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INTERFACE STATES AT THE SiO,-Si INTERFACE
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The present understanding of interface states at the SiO,-Si interface is reviewed. Typical
results of measurement techniques are presented and critically discussed with respect to identifica-
tion of types and origins of interface states. Only one type of interface state is observed after
strong hydrogen annealing. The density of these interface states decays from D, > 10' cm™2
eV ! near the conduction band to extremely low values of D,, < 10% cm~2 eV ™' in the lower half
of the Si band gap. A peak of interface states is observed below midgap. The density of bulk traps
in silicon is comparable to the low interface state density. Among the various models of interface
states proposed, the trivalent silicon dangling bond, bond angle distortions, and discrete traps in
the interfacial layer are possible explanations of the various types of interface states.

1. Introduction

The oxide SiO, thermally grown on Si is the backbone of the
metal-oxide-semiconductor (MOS) technology in semiconductor device in-
dustry. The importance is based on the fact that the interface SiO,-Si exhibits
ideal properties for surface-controlled devices because an extremely low inter-
face state density can be achieved. The SiO,-Si system has no comparison
among other semiconductors.

Interface states are traps located at the Si-SiO, interface which rapidly
interact with free charge carriers in the semiconductor substrate as indicated in
fig. 1. The traps are filled with majority carriers when the interface is biased
into accumulation. When the interface is biased into depletion or inversion, the
charge in the interface states is changed in contrast to the fixed or mobile oxide
charge which is located in the bulk of the oxide and which does not interact
with the silicon substrate except by charge carrier injection across the interface
barrier by photoexcitation or after heating of free carriers in Si by a high
electric field.

Only interface states having an energy position within the bandgap of the
silicon substrate affect devices and are therefore considered here because
charge trapping at interface states is possible in the same manner as for bulk
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Fig. 1. Definition of interface states at the SiO,-Si interface. Interface states rapidly interact with
free charge carriers, i.e. holes or electrons, in the silicon substrate.

Fig. 2. Schematics of the energy- distribution and the spatial distribution of interface states.

traps in Si. As is schematically indicated in fig. 2, the density of the interface
state peaks at the SiO,-Si interface. This trap density which is continuously
distributed in the energy gap of Si, is denoted by D;, in units of cm™% eV ™! in
accordance with the standardized terminology of Deal [1]. It is not clear at
present whether the interface states are located in a monolayer at the interface
or whether they are distributed within a tunneling depth of a few angstroms
into the SiO,. Traps in the bulk silicon substrate may also originate from the
$i0,-Si interface. Such traps will be treated as bulk traps at concentration
N;(x). The concentration of bulk traps is generally less than the dopant
concentration. They are distributed throughout the space charge layer width of
the order of micrometers. Their total concentration in the space charge layer
may be comparable to the interface state density.

Interface states at the SiO,-Si interface have received strong scientific
attention since the advent of the first MOS transistors in the early sixties. At
that time, interface states still limited the device performance. Since then the
interface state density measured has continuously dropped. Best values re-
ported for each year are plotted in fig. 3. The observed improvement of four
orders of magnitude from D, = 10'% to D,, = 10® cm~2 eV~ ! has been achieved
entirely by empirical methods. Today interface states are barely detectable in
uniform MOS structures. They are, however, still of importance in submicron
structures for large scale integration, in radiation effects, and after impurity
contamination among others. Many review papers deal with various aspects of
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Fig. 3. Drop of interface state density versus time. The points represent the lowest interface state
density observed in each year as reported in ref. [3]. The lowest two points are recent measure-
ments. Large error bars are probably associated with each point.

interface states [2~8]. Studies on interface states are still the topics of con-
ferences and are reported in the proceedings [9-12].

In spite of 20 years of research, the origin of the residual interface states is
still not known. The approach in this survey of the present knowledge
therefore is to try to disentangle the vast amount of information collected and
to interpret the data by models proposed. In section 2, the measurement
techniques used in the study of interface states are reinspected to discuss the
information that can be extracted from the data. The results on interface state
properties are then reviewed in section 3 on selected examples which are
discussed in the light of models in section 4.

2. Measurement techniques
2.1. Quasistatic C-V technique

The quasistatic capacitance-voltage (C-V') measurement on MOS capaci-
tor structures is the standard method in laboratory practice for determining the
distribution of interface states in the forbidden gap of silicon. The method is
usually automated and the high-frequency (1 MHz) differential capacitance
Cur(V) is recorded by a commercial bridge. The low-frequency static curve is
obtained by recording the displacement current for a slow (=10 mV s~ ')
voltage ramp. The displacement current / is proportional to the low-frequency
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differential capacitance C; (V')
I=C (V) dVvd:e. (1)
The interface state density is determined in the depletion region (dip of the

C-V curves) from the difference between the high- and low-frequency capaci-
tance

Cox CLF/Cox CHF/Cox (2)
qA 1 - CLF/Cox 1- CHF/Cox ’

Dit=Dit(V)=

C,, is the oxide capacitance, ¢ the elementary charge, and A the area of the
capacitor. Various methods exist to relate the bias voltage V applied to the
band bending at the interface so that the energy position E;, of the interface
state density measured may be determined [3].

A typical set of capacitance curves is shown in fig. 4 for a high-quality MOS
capacitor on a p-type silicon substrate. No separation of the high- and
low-frequency capacitance curves is observed on this sample except in the
inversion region. An interface state density cannot be extracted from these
data because the error in the measurement of the difference signal in eq. (2) is
too large. From this measurement, we only deduce that the interface state
density must be less than D, < 10'° cm™? eV~!, In fact, the interface state
density measured by transient spectroscopy (see below) is as low as D,, = 10®
cm™2 eV~!, which represents the state of the art today.
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Fig. 4. Capacitance-voltage (C-V') plot of an MOS capacitor on p-type silicon substrate. The
capacitor data are shown in the insert. The interface state density D;, = 10% cm~2 eV~ cannot be
determined from this measurement.
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The quasistatic C—} measurement can only be used to check the quality of
the interface, i.e. the upper limit of the interface state density and the flatband
voltage which is a measure of the oxide charge. Electrical measurement
techniques which exhibit sufficiently high sensitivity are the conductance
technique [13,14] and the transient spectroscopy [15,16].

2.2. Conductance technigue

In the conductance technique, the full frequency dispersion of the MOS
capacitance is analysed rather than just the high- and low-frequency capaci-
tance. In the same manner as for the quasistatic technique, the Fermi energy is
used to probe the energy position of the interface states (fig. 5). The conduc-
tance signal G,, of the MOS capacitor assumes a maximum at frequency

@hmax =fravthns =W = 20’0“1)15, (3)

which is approximately determined by the trapping frequency w,. f, is a
correction factor of the order of 2 which takes into account surface potential
fluctuations [3]. o is the capture cross-section, v,,, the thermal velocity of charge
carriers in silicon, and n, the charge carrier density at the interface which is
dependent on the position of the Fermi energy. The maximum of a reduced
conductance G, which is obtained by subtracting the effect of the series oxide
capacitance,

GP - Gm/,wcox (4)
WCox (1= Cp/Cox) + (/@G )’

M 5302 Si

Conductance Technique. VzV, + §VIW)

Dit‘EF’ s - GP/(J)
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Fig. 5. Schematic illustration of the basic measurement principle of the quasistatic C-1 and the
conductance technique. The Fermi energy is used to probe the energy position of interface states.
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is directly proportional to the interface state density,

¢ [ 6,
- 0% 5
Dlt quN \:wcox]max, ( )

where f is a correction factor of the order of 0.4 which again takes into
account surface potential fluctuations [3]. The measurement by the conduc-
tance technique is usually quite elaborate because a wide frequency range must
be used for each position of the Fermi energy. The sample temperature has to
be lowered in order to reduce the trapping frequency into the measurement
range for interface states at shallow energy positions.

Fig. 6 shows a normalized diagram of the conductance G,/w versus
frequency w/w,,,,. It is noticed that the width of the maximum is wider than
the ideal curve o, = 0 without surface potential fluctuations. The curves mea-
sured can be fitted by assuming a gaussian surface potential fluctuation at
variance o, of the order 40-70 mV [13,9].

2.3. Transient spectroscopy

Deep level transient spectroscopy (DLTS) is also useful to determine
interface traps in MOS capacitors [15,16] and MOSFETs [17,18]. The measure-
ment principle is illustrated in fig. 7. Interface states are filled by biasing the
semiconductor surface into accumulation. The spectrum of emission time
constants is analysed in depletion. Because the emission rate is thermally
activated similar to bulk traps

1/7 =00, N exp(— E; /kT), (6)

with N the effective density of states in the band, a trap spectrum may be
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Fig. 6. Normalized G, /w curves obtained at various temperatures by the conductance technique.
The variance o, in units kT/q is obtained by curve fitting [9,14].
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Fig. 7. Schematic illustration of the basic measurement principle of the transient spectroscopy
CC-DLTS. By biasing the semiconductor surface into accumulation, interface states are filled
(left). Reemission is monitored in depletion (right). A voltage transient is observed for the charge
exchange at the interface when a constant capacitance is maintained.

obtained in a temperature scan of the transient signal when a fixed time
constant is selected in the DLTS analysis [19]. In CC-DLTS, the bias voltage is
adjusted by a feedback of the capacitance signal to maintain a constant
capacitance. The interface state density is then simply determined by

D. ( ) __C;__
i AKT In(t,/1, )

(7
where 8V is the voltage of the DLTS signal and ¢, , are the DLTS sampling
times. The energy position E;, of the interface state is approximately given by

E; = kT In[ov,Nct,/In(1,/1,)]. (8)

The capture cross-section ¢ is obtained from two or more temperature scans
taken at different delay time constants ¢, in the DLTS analysis {16,20}. The
evaluation, however, assumes a constant cross-section which generally is not
valid. The exact evaluation has to take into account the energy-dependent
capture cross-section [21]. Usually it is quite appropriate to assume a constant
average capture cross-section in eq. (8). It is noted that CC-DLTS is indepen-
dent of the position of the Fermi energy and thus of the surface potential of
the semiconductor.
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2.4. Comparison of the conductance and CC-DLTS technique

In fig. 8, the transient spectroscopy and the conductance technique are
compared. The transitions of charge carriers which are sensed by the two
techniques are shown in an in-depth view with respect to the band bending and
in an in-plane view of the capacitor area with respect to potential fluctuations.
The conductance technique only senses transitions in the immediate vicinity
(approximately AE = kT') of the Fermi energy. Bulk levels are only measured
in a small portion of the space charge region at the crossover with the Fermi
energy. The conductance technique therefore is rather insensitive to bulk traps.
Surface potential fluctuations cause a spread of the energy resolution.

Since CC-DLTS is independent of the potentials, bulk traps are measured in
the full width of the space charge region independent of the band bending. the
signal size due to bulk traps may be comparable to that of the interface states
in CC-DLTS. Potential fluctuations do not hamper the energy resolution in
CC-DLTS. Only the size of the signal is reduced when states submerge in the
Fermi energy and do not reemit the trapped charge. The problem with DLTS
is the deconvolution of the time constant spectrum N(7) into an energy
spectrum,

The analysis of interface state properties by the techniques discussed is
explained in fig. 9. The diagram shows the possible distributions of interface
states in the area with the energy position in the x-dimension and the capture
cross-section in the y-dimension in a log scale. A discrete level, e.g. a bulk level
having a definite energy position and a definite capture cross-section, is
represented in this diagram by a dot. A continuum of interface states in the
forbidden gap of Si is represented by a continuous line or even can cover an
area if the capture cross-section for a state at a given energy is also distributed.
This may occur, when the states are spread out into the depth of the SiO, and

al in-depth view bl in-plane view

Conductance Technique(CT]  Transient Spectroscopy(TS}

N(E) NE.TH
oED NE.0) < igeenim)
bulk level- small bulk level-iarge
elaborate measurement T-scan

Fig. 8. Comparison of the conductance technique CT and transient spectroscopy TS in the
measurement of bulk traps in the semiconductor and interface states in MOS structures. The
properties are listed in the insert.
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Fig. 9. Schematics of the measurement of interface state properties.

the capture and the emission rate are dominated by tunneling into traps at a
variable depth. This case is indicated in fig. 9 by the lined area. States may also
be distinguished by the magnitude of the capture cross-section. Electrons
bound to a positive fixed charge (charge model, see below) are expected to be
rapidly trapped by the attractive Coulomb force. Bulk donor centers in Si have
capture cross-sections of the order of 6 = 107'>-107'? ¢cm? for electrons. The
capture probability for states deep in the SiO, is assumed to be low because the
tunneling barrier is several volts at the interface and thus inhibits the capture
to states deeper than a few angstroms in the SiO,.

The quasistatic C-V technique senses all traps, independent of the magni-
tude of the capture cross-section, along the vertical line in fig. 9 which is
determined by the position of the Fermi energy. In the conductance technique.
where the full frequency dispersion is measured, a spot on the vertical line is
resolved. In principle, the full interface state area of the diagram in fig. 9 can
be analysed by the conductance technique. In practice, the resolution is limited
due to the potential fluctuations at the interface which smear out the energy
resolution of the position of the Fermi energy as is indicated by the bars along
the vertical line.

The CC-DLTS technique is not affected by potential fluctuations. It detects
all the interface states that emit at the same time constant T = const. These
interface states and bulk traps are located at a given sample temperature on the
diagonal straight line in fig. 9. From this diagram, we can see that additional
information on interface state properties may be obtained when results of both
techniques, the conductance technique and CC-DLTS, are carefully compared.
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2.5. Other measurement techniques

Numerous variations of the quasistatic C—V technique [3], the conductance
technique [3,22-26,52], and the CC-DLTS technique [27-31,159,160] exist.
The transfer loss of CCDs allows the determination of interface state densities
and capture cross-sections with good accuracy [32]. Illumination of the sample
with bandgap light during the C~V measurement offers additional possibilities
to independently determine majority and minority carrier cross-sections [22,23]
and to speed up slow states [33]. Photoexcitation of interface states using
infrared light in combination with the electrical measurement of the charge
exchange has been used to determine the cross-section of the optical transition
[34-36]. Basically, the charge exchange near the Fermi energy or the quasi-
Fermi energy or the transient is sensed in all these electrical measurement
techniques. Density of states and capture cross-sections are determined, but no
information on the incorporation of the defect is usually obtained.

Information on the crystallographic structure of the defects at the interface
may be obtained by EPR, which has been applied to the interface state
characterization recently [37-40). In comparison to the electrical measurement
of interface states, EPR is rather insensitive. The identification of contributions
from interface states to the EPR signal is only possible for rather high densities
in excess of D;, > 10" cm~2 eV~ [38].

Fowler—Nordheim tunneling yields information on the depth distribution
profile of interface charges in thin tunnel structures having a high interface
state density after stressing by current injection [41].

3. Experimental results on interface state properties
3.1. Energy distributions

Measurements on interface state distributions within the energy gap of Si
have been reported in numerous papers, e.g. in refs. [23,33,42,43]. The shape of
the interface state distribution shown in fig. 10 is now generally accepted. The
results of the static method and the conductance method are in good agree-
ment for this sample which shows a rather high density of states of D, > 10!
cm™~? eV~ ! where the measurements could be easily performed at reasonable
accuracy. A U-shaped distribution is observed, where the density of states
increases towards both band edges. One or several peaks are frequently
observed at this high density thus indicating that more than one type of
interface states is present. Peaks near the band edges [44] could not be
confirmed. They seem to be an artefact of the measurement technique used
[45]. If there is a peak it is very near or in the conduction band [46].

A similar result of ref. [23] taken on a sample having a high density of states
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Fig. 10. Distribution of the interface state density D,, versus energy E from the conduction band
CB to the valence band VB. Measurement results obtained by the conductance technique and by
the static technique are compared [3,43). The n-type (111) sample was oxidized in dry O, at
1140°C. Post-metallization anneal at 350°C in hydrogen ambient was applied.

is shown in fig. 11. The quasistatic C— ¥ measurement result (curve 1) repre-
sents the total density of interface states measured. By the conductance
technique, three different types of states could be separated (curves 2-4). It is
noted that the density of one type of fast interface state decays over four
orders of magnitude from the conduction band edge towards the valence band
edge. This curve 3 is shown in fig. 12 again together with other results taken on
samples showing a lower density of interface states. A general trend is noticed.
The highest density is observed in the thin oxide without hydrogen anneal. The
standard dry oxide measured by CC-DLTS shows the same decay towards the
valence band. The CCD measurement (dashed line) of ref. [32] fits very well
into this group. Data, e.g. of refs. [22,27,47] among others also match these
data. The curves are not included in the graph for clarity.

The result of the lowest curve [48] and the two points [49] are measured by
CC-DLTS on a sample which has received a strong hydrogen anneal [50,51].
The two measurement dots are the lowest interface state density values
reported at present. Only 10® states per cm? are observed in the lower half of
the band gap. On average, one state is observed in an area of (1 um)?). Why
the increase in a tail of states near the valence band is not observed, is not



M. Schulz / Interface states at SiO,— Si interface 433

-2 7
D leriZeV) D, erideV]
't 14, T TT71 T Y T T T T 1012
10 250A oxide
no H2 anneal
_1013 ‘
L, <1Gﬂ
\
dsini2 \
10 } S dry oxide
cepy
Jg ! S {100
T strong
0.2 05 09 Hy anneal heo
—_—— E—EV {eV]
1, quasistatic  CV, total \/
2. conductance, slow states )} ,} 8
. 1 . i 2 i . ! 1 1 L ‘]0
3 conductance, fast states EcO 05 10 Ey
4. conductance, fluorine states —= EleV]

Fig. 11. Distribution of the interface state density D,, versus energy E — Ey. The measurements
were performed by the quasistatic and the conductance technique with bandgap illumination {33].
Three types of states are resolved as indicated. The oxidation of the (100)Si sample to a thickness
of 250 A was performed in dry 0, at 1150°C with no exposure to hydrogen. A 250 A film of LaF,
was deposited on the oxide by e-gun evaporation [33].

Fig. 12. Distribution of interface state density D;, versus energy E from the conduction band E¢ to
the valence band Ey. The top curve taken on the sample without hydrogen anneal is from fig. 11
(curve 3, fast states [33]). The curves in the center are for samples having standard dry oxides as
used in devices. The CC-DLTS measurement is taken from refs. [53,5] and the CCD measurement
is taken from ref. [32). The CC-DLTS result of the lowest curve and the two dots [49] are taken on
samples which have received a strong hydrogen anneal {50,51]. The CC-DLTS measurements are
taken on n-type Si substrates to observe states in the upper half of the band gap and p-type Si to
observe states in the lower half.

clear at present. These states may not be present at all in hydrogen annealed
samples [54,20] or they may exhibit a very slow time constant so that they are
not detected in the frequency/time constant range under investigation [20].
From the general trend it is concluded that all the curves describe the same
type of interface state, the density of which may be reduced by strong
hydrogen annealing.

A comparison of measurement results obtained by the conductance tech-
nique and CC-DLTS is shown in fig. 13. For more data see ref. [5]. Both
measurements agree very well. With the above discussion on the resolution of
the measurement techniques, we may conclude that in the tail from the
conduction band in the residual low density of interface states, we only observe
one type of state having one definite capture time constant at a given energy
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Fig. 13. Comparison of interface state measurements by CC-DLTS (solid line) and by the
conductance technique (solid circles) on an n-type Si sample {5,21].

position. A distributed capture cross-section would cause a disagreement of the
two measurement techniques as discussed above in fig. 9. However, the
interface state density is distributed with respect to energy in the forbidden gap
of silicon showing high values near the conduction band and low values near
the valence band.

The characteristic peak in the interface state distribution in fig. 10 located at
approximately 0.3 eV above the valence band maximum is frequently observed
[3,60,54-56,64]. It is also strictly related to hydrogen and deuterium annealing
{54-56,15]. The annealing behavior is shown in fig. 14. The capture cross-sec-
tion determined is 0 =5 X 10~ cm? [56]. The defect could not be related to
the Pb spin center observed in EPR results [38] which showed a different
annealing threshold [54,37,38].

Other peaks are observed in the D,, spectrum especially after bias-tempera-
ture stressing [62,151} and after irradiation [63,67,80,121,156-158]. The origin
of these states is not well established or is due to impurities in the interface
region [67,152].

3.2. Capture cross-sections

Typical capture cross-sections measured for electrons in the tail of the fast
interface traps from the conduction band are shown in figs. 15 and 16. Values
range from o, =10""7-10"'* cm’ in a plateau near midgap [3,5]. Near the
conduction band edge, the capture cross-section drops several orders of
magnitude to values of less than o, < 107'° cm?. The cross-section is indepen-
dent of or very little dependent on temperature [32,57]. The magnitude of the
cross-section seems to depend on processing and on the substrate orientation.
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Fig. 14. Interface state density in the region of the characteristic peak approximately 0.3 eV above
the valence band maximum. The density measured by DLTS is shown as-oxidized and for
post-metallization anneals (PMA) as indicated [54].
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Fig. 15. Electron capture cross-section o, of fast interface states near the conduction band.
Measurement points are shown for CC-DLTS results of dry oxide and dry oxide annealed at high
temperatures. The dashed curve is taken from the CCD measurement of ref. [32]. The solid curve is
taken from a transient measurement of ref. [27].
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Fig. 16. Electron capture cross-section o, measured for two surface orientations by the conduc-
tance technique on an n-type sample having dry oxide [3).

The results shown in figs. 15 and 16 are consistent with other measurements,
e.g. in refs. {47,22,23,66] among others.

It is noted that only one definite time constant is measured for states at a
given energy. The conductance measurement shows only one discrete reso-
nance peak with a symmetrical smear-out to high and low frequencies (fig. 6).
The symmetry is used as an argument that the increased width is due to
potential fluctuations rather than to tunneling into states in SiO, which would
cause an unsymmetrical resonance peak [53]. Potential fluctuations are also
visible in transient measurements when the Fermi energy is varied [27].

The hole capture cross-section as shown in fig. 17 is measured in p-type Si.
The measurement probably is somewhat obscured by the discrete peak around
0.3 eV above the valence band. However, the hole cross-section seems to
assume high values o, = 107'*-107"°> cm? near the valence band [28,31,27.2]
rather than to decrease as it does near the conduction band. Slow time
constants are reported for hole capture especially for low interface state
densities [58,3]. These properties still have to be confirmed. Slow capture rates
may be due to the valence band tail of interface states [33] which is not
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Fig. 17. Hole capture cross-section o, of fast interface states in the lower half of the Si bandgap.
Measurement points are shown for conductance measurements on two samples {5]. The dashed line
represents a result obtained by transient measurements taken from ref. [27].

observed by CC-DLTS or the conductance technique [5,20].

Interface states may also be excited by shining infrared light on the MOS
sample [34-~36,74]. Optical cross-sections determined for the transition assume
very low values 6® < 10™'% cm? for states near the conduction band.

The magnitude of the cross-sections suggests that the fast states behave like
acceptors in agreement with the charge variation in the CV analysis [59,61,36].
However, since in capacitance measurements, only the charge change is mea-
sured, it is very difficult to determine the absolute charge value of interface
states, especially at the low densities which are state of the art. The problems
associated with the C—V measurement in the determination of trap charge, e.g.
donor- or acceptor-type, are discussed in ref. [4]. The properties of charge
fluctuations, for instance, are in favor of donor-type behavior of the fast
interface states (see below). The trap type therefore is still uncertain.

3.3. Effects of processing

The continuous decrease of the interface state density over the past twenty
years is a hint that impurities and technology may play an important role
because the cleanliness standards in semiconductor technology have been
continuously improved.

Strong reduction of the interface state density with hydrogen annealing is
already seen in figs. 12 and 14. Both, the fast interface states near the
conduction band and those in the peak near 0.3 eV above the valence band
maximum, are reduced in the presence of hydrogen or water at elevated
temperatures. This effect of hydrogen is confirmed by many other studies
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[59,60,4,154}). It is generally accepted that hydrogen saturates some forms of
unsaturated bonds in the oxide and at its interface to silicon, thus removing
interface states from the silicon bandgap energy region [68,69].

Detailed processing studies of interface state and oxide charge have been
performed {59,70,61.4]. The results are still not conclusive because of the
complex nature of interface states. A proportionality of the interface state
density to the fixed oxide charge is frequently observed [59,71]; both follow
Deal’s oxidation triangle which predicts an increased density of oxide charge
and interface state density for decreasing oxidation temperature [70]. The (111)
orientation generally yields higher values of both oxide charge and interface
state density [70,59,72,3,4]. However, annealing in dry nitrogen and argon may
result in a decrease of the oxide charge and an increase in interface state
density {59,60]. Hydrogen annealing is not as effective in removing the oxide
charge as it is in reducing the fast interface states [59]. The processing also
seems to affect the energy dependence of the capture cross-section (figs. 15 and
16). The variations observed are beyond the error of the determination.

At present it is not possible to draw conclusions on the origin of interface
states based on the technological behaviour. The effects may be rather indi-
rectly caused by the reaction kinetics and its influence on an interfacial layer
than directly by creating and annihilating interface states [84,81-83].

3.4. Impurity effects

Impurities have been intentionally introduced into the SiO,-Si system in
order to examine specific effects. Ion implantation was used to introduce many
different impurities [67,66]. Many discrete defects in the interface region have
been observed; these defects, however, are mostly related to ion implantation
effects. Very often, radiation damage levels of the silicon substrate are ob-
served [67,30].

Introduction of heavy metals into the interface before the oxide growth
shows little direct effect on interface state densities, which can be attributed to
a specific defect caused by the impurity [75-77]. In thin SiO, films, the contact
metal may penetrate to the interface and cause discrete peaks [78]. An increase
of the interface state density is observed when the semiconductor substrate is
doped by donors or acceptors in excess of N > 10'7 cm ™3 [79]. This effect may
again be related to the oxidation kinetics which is also affected by large doping
concentrations [81-83].

It is known that alkali ions cause a positive charge in the oxide [87-89].
Especially, sodium causes a drift instability in devices and has to be removed
or neutralized by chlorine [90]. Cesium generates a stable positive charge in
Si0, [90,91,3].

A trap level associated with the sodium ion in SiQ,, which is located well
above the Si conduction band edge, cannot be related to interface states [93].
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An impurity band of fast states, which is related to Na* ions in SiO,, is
observed in the conductivity of MOSFET channels at low temperatures of
4-70 K [94-96]. The result is shown in fig. 18. A peak in the channel
conductance is observed which is associated to either thermally activated
conductivity from an impurity level or to hopping in an impurity band 15-30
meV below the conduction band edge [94,108].
The observations are explained by the charge model of interface states
[99,100] which assumes that electrons in Si are bound to positively charged
Na* ions in SiO, similarly as to a donor center in silicon (see fig. 26). The
bound electron, however, remains in silicon because the interface barrier repels
the charge carriers. The experimental results of the impurity band conductivity
just below the conduction band seem to be in good agreement to the theoret-
ical predictions of a shallow binding energy for the assumption of Na™ ions
close to the interface. This assumption, however is partly contradictory to the
trapping properties of sodium observed in SiO,. The trapping occurs further
away from the interface [93]. The sodium also tends to agglomerate and to
cause gross potential fluctuations at the interface [101,102,16]. The resolution
of an impurity state at 10-30 meV below the conduction band edge requires
potential fluctuations of less than 30 meV. This is less than the fluctuations
observed in state of the art clean samples (see above and refs. [103--106]). With
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Fig. 18. Conductance in a MOSFET channel at low temperatures versus gate voltage. Impurity

band conductivity is observed below the mobility edge of the conduction band. After Fowler and
Hartstein [94).

Fig. 19. Density of interface states D;, and electron capture cross-section o observed by CC-DLTS
for a Cs contaminated MOS capacitor. Cs* implantation was performed into the bare Si surface
before dry oxidation of the wafer at 1050°C. The discrete peak (dashed line) is caused by residual

radiation damage. It does not correspond to the energy scale given.
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the presence of sodium, the fluctuations should be even worse. However, if the
interface states are donor centers, the charge fluctuations may disappear at low
temperatures when all the donor states are neutral and the charge is well
screened. A donor-type charge behavior of the centers is also deduced from the
variation of charge fluctuations at shallow energies in clean samples [106].
Very small contributions to fast interface states are measured for sodium by
transient spectroscopy [16,18]. A spectrum of interface states as measured by
CC-DLTS is shown in fig. 19 for the case of the stable Cs contamination and
in fig. 20 for Na contamination. In both cases, the alkali contamination was
introduced in a controlled quantity by ion implantation into the bare Si
surface before oxidation. The interface state measurement is possible by
CC-DLTS because it is not affected by potential fluctuations (see above, fig.
8). Cs* ions do not drift in SiO, at room temperature. Sodium may be drifted
at room temperature to and away from the interface by an appropriate electric
field applied; however, it is also frozen in at low temperatures so that a
measurement is possible. Fig. 19 also shows an implantation damage level
which is not completely removed by the high-temperature treatment. In the
midgap region, the interface state density is not affected by the presence of
sodium. A steep increase of the interface state density is observed near the
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Fig. 20. Density of interface states observed by CC-DLTS for a sodium-contaminated MOS
structure. The signal observed at low temperature corresponds to states near the conduction band.
The signal at high temperature is due to states near midgap. Sodium ions are drifted to the
interface (curve A) and away from the interface (curve B).
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conduction band edge in accordance with the shallow impurity state observed
in the MOSFET conductance in fig. 18. However, the capture cross-section
decreases in the same manner as for the fast states in fig. 15. The interface
state density observed for the high sodium contamination is generally high.
Drift of sodium shows an effect near the conduction band edge where an
increased density is observed when sodium is drifted to the interface.

Both, the standard interface state density measurement techniques and the
MOSFET channel conductance indicate a strong impurity band close to the
conduction band edge. Puzzling is the absence of potential fluctuations which
would indicate the donor-type behavior of the binding of an electron to the
positive charge. This is, however, in contradiction to the low capture cross-sec-
tion measured which does not indicate an attractive Coulomb potential.
Speculations on a repulsive barrier proposed to explain the slow trapping of
the sodium oxide trap [93], may also be valid for the interface states. It is also
possible that the shallow attractive Coulomb centers are not observed in
transient spectroscopy because the time constant is too fast.

3.5. Thin SiO, films

For oxides thinner than 40—20A, most of the studies were performed by
tunneling experiments [109,153]. Interface states are difficult to determine
because of the tunneling current through the SiO, and the high capacitance of
the thin oxide. Structures in the transition region of thin to thick oxides, which
is around > 40 A, already permit an interface state measurement. Tunneling
[41] and conductance measurements {78,110,111] show that the general behav-
ior of the interface state density is the same as in thick oxides; however, the
density observed is much larger (approximately D, = 10"-10'? cm~2 eV™1)
than for state of the art thick oxides. The high density may be due to the
oxidation technology which has to be different because of the low growth rate
required, and it may be due to the effect of the transition interfacial layer
which is present in thick oxides and which is not well developed in thin oxides.

Thin oxides may easily be studied by standard MOS techniques when a top
layer of nitride (MNOS) or another insulating film is deposited so that a
normal capacitor is obtained. A result has already been shown in fig. 11 where
the similarity of the interface state properties is clearly demonstrated. A result
observed on an MNOS structure is presented in fig. 21. The density of
interface states observed is high, in the order of a few 10" cm™2 eV~!, The
disagreement between the measurement result obtained by CC-DLTS and the
quasistatic C-V measurement in fig. 21a is explained by the sensitivity of the
C-V measurement to tunneling through the thin SiO, to nitride traps which
contribute to the density of states observed. The CC-DLTS technique is too
fast, so that only states right at the interface are sensed. The measurement in
fig. 21b for a slightly thicker oxide shows good agreement of the two tech-
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Fig. 21. Interface state distribution measured in an MNOS structure having a 25 A SiO, film (a)
and a 30 A SiO, film (b). The measurements are performed by CC-DLTS and the quasistatic CV
technique. The differenice observed between the two measurements for the thin SiO, film is due to
tunneling into nitride traps [49].

niques because tunneling is also inhibited in the quasistatic technique. The
result is in agreement with experiments performed by pulsed charging of
nitride traps [112] and demonstrates very well the various properties of the
measurement techniques discussed in section 2.4. Annealing or stressing of the
MNOS structure influences the interface state density distribution due to
reactions and interpenetration of the nitride and the oxide [135,136].

It is generally accepted that an interfacial layer also exists for the standard
MOS structure [84-86]. In the interfacial layer, the oxide varies with respect to
stoichiometry [84,113-115] and with respect to strain because of the lattice
mismatch [117,118]. The interface shows roughness of the order of 10 A in
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TEM micrographs [119,120]. On a direct relation of this interfacial layer on
interface states can only be speculated in the models proposed which are
discussed in section 4.

3.6. Lateral non-uniformities

Potential fluctuations are observed in the conductance technique (fig. 6)
[2,66,103,104,106,155] and are also observed in transient spectroscopy [27,21].
The fluctuations are uniformly distributed in the capacitor with a minimal
fluctuation length of A = 70-200 A [105,103,106]. In state of the art clean MOS
samples, the variance of the potential fluctuations is a few kT at room
temperature corresponding to 30-70 meV (fig. 6) or larger [2,66,103,106]. In
the presence of sodium or after stressing, the fluctuations may be considerably
larger.

A considerable number of interface states may occur at boundaries of small
gate structures [121]. The double-gate structure shown in fig. 22 having a large
boundary-to-area ratio has been used to study the interface state density at
gate boundaries by CC-DLTS measurements. The result obtained is shown in
fig. 23. CC-DLTS is advantageous in this measurement because it is not
affected by the potential variations inherent to the boundary region. One gate
of the double-gate structure is used as a guard electrode to vary the contri-
bution of interface states in the boundary region to the transient measure-
ments. The interface state density is increased by a factor of 100 from the value
D, <10° cm™? eV~! in the bulk gate area to D;,> 10" cm™? eV~! in the
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S10, Si0
\
L L 2 & L L L

/1 - ,/
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/

Fig. 22. Schematic view of the double-gate striped MOS capacitor structure used in the study of
the interface state boundary effect. The structure consists of 2 X 32 narrow (11 pm) and long (700
pm) stripes adding up to a total gate area of 2x0.26 mm? [48].
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fig. 22. Two sets of curves are obtained depending on different evaluations in the accumulation
and in the depletion /inversion regions of gate 1, respectively. The discrepancy indicates the error
of the measurement. A large density of interface states is present in the immediate boundary of the
{wo gates [48].

immediate boundary of the gates. The origin of these interface states is not
known. It may be related to strain induced by the processing technology.

3.7. Irradiation effects

The irradiation effects in SiO, may be broadly classified into two major
categories [80]: (a) in ionizing effects and (b) in atomic displacement damage.
In the first category, an electron—hole pair is generated in the SiO, by
irradiation at sufficiently high energy (> 9 eV), e.g. by X-rays, y-rays, or MeV
electrons. Atomic displacement is mainly observed after ion implantation.

The most commonly observed effects of ionizing radiation (category (a)) are
a build-up of positive charge in Si0, inherent with a build-up of interface
states {122,123]. In SiO, films thinner than 50 A no additional interface states
have been detected [124]. Traps are also induced in the oxide, which become
affective after carrier injection [125,126].

It is generally accepted that electron—hole pairs generated by the irradiation
are partly separated in the SiO, before recombining. Since electrons have a
large mobility they can reach the electrodes leaving behind the rather immobile
holes which are trapped in the SiO, [122]. A high concentration of hole traps
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exists near the SiO,-Si interface in the interfacial layer {127]. The presence of
an electric field serves to separate the electron-hole pairs and to redistribute
the charge depending on the orientation of the electric field [128].

The interface state build-up has been found to occur even for non-penetrat-
ing radiation [129] and occurs only after the positive charge has been trans-
ported to the interface [130). This behavior suggests the charge model again for
the interface states. The interface states created are not limited to the vicinity
of the conduction band edge, so that chemical bond breaking and transport of
H and OH ions are also very likely [123,80,131]. All the model speculations for
the interpretation of interface states are more or less also valid for the
irradiation effects [123]. No preference to any particular model can be given at
present.

3.8. Bulk states in Si

Bulk trap centers are frequently observed in MOS structures by DLTS
especially after ion implantation [16,18,30], because DLTS is sensitive to the
total number of bulk states in the space charge region. In fig. 19, the peak is
probably caused by a bulk level due to ion implantation damage. Several bulk
levels are observed after oxygen implantation into the interface and low-tem-
perature annealing at 600°C (fig. 24). Besides the well known level at 0.11 eV
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Fig. 24. Interface state density measured by CC-DLTS in a temperature scan for various surface
potentials. The samples has received a low-dose of oxygen implanted into the interface region and
is moderately annealed at 600°C for half an hour. Peaks are due to bulk states in Si which are
related to oxygen and radiation damage [49].
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attributed to oxygen two more bulk levels are observed. Bulk levels are
identified by their sharp and discrete structure. They strongly decrease in
density with a reduced width of the space charge region as is demonstrated by
the surface potential variation in fig. 24.

An intrinsic level at E. — 0.49 eV (o, = 2.9 X 107 !¢ cm?) associated with the
Si0,-Si interface is shown in fig. 25. This level is observed after high-tempera-
ture annealing of the MOS structure. This level is remarkable because the same
level is observed in bulk silicon containing swirls [132]. It possibly is a level of
interstitial Si which is also expected to be generated during oxide growth
[81~83). Another bulk level in the lower half of the band gap at £, +0.30 eV
(6,=3X 107" cm?, N;=9x10'? em™?) is reported for standard oxides in
ref. [133]. After growing thick oxides at high pressures and at low tempera-
tures, several defects have been observed in bulk silicon when the thick oxide
was stripped [134].

4. Theoretical models

The very low density of interface states results from the fact that there are
no interface states in the band gap region of Si for a Si surface when all the
bonds are saturated by the SiO, surface film. Computations using various
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techniques all show that levels due to bonds at the silicon surface are removed
from the gap region and bonding states are created several eV or more below
the valence band maximum [137-142]. States observed at the interface are
therfore created by defects, e.g. broken bonds, impurities or other imperfec-
tions (e.g. bond angle distortions). Theoretical calculations on defect states are
still limited in accuracy and reliability [138,140] and also the basis for the
model assumptions is still speculative although plausibility considerations may
favor one or the other model [4]. A selection of models are given in the
following subsections with some arguments in favor or with experimental data
which make this model less likely.

4.1. Charge model

The charge model or effective mass approximation model [99,100,3,4] has
already been discussed in section 3.4. A hydrogenic binding energy of 15-30
meV is estimated in effective mass approximation when electrons in the Si
conduction band are bound to the positive Na* ions in the SiO,. The sodium
ions have to be a few A units close to or at the interface. The sodium ions
cannot be neutralized because they are energetically inaccessible. The elec-
tronic wave function is mainly kept in the silicon because of the high SiO,
barrier. The potential trough and the electronic wave function are sketched in
fig. 26.

The shallow centers of the charge model are possibly observed in the
low-temperature channel conductance of sodium-contaminated MOSFETs.
The low capture cross-section measured by CC-DLTS and the low trapping
probability of the Na™ ions in SiO, indicate that the situation may not be that
simple. Potential fluctuations which are expected to be larger than 30 meV are
expected to mask the observed conductance peak.

Fig. 26. Potential through due to Na™ ions in SiO, close to the interface and the wave function of
an electron in Si bound to the potential well. The wave functions fall off as exp(—a/r) in effective
mass approximation.
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4.2. Interfacial layer models

Many models seek the origin of interface states in defects and disorder of
the interfacial layer in the non-uniform SiO, because the technology strongly
affects the properties of interface states [143—145]. These models give qualita-
tive and plausible arguments but no real base for an interpretation because too
many defects are possible in the distorted interfacial layer.

Tunneling [146] into interface states which are distributed in depth in an
interfacial layer may be excluded because only one sharp time constant is
observed for interface states at a given energy [3,5,14,53]. The discrete time
constant at a given energy led to the proposal of the variable-energy (VE)
model [14,53] which postulates a relation of a tunneling time constant to the
energy position of the interface state as shown in fig. 27. The VE model
assumes a discrete trap level in SiO, which drops in energy position in the
vicinity of the interface, e.g. in the interfacial layer. The trap level must be
located above the conduction band edge. In this energy range, e.g. at £ =2.5
eV below the SiO, conduction band edge, trap levels are frequently observed in
SiO, [147]. Defect levels may well be affected and drop in energy at locations
near the interface to silicon [140). The tunneling depth varying with energy
may account for the strong decrease of the capture cross-section and the
photo-excitation cross-section [S]. The interfacial layer can account for the
strong processing dependence of especially the capture cross-sections and the
strong relation of the interface state density to the oxide charge. The model is
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Fig. 27. Schematic drawing of the MOS band structure to illustrate the VE (variable energy) model
for the interpretation of interface states. A discrete SiO, level is assumed to show an energy
position which drops with decreasing distance from the interface.

Fig. 28. Schematics of the microscopic Si-SiO, interface structure when bonds of silicon and
oxygen are distorted to match the silicon lattice.
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still very speculative. It only explains the properties experimentally observed
and does not yield information on the defect itself.

Bond angle distortions may cause a tail of states from the Si conduction
band [138] in good accordance with the experimental observations. Such states
would be of acceptor type [148]. The bond angle of Si-O is very soft and may
easily be distorted at the interface [149]. An impression of the distorted
interface is shown in fig. 28. This interpretation seems very likely, especially
because interface states are strongly affected by strain in the interface;
however, distorted bonds cannot or only indirectly account for the strong
hydrogen and water annealing effects of interface states which support a real
bonding defect which may be saturated rather than just a distortion of a bond
angle. EPR does not show any bond angle distortion of the dangling bond at
the silicon surface independent of the orientation of the surface plane [37].

4.3. Microscopic defect structure

Possible microscopic defect structures that may occur at the interface are
listed in refs. [123,60,150,161}] among other references. The structures are
shown in fig. 29. The most likely defect is the trivalent silicon =Si -, a silicon
surface dangling bond. The trivalent silicon acts as a donor center and is
calculated to generate a level at approximately midgap energy position [138].
The trivalent silicon center has been identified by EPR in as-oxidized MOS
structures showing a high interface state density and showing especially the
interface state peak just below midgap. It has been suggested [15] that this
peak may be due to the trivalent silicon donor, but recent annealing studies
[54] show different annealing thresholds of the trivalent silicon EPR center and
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Fig. 29. Schematics of the microscopic and chemical SiO, —Si interface structure showing possible
defects and the mechanism introducing them. After Deal [60].
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the interface state peak, so that the identification is still open. A complicated
behavior of the trivalent Si is predicted [162]. The trivalent Si may be saturated
by hydrogen or OH groups according to
==Si- +H—»>=S8i:H, =Si*+ OH - =Si:OH,
where the centers created are assumed to be electrically inactive. The strong
hydrogen annealing effect can therfore easily be explained.

Other defects shown in fig. 29 are believed to mainly occur after various
kinds of excitations as indicated and to be mainly responsible for the oxide
charge and oxide traps. Such defects are [123,60,161}: ‘

=8i-O- non-bridging oxygen single acceptor or amphoteric;
Vo oxygen vacancy (=Si- -Si=) double donor;

Vsi silicon vacancy single donor or amphoteric;
Si, interstitial silicon double donor;

0, interstitial oxygen single donor or amphoteric.

These defects could so far not be identified by EPR. Interstitial silicon
which is produced by the oxidation is a likely candidate for the oxide charge.

8, Conclusions

Capacitance measurements, e.g. the conductance technique and transient
spectroscopy and combinations thereof are the only measurement techniques
which are sufficiently sensitive to measure the residual interface state densities
in state of the art Si0O,-Si structures. An interface state density as low as
D, =10% cm™? eV™' is observed because bonding states are completely
removed from the energy region of the silicon band gap by saturating the
silicon bonds with oxygen and the remaining defects due to imperfections by H
or OH groups.

Only one type of interface state is observed after strong hydrogen annealing,
the density of which continuously decays from D, > 10'® cm~2 ev™! near the

1t =
conduction band minimum to values D;, < 10® cm ™2 eV~ ! in the lower half of
the Si band gap. A similar tail from the valence band is only observed for high
interface state densities in samples having no strong hydrogen annealing
received or for thin oxides.

A peak of interface state density observed without hydrogen annealing of
the MOS sample may be due to trivalent silicon dangling bonds at the
interface. The tail of states from the conduction band may be due to bond
angle distortions or due to a discrete SiO, trap, the energy of which is
dependent on the distance in the interfacial layer from the silicon surface.

A binding of electrons in silicon to the positive charge of alkali ions in SiO,
is possibly observed in the conductance of MOSFETs at low temperatures.
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Additional types of interface states are observed after various technological
treatments and especially after irradiation of MOS structures. The experimen-
tal results known at present are insufficient to prefer one of the many possible
origins of the defect nature.
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