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PURPOSE

The primary objective of this program was the investigation
of the structural or defect nature, along with the electrical
properties, of the Si-—SiO2 interface region of the thermally
oxidized silicon system. The main thrust of the program was
directed towards achieving a better understanding of the Si-SiO2
interface through its dependence on process variables in order
to provide semiconductor devices with better, more controlled
parameters. To accomplish this objective, various analytical

techniques for examining the electrical and structural

properties of the Si-SiO2 interface such as high and low
frequency C-V measurements and electron spin resonance (ESR)
were employed. A second objective was to investigate the
effects of the incorporation of metallic impurities at the
interface of thermally oxidized silicon since these impurities
are known to adversely affect semiconductor device character-
istics.
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1.0 INTRODUCTION

A joint program was established between Fairchild Camera
and Instrument Corporation and the United States Army Electronics
Command, the purpose of which has been to obtain a better under-
standing of the Si—SiO2 interface in thermally oxidized silicon
and its dependence on process parameters. This understanding
is critical to the production of integrated circuits with
improved performance and reliability.

In the first year of the program, material and process
parameters were selectively varied during the fabrication of
MOS structures (l). These parameters included silicon
substrate orientation and dopant type, dry 02 oxidation
temperature, and annealing/cooling conditions. Selected
experiments using H20 and 02-HC1 oxidizing ambients were also
conducted. Characterization of the electrical charges associated
with the thermally oxidized silicon system was carried out using
conventional capacitance-voltage as well as quasistatic C-V
measurements. Electron spin resonance techniques were employed
by Ft. Monmouth personnel in order to investigate structural or
defect properties of the si—SiO2 interface.

In the second year of the program, additional processing
variables such as high-temperature in situ anneal ambients and
their effect on oxide charges were examined. The effects of
oxide thickness variations on the level of the charges measured
as well as the ESR signals detected were also investigated.
Other variables included dopant variations (type and concentra-
tion) and the incorporation of iron by ion implantation on the
electrical and structural properties of the interface.




2.0 BACKGROUND

Thermally grown SiO2 films play an important role in
semiconductor device technology. These films which are produced
by the oxidation of silicon are very stable chemically and have
reproducible parameters under controlled oxidation conditions.
The films are used both as temporary films for masking purposes
and as permanent films for junction passivation, isolation of
devices, or as actual integrated circuit components. Oxidation
of the silicon substrates is carried out in a variety of
ambients, typically dry O2 or steam, at' temperatures ranging
from 900° to 1200°C. Extensive research has been carried out
on the characterization of oxide charges (2-4) and the current
understanding has been summarized by Deal (5). The following
four types of charges are generally accepted:

(a) Fixed Oxide Charge (st)
(b) Mobile Ionic Charge Q)

(c) Interface State Charge (N, )
(d) Oxide Trapped Charge (Not)

The exact origin of the fixed charge and the interface
state charge is still in question and the work carried out in
this program examines ESR signals reported in the Si-Sio2
system, particularly Pb’ with measured values of fixed oxide
charge and interface state charge in order to determine any
causal relationship between paramagnetic and electrical
defects.

The dependence of the fixed oxide charge on process
parameters such as oxidation temperature and postoxidation
in situ annealing has been well characterized (6) and emphasis




in this program was placed on both interface state charges and
ESR Pb signals.

Experiments completed in the first year demonstrated a
relationship between the fixed oxide charge (st) and the
interface state charge (Nst) of "as-oxidized" silicon samples.
The dependence of the charges on material and process parameters
(e.g., silicon type, silicon orientation, oxidation ambient,
oxidation temperature, annealing and cooling conditions) has
been established. Some interesting observations made on the
diverse array of prepared samples are presented below:

(a) Oxide fixed charge as well as "as-oxidized" interface
state charge densities were found to decrease with
increasing temperature in the range of 800°-1200°C
(7). Similar results were obtained with Pb signals
(8) and previously observed ambiguities in their
dependence on oxidation temperature (9,10) are
thought to be a result of variations in the final

cooling ambient.

(b) The silicon orientation effects commonly reported for
both fixed charges and interface states have been
observed and a ratio of approximately 3:1 established
between (111) and (100) oriented silicon (both
annealed and unannealed). Similarly, Pb signals were
found to be higher for (111) than for (100) silicon
oxides by a factor of approximately 3.

(c) A basic difference exists in interface state densities
between samples pulled in an oxygen ambient, either
fast or slow pull, and samples pulled in nitrogen.

The latter seems to indicate the presence of both
donor- and acceptor-like states, whereas oxygen-pulled




(d)

(e)

(£)

(g9)

samples tend to indicate the absence of acceptor-like
states.

A relationship exists between fixed oxide charge
density and interface state density of oxidized
wafers which did not receive a low temperature
hydrogen anneal. This relationship is found to be
maintained in some cases after a hydrogen anneal step.
This behavior tends to support the idea that st and
Nst have some common origin, despite significant
differences in detail.

Interface state density levels were found to be lower
in samples oxidized in steam (no H2 postoxidation
anneal), probably as a result of the hydrogen present
in the oxidizing ambient. Reduced Pb values were also
observed on these samples while interestingly no
similar reduction in st has been noted.

ESR signals detected on (111l) silicon wafers seem to
indicate a relationship between ESR signals and the
interface state density of non-Hz—annealed samples.
This relationship does not seem to be a direct one
for all processing conditions, since nitrogen cooled
samples showed a different Nst to ESR behavior than
that obtained from oxygen-pulled samples.

Reinducement of interface states by low temperature
(500°C) annealing in nitrogen was observed by
quasistatic C-V measurements and a corresponding
increase in ESR signals added strength to a possible
Nst—ESR relationship.

=N




3.0 EXPERIMENTAL PROCEDURE

The silicon used for the electrical and oxide thickness
measurements was obtained from Fairchild and was in the form of
2-inch diameter wafers, chem-mechanically polished on one side.
Orientations were (100) and (111) and resistivity was 4-6 Q-cm
(v1x1015 cm™3), n-type phosphorus doped and 5-9 Q-cm (v1x1015
cm~3), p-type, boron dored. Samples supplied to Ft. Monmouth
for ESR measurements were in the form of 4x20 mm bars, laser or
diamond scribed from 2-inch wafers obtained from Monsanto.

These wafers were 200-500 um thick and chem-mechanically
polished on both sides; both n-type phosphorus and p-type boron
doped wafers of resistivity >100 Q@-cm were used. Crystal growth
was by the float zone process with a slice alignment of +1° from
(100) or (111) except for p-type (111) wafers which were 4° off
(111) towards the (110) parallel to the flat.

The silicon samples were cleaned in sulfuric peroxide or
hot sulfuric acid, aqua regia, 10:1 water:hydrofluoric acid,
and isopropanol vapor, with appropriate deionized water rinses.
They were then loaded into an oxidation furnace in the appropriate
ambient and oxidized for a given time. Following oxidation the
wafers were annealed in situ in nitrogen or argon and subsequently
cooled in the anneal ambient (typical pull from the furnace was
about 2 min). Where no anneal was required the wafers were
pulled in the oxidizing ambient (typically 1-3 sec).

Dry oxygen was supplied from a liquid source, as were the
nitrogen and hydrogen annealing gases. The water oxidation
ambient was generated by the direct reaction of Hy and 0, in a
pyrogenic system. Calibrated flowmeters were used to monitor
and control gas mixtures in the proper ratios. The oxidation
systems were conventional hot wall, resistance-heated furnaces
with quartz tubes and high purity Mullite liners. Specially




designed boats and holders were used to support the silicon

bars during the oxidation and cleaning processes.

After oxidation, aluminum dots approximately 1 um thick
and 750 uym in diameter were vacuum deposited at 25°C on the
samples to be measured electrically. To avoid radiation
effects, a nonelectron beam flash evaporation system was
employed. Oxide thicknesses were determined using a Rudolph
Model 436-200E ellipsometer, and ranged from approximately
50 & to 2000 R.

One half of each wafer was annealed in a 25% H2 in N2
mixture for 10 minutes at 450°C. These Hz-annealed samples
were used for measurement of st, the oxide fixed charge.
Conventional C-V analysis egquipment was used for this measure-
ment.

Values of Nst’
by the quasistatic C-V technique (11,12). This method is based

the interface state density, were determined

on the proportionality that exists between the incremental MOS
capacitance and the charging current in the structure when it

is subjected to a linear voltage ramp. As a result of this
proportionality a low-frequency thermal equilibrium MOS
capacitance-voltage curve can be obtained. The quasistatic

and high frequency curves are then used to extract the interface
state density distribution in the bandgap. This method is valid
in the interval of the forbidden gap extending from the inversion
threshold to a position about 200 mV from the majority carrier
band edge. The relationship between the silicon surface
potential and the applied voltage is obtained by the integration
] of the quasistatic C-V curve as proposed by Berglund (13).

A schematic diagram of the automated capacitance-voltage
analysis system is shown in Fig. 3-1 and shows the most recent
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updates in the system which include a more advanced desktop
calculator and plotter. Automated measurements of the ramp
voltage in conjunction with either the capacitance or the
charging current in the MOS structure are used to generate
the high frequency and quasistatic C-V curves, respectively.
Accuracy of the quasistatic method in determining interface
states is estimated to be 10!0/cm?-ev at midgap.

Measurements of interface state density will be reported

either in terms of midgap Ns values or by showing the entire

interface state density distiibution. Midgap values will be
used primarily when they are indicative of the major trends
related to process variations. The reported st/q and Not
values represent an average over several capacitors on each
wafer and should be regarded as such. Variations approaching
20% have been observed on a single wafer and this should be

taken into account when drawing conclusions dealing with the

£*

effects of process parameters on st/q and Ns

BT —————




4.0 RESULTS AND DISCUSSION

4.1 High Temperature Annealing in Nitrogen and Argon

The annealing of thermally grown silicon dioxide films in
inert ambients, particularly nitrogen, has been used extensively
in integrated circuit fabrication. Often the anneal is carried
out in situ at the oxidizing temperature. The effects of this
anneal on fixed oxide charges are known to be a reduction in
charge densities, particularly for anneals around 1000°C and
for oxide thicknesses greater than 1000 A. Differences have
however been reported between annealing in nitrogen and in
argon with respect to the resulting oxide charges (14) and a
reaction between nitrogen and the silicon substrate has been
proposed (15,16). In the experiments reported here, n- and
p-type wafers, (100) and (111), 4-6 Q-cm, and 4x20 mm bars of
resistivity greater than 100 Q-cm were used. The wafers were
oxidized at 1000° or 1200°C for 360 or 60 min, respectively,
and subsequently annealed in situ in nitrogen or argon for 10

or 60 min at the oxidizing temperature.

Typical interface state density energy distributions (Nst)
for both nitrogen and argon are shown in Fig. 4-1 for n-type
(100) samples oxidized and annealed at 1200°C and indicate a
basic similarity in both magnitude and energy distribution for
wafers annealed in either gas. Characteristic of the measure-
ments are a peak of interface states above midgap (0.2-0.3 eV
below the conduction band), a minimum around midgap, and a high
level of interface states (probably a peak) below midgap.
Similar results were obtained on p-type (100) samples (17)
showing a definite peak below midgap of smaller magnitude than
for n-type wafers. Nst values obtained from quasistatic
measurements on p-type wafers were found to be generally lower
than values obtained on n-type wafers in agreement with

previous observations (1).
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Other results indicate a higher level of interface states
in argon annealed samples for short anneal time (10 min) and a
lower level for longer anneal time (60 min) when compared to
nitrogen annealed samples for 10 and 60 min, respectively.
Prolonged anneal times in either gas seemed to reduce "as-
oxidized" interface states at 1000°C and 1200°C while increasing
fixed oxide charge density at 1200°C.

ESR results obtained at Ft. Monmouth by measuring non-Hz-

b
signals and Nst values at midgap are presented in Section 4.5.

annealed samples and a discussion of the relation between P

4.2 Oxide Thickness Variations

The effects of oxide thickness on oxide fixed charge
(st/q), interface states (Nst), and electron spin resonance
(ESR) were investigated. The samples used in the investigation
were n-type (100) and (111]) wafers, 4-6 Q-cm, and 4x20 mm,

, at 1000°C for
times ranging from 2 min to 6 hours. The resulting oxide

>100 Q-cm bars, which were oxidized in dry O

thicknesses ranged from 50 R to 2010 R. Following oxidation
the wafers were pulled from the oxidizing ambient in less than
3 sec (fast pull).

Due to the effects the metal-semiconductor work function
has on oxide fixed charge measurements, and the uncertainty in
the value of ¢ms' a plot of flatband voltage (VFB) versus oxide
thickness (xo) was prepared (17). Analysis of the plot showed
that a straight line could be used to fit all the data, which
indicates a constant fixed oxide charge. Values of st/q
obtained were 0.68x10!1/cm? and 3.3x10!!/cm? for (100) and
(111) substrates, respectively. Nst values at midgap ranged
from 5 to 11x10!1/cm2-ev for (100) and from 18 to 27x10!!/cm2-ev

for (111) with no particular trends observable. Following low-

11
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temperature hydrogen anneal, higher Nst values were measured for
thinner oxides as shown by a plot of interface state density
(Nst) at midgap versus inverse oxide thickness (l/xo) in

Fig. 4-2. Since there is no evidence of Nst dependence on

oxide thickness prior to H2 anneal, oxide growth rate differ-
ences are unlikely to be responsible for the observed

dependence following H2 anneal. The hydrogen anneal mechanism
is postulated to occur as a result of several simultaneous
reactions such as the interaction between water and aluminum

to generate active hydrogen according to the reaction

i
2 AL + 3 HZO —= Al.0
el
-1

3 * 6 (H-), [1]

the dissociation of molecular hydrogen

Ko
Hy =% 2 (H.), (2]
k_2

and the complexing of silicon surface bonds by the active
hydrogen
| % |

He + - Si —2 - SiH. (3]
P

All the above reactions are thought to occur simultaneously and
an oxide thickness dependence such that thinner oxides have
higher interface state density can result from a smaller amount
of active hydrogen being retained in the thinner oxides. The
active hydrogen formed either through reaction [1], [2], or
both with rate constants k1 and k2 would in the case of thinner
oxides be more likely to escape to the ambient and form

molecular hydrogen through reaction [2] with rate constant (k-2].

Another point of interest evident from Fig. 4-2 is the
relationship between the interface state density measured on

12
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(100) and that measured on (l111). The line through the (100)
points was arrived at by taking into account a 3:1 ratic for
(111) : (100). This is further evidence of a strong relationship

between st and Ns since this ratio is well known for QSS.

t
Furthermore, the observation of a changing interface state

density accompanied by a constant st does not contradict the

basic QSS—N relationship, since appropriate annealing treatments

st
should be able to discriminate between any detailed chemical
differences of Qs Changes in ESR signals due to
these H2

undoubtedly be of great interest.

- and Nst'

annealings although not measurable at this time would

4.3 Dopant Concentration Variations

The investigation of the effects of variations in dopant
type and concentration on ESR signals and oxide charges were
carried out by using p- and n-type (111) wafers of resistivity
25, 50, and 100 Q@-cm. The wafers were oxidized at 1000°C for
360 minutes in dry 0, and cooled in either nitrogen or oxygen.
The significance of this experiment derives from the fact that
oxide charges and ESR signals throughout this program have
been measured on silicon material of differing resistivities,
with 4-9 Q-cm silicon used for oxide charge measurements, and
100 @-cm silicon used for ESR measurements. This was done to
operate in the region most suitable for each measurement
technique. Effects due to dopants, particularly as they
relate to ESR measurements, are therefore necessary to get a
complete picture of the process dependence of both st, N

st’
and ESR and their relationship to each other.

Information about the various runs carried out under this
section of the program are tabulated in Table 4-1. Run numbers,
resistivity, processing steps, oxide thickness, and oxide
charges are included. No observable dopant concentration

14
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effects were noted on oxide charges in this doping range.
Values of fixed oxide charge density (st/q) for both n- and
p-type (111) silicon were 4.24 +0.23 (10!!/cm?) for oxygen-
pulled wafers and 2.9 +0.14 (10!!/cm?) for nitrogen-pulled

wafers.

Interface state density at midgap following hydrogen
anneal was different for n- and p-type wafers with average
values of 0.87 +0.2 (10!!/cm?-ev) and 1.24 + 0.3 (10!lcm2-ev)
for n- and p-type silicon, respectively, for oxygen-pulled
wafers, and 0.3 +0.05 (10!!/cm?-eV) and 0.55 + 0.1 (10!!/cm2-ev)
for nitrogen-pulled wafers.

ESR signals measured at Ft. Monmouth also indicated no
dopant concentration effects although some difference was
noted due to dopant type. ESR results and comparison with
Nst and QSS/q data will be discussed in Section 4.5.

4.4 Incorporation of Metallic Impurities

Experiments were carried out to investigate the effects
of the incorporation of metallics at the Si-SiO2 interface on
oxide charges as well as ESR signals. Iron ion implantation
was employed for that purpose. N-type wafers, (100) and (111),
with resistivity of 4-6 Q-cm were used for oxide charge
measurements, while 100 Q-cm, 4x20 mm bars, were used in ESR
measurements. The incorporation of iron was carried out by
ion implantation either in bare silicon to a depth of 450 R
or in oxidized silicon wafers (1000 A Sioz) at the interface.
The dose employed was 1013 +10% (cm™2). Following implantation
the bare silicon wafers were oxidized to a final oxidation
thickness of 1000 R. All oxidations were carried out in a dry
O2 ambient at 1000°C for 120 min, followed by a 10 min anneal
and a slow pull (2 min) in nitrogen. The effects of high
temperature annealing were investigated by means of a 60 min

16
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anneal at 1000°C in a 10% hydrogen in nitrogen ambient for
selected samples.

A summary of the various process conditions used for
these series of experiments is included in Table 4-2 (Run No.
FMF-13A through FMF-28B). Fixed oxide charge measurements
(st/q), interface state density measurements (Nst)' and
mobile ionic charge measurements (Qo/q) are also included.
The data in Table 4-2 should be examined without losing sight
of the following factors.

(a) Samples FMF-13B through FMF-28B received no hydrogen
anneal treatments and therefore can only be charac-
terized with an "effective" st/q which contains

contributions from interface states.

(b) Interface state densities are substantial for damaged
wafers which receive no anneal, typically higher than
1x10!3/cm?2-eV and outside the measurement capability
of the quasistatic technique.

(c) Large values were obtained for Qo/q probably as a
result of the high temperature anneal in a hydrogen/
nitrogen ambient. No Qo/q values are measurable on
non—HZ—annealed wafers since a reduction of interface
states occurs during heat cycling making the measure-
ment ambiguous. Furthermore, the presence of mobile
ionic charges can result in higher measured densities
for both oxide fixed charge and interface states.

The major findings from this part of the program are:

(a) For silicon wafers oxidized both prior to and follow-
ing iron ion implantation, no interface state density

17
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(b)

(c)

(d)

peaks were observed in the portion of the bandgap
where the measurement is valid.

The level of interface states was typically lower
for iron implanted interfaces. This was evident in
wafers which received the 1000°C anneal (10% H2 in
Nz) as well as those which were not annealed. It is
felt however that this result is ambiguous due to
the presence of a substantial number of mobile ions,
some of which may be gettered by the iron, and some
of which contribute to erroneous fixed oxide charge
and interface state density measurements.

Measurements carried out at Ft. Monmouth are summa-
rized in Table 4.3. Four ESR species can be observed:
Pb; Pc (18) in the silicon bulk due to neutral iron
(19); and damage sites in both silicon bulk and oxide,
such as occur with neon and oxygen (20). The damage
signals disappear after annealing, as expected. The
implanted iron does not seem to have a remarkable
effect on Py although the signal from FMF-9B is
unusually strong. PC is not decisively affected by
the implanted Fe, which is surprising in view of

the large interface concentration. Since both
implanted and inherent bulk Fe must be reduced to

Fe® for ESR visibility, different annealing effi-
ciencies in the two regions may be the explanation.

Most wafers which received an H, anneal following

implantation showed low interfaze state densities

at midgap (<5x10!!/cm?-eV) and no measurable ESR
signal. Samples with no H2 anneal had high interface
states (>50x10!!/cm?-eV) except sample FMF-13B with

11.3x10!'1/cm?-ev and a corresponding ESR signal of
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7x10!! spins/cm? maintaining the usual correspondence
between Pb and Nst'

4.5 Relationship Between ESR Signals and Est Densities

The evaluation of electron spin resonance (ESR) techniques
as a tool in the study of defect centers at the Si-SiO2 inter-
face (18,19,21) is one of the main objectives of this program.
Three paramagnetic defect species designated Pa' Pb, and Pc
are commonly associated with thermally oxidized silicon. In
this investigation, the Pb center, its dependence on process
parameters, and its correlation with oxide charges at the
Si-SiO2
evidence of Pb—st correlation has been observed (9), any such

interface have been examined. Although inconsistent

correlation appears to be limited to cases where NS and st

t
are also correlated. We have therefore concentrated on

exploring the relationship between Pb and Nst'
During the first year of the program, the data indicated

a relationship between the interface state density in non-H,-

annealed samples and ESR signals. Both Pb and Nst were found

to be greatly reduced by steam oxidations and hydrogen annealing

(22) . Both Pb and NSt

anneals at 500°C. Nevertheless, various processing effects

were also regenerated by extended N,

modify the relationship between Pb and Nst’ and a summary of

these is presented below.

Tables 4-4 through 4-7 summarize some of the more relevant
information on oxide charges and ESR measurements. Results are
tabulated according to process variations in such a manner that
all data for samples oxidized and cooled in O2 (OZFP) are
presented in one table, data for wafers oxidized in 02 and
annealed/cooled in argon in another table, etc. This tabulation
system was chosen to clarify some of the observed Nst versus

ESR relationships.
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Process variations such as annealing and cooling were

observed to play a substantial role in oxide charges and ESR
signals. It was also noted that these variations affected the
relationship between ESR and Ne g Figure 4-3 illustrates the
relationship for samples oxidized in dry 0, at various tempera-
tures and cooled in O2 (OZFP). Both (100) and (111) samples,
n- and p-type, are shown and although scatter is evident in the
data, a clear correlation seems to exist between the ESR data

and the midgap values of NS as measured by the quasistatic

t
technique.

In presenting the data for samples oxidized in dry O2 and
annealed/cooled in nitrogen, we have separate plots, Figs. 4-4
and 4-5, for n- and p-type samples, respectively. It is note-
worthy that Fig. 4-4 could mostly follow the same line as
Fig. 4-3, while Fig. 4-5 shows quite a different behavior.

The cause of this difference between n- and p-type behavior

is not clear at this time, although typically some difference
has been noted between the two types, the n-type wafers yielding
higher interface state density values. The results for argon
annealed/cooled wafers are given in Fig. 4-6.

There are other considerations which make it difficult to
establish a broad and conclusive relationship between Py and
No, for diverse physical and chemical situations. A different
type of interface states (donor- or acceptor-like) seem to
arise from different processing conditions (l1). Nitrogen and
argon anneal/cool seem to result in the creation of both types
of states, whereas oxygen-cooled samples (02FP) seem to be
characterized by predominantly donor states in the lower
portion of the bandgap. How the nature of the states affects
the ESR signals is not clear. Furthermore, values of Nst
reported here are at midgap with some potential applied to

the interface while ESR values are measured in a "no-bias"
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Fig. 4-3. Midgap interface state density (Ngt) versus electron

spin resonance (Pp) signals for n- and p-type (100)
and (111) wafers oxidized in dry O at 800°, 1000°,
and 1200°C and cooled in dry 03. Wafers received no
postoxidation hydrogen anneal.
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Fig. 4-5. Midgap interface state density (Ng¢) versus electron
spin resonance (Pp) signals for p-type (100) and (111)
wafers oxidized in dry Oz at 1000° and 1200°C and
annealed/cooled in nitrogen. Wafers received no post-
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Midgap interface state density (Ngt) versus electron
spin resonance (Pb) signals for n- and p-type (100)

and (111) wafers oxidized in dry Oz at 1000° and 1200°C
and annealed/cooled in argon. Wafers received no post-
oxidation hydrogen anneal.
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condition. Application of a surface potential during the ESR
measurement may result in different levels of Pb signals.

In conclusion, one of the important results of the
investigation has been the observation of the correlation
between ESR signals and interface state density levels at
midgap, further evidence of which is also illustrated in
Fig. 4-7. In this figure the effects of substrate dopants

are illustrated. Very little change in either ESR or NSt values

is observed for this range of resistivity. Pb signals were
levels at midgap

stronger for O, FP samples and similarly NS

2 t
were higher. The exact nature of the relationship between NS

|

and Pb is still unclear and could be the topic of future work.
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5.0 SUMMARY AND CONCLUSIONS

Experiments have been completed which characterize the
process dependence of fixed oxide charge (st), interface state
density (Nst), and electron spin resonance signals (Pb). A
relationship was established between fixed oxide charge and
interface states prior to, as well as following, postoxidation
hydrogen annealing. Likewise, a proportionality is observed
for electron spin resonance data and interface states at midgap.
The effect of oxide thickness, dopant type and concentration,
and the incorporation of metallic impurities at the Si-SiO2
interface were also investigated. The major conclusions from

the program are summarized below:

(a) The silicon orientation effects commonly reported
for both QSs and Nst have been observed. The ratios
of QSS and NSt values (both unannealed and annealed)
between (111) and (100) oriented silicon structures

average slightly higher than 3:1.

(b) Ratios of Nst values between unannealed and hydrogen
annealed samples are relatively constant for samples

processed in oxygen and generally average 20:1.

(c) A basic difference in interface state density exists
between samples pulled in an oxygen ambient, either
fast pull or slow pull, and samples pulled in a
nitrogen ambient. The latter seems to indicate the
presence of both donor- and acceptor-like states while
oxygen-pulled samples tend to indicate the absence of
acceptor-like states.

(d) A proportionality exists between fixed charge density

and interface state density for oxidized wafers which
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(e)

(£)

(g9)

(h)

(i)

did not receive a low-temperature postoxidation anneal
in hydrogen. This proportionality is maintained in
some cases after hydrogen annealing. In many cases
the lowest achievable level of interface states seems
dependent on the density of oxide fixed charge.

Reintroduction of interface states by low-temperature
nitrogen annealing is observed by the quasistatic
technique and a corresponding increase in ESR signals
is noted.

The effect of p or n doping on Pb centers and NSt
values at midgap are not found to be significant for
substrate doping in the range 25-100 Q-cm. Interface
states are found to be inversely proportional with
oxide thickness for postmetallization hydrogen anneal
of dry Oz—pulled samples. No such dependence is noted

prior to the anneal.

Substantially weaker Py signals were observed on (100)
wafers as compared to (111), confirming earlier
findings (9). This difference holds even though Pb
(100) reflects a somewhat more complicated defect
site structure (22).

Strong evidence is obtained that a2 proportionality
exists between ESR signals and midgap values of
interface states. This relationship is dependent
on wafer processing, particularly annealing and
cooling ambients.

The incorporation of iron at the Si-SiO2 interface

by ion implantation does not result in unusual
interface state density distributions. Strong
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(3)

silicon and SiO2 damage ESR signals were confirmed

in wafers implanted with no subsequent anneal. The
damage signals are eliminated by anneal in 10% H2
in N, at 1000°C. Implantation following oxidation
results in stronger Pb signals and higher interface
state density than in undisturbed oxides.

The work reported here indicates that ESR is a
significant tool in the characterization of the
Si-sio2 system. It has the feature that it is
applicable in certain cases where conventional
techniques break down, e.g., very thin or thick
oxides, or oxides with pinholes.
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