b shows the pattern simulated
with a lattice parameter, a"0.54309 nm and an accel-
erating voltage, E

!
"100 kV. The [0 1 2] zone axis

was chosen for two reasons. Firstly, the errors from
dynamic electron diffraction are small for low sym-
metry zone axis such as the [0 1 2] and secondly, by
choosing this zone axis, the sample could be tilted
from [0 1 1] to [0 1 2] with a small tilt angle parallel to
the interface. This minimizes the effect of thickness
variations in a tilted sample. The typical probe size
used in the experiment was 50 nm. Comparing the
simulated pattern with the experimental one from the
Si standard, the corrected accelerating voltage values,
100.2 kV for a/b (strain parallel to the interface) and
100.4 kV for c/d (strain perpendicular to the interface)
were found from the simulation of the HOLZ pat-
terns. This correction is essential for the compensation
of the error accompanying the kinematic approxima-
tion of electron diffraction pattern simulation. With
these corrected accelerating voltages, the variation of
the silicon lattice parameter as a function of distance
away from the Si/SiO

2
interface were measured from

the [0 1 2] experimental HOLZ patterns. As is shown
in Fig. 9a, the strain profile in oxidized silicon exhibits
a slowly diminishing trend and approaches zero about
2.5 lm from the interface. When the oxide layer was
removed, the strain increased at the interface to
3.15]10~3 and then decreased sharply to zero at
1.0 lm from the interface. Fig. 9b shows both the
intrinsic and thermal components of the lattice strain
in silicon. It is interesting to note that the thermal
strain in silicon very close to the interface is in com-
pression and becomes zero at about 0.4 lm and cha-
nges to tensile strain further away from the interface.
Since the thermal expansion coefficient of silicon is
five times larger than that of SiO

2
, tensile thermal

strain is expected in silicon. The existence of a com-
pressive thermal strain in silicon near the interface
region is believed to be the effect of a high silicon
interstitial concentration that modifies the local ther-
mal expansion coefficient of silicon to a level lower
than that of SiO

2
. This hypothesis is further supported

by the evidence that the sign of the thermal strain
changes with the magnitude of intrinsic strain in sili-
con as is shown in Fig. 9b.

Without the oxide layer, the intrinsic strain in (1 0 0)
silicon was 3.15]10~3 and for 4° off (1 0 0) silicon it
was 1.75]10~3 at a position 0.1 lm away from the
interface. The magnitude of the strain in the 4° off
silicon is much lower than that of the (1 0 0) silicon
confirming that the concentration of interstitial silicon
Figure 8 (a) [0 1 2] HOLZ pattern for Si at an accelerating voltage, E
!

of 100 kV. (b) Pattern simulated with a Si lattice parameter of
a
0
"0.54309 nm. a, b, c, d indicate the lengths between the points, i.e., a: 12, b: 13, c: 45, d: 67.
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Figure 9 The lattice parameter variations and strain profiles in
(1 0 0) Si and 4° off (1 0 0) Si, (a) strain profiles of silicon as a function
of distance from the interface for (h) (1 0 0) Si with oxide; (s) (1 0 0)
Si and (n) 4° off (1 0 0) Si and (b) (s) intrinsic and (d) thermal
strain in (1 0 0) Si. Note that the standard lattice parameter is
a"0.54309 nm.

is significantly higher in (1 0 0) silicon. This result
obtained from lattice strain measurements by CBED
verifies the previous explanation of the structural kink
effects on the oxidation behaviour, oxidation-induced
stacking faults, and C—V characteristics.

4. Summary and conclusions
Tilt-axis effects on the thermal oxidation behaviour,
oxidation-induced stacking faults and capacitance—
voltage characteristics of silicon were investigated by
oxidizing (1 0 0) silicon and 4° off (1 0 0) silicon in dry
oxygen. The oxidation rates of the 4° off (1 0 0) silicon
were more rapid than those of the (1 0 0) silicon over
the range of 1000—1200 °C and the difference de-
creased as the oxidation temperature increased. This is
because oxidation rates in the linear growth region, in
which the growth rate is limited by reaction at the
Si/SiO

2
interface, are more rapid for 4° off (1 0 0)

planes than for (1 0 0) planes. This is because of a dif-
ference in the number of available bonds. The activa-
tion energies based on the parabolic rate constant,
B for the (1 0 0) and 4° off (1 0 0) Si were 107.9 and
119.7 kJ mol~1 and those on the linear rate constant,
B/A were 237.7 and 229.7 kJmol~1, respectively. Con-
6106
siderable decreases in the size and the density of OSF
for 4° off (1 0 0) silicon were observed in the range
1100—1200 °C. Flat band voltages estimated from the
C—V curves shifted positively as the oxidation temper-
ature increased which is caused by the fact that the
fixed surface state charge, Q

SS
and the interface trap-

ped charge, Q
IT

decrease with increasing oxidation
temperature. The Q

SS
and Q

IT
of the 4° off (1 0 0) silicon

were lower than those of the (1 0 0) silicon inspite of
the larger number of available silicon bonds. These
results can be explained by a mechanism in which
structural kinks on the 4° off (1 0 0) surface capture
excess silicon interstitials thereby lowering the inter-
stitial concentration and thus, lower the oxide charge
densities as well as the growth of OSF. This proposal
is consistent with measurements of the silicon lattice
strain made by convergent beam electron diffraction.
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