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Interfacial Defects in SiO2 Revealed by Photon Stimulated Tunneling of Electrons
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Experiments on the photon stimulated tunneling of electrons at the interfaces of SiO2 with Si
and SiC demonstrate the presence of defects with electron binding energy of 2.8 eV relative to t
SiO2 conduction band, well above the semiconductor band gap. These defects, which so far esca
direct detection, are located near interfacial oxide layers, their density being sensitive to the silic
enrichment of SiO2. The discovered defects appear to be the origin of the trap-assisted electro
injection phenomena in SiO2. [S0031-9007(97)02708-7]

PACS numbers: 73.20.At, 73.40.Gk, 73.40.Qv
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A major requirement of an electrical insulator is the ab
ity to sustain a high electric field without dielectric failur
Silicon dioxide, the most widely used insulator in the so
state electronic devices, is superb in this aspect: Th
mally grown oxides on silicon and silicon carbide exhib
electric breakdown field strength up to 10 MVycm or even
higher. Admittedly, the best layer is reached the closer
insulator approaches perfect SiO2 stoichiometry through-
out a uniform homogeneous structure, without incorpo
tion of intrinsic or impurity-related defects: It is the degr
of mastering these defects that governs the ultimate in
lator quality. Defects may be subdivided in two group
according to whether their electronic energy level occ
within or outside the semiconductor band gap. Therm
oxide exhibits the unique property that, when grown on
the density of detrimental interface states distributedwithin
the semiconductor band gap is intrinsically low; it c
be reduced [1,2] to the109 cm22 eV21 range in standard
(100)SiySiO2. The question, however, about the presen
of interface statesoutsidethe Si band gap has not bee
specifically addressed so far as these states were beli
not harmful to the electronic properties. Yet, there is o
group of worrying interfacial electrical effects which sho
little correlation with the well studied conventional inte
face states: the defect assisted electron injection, whic
responsible for the leakage current and early breakdow
the insulator. This process appears related to SiO2 defects
with the energy levels located outside the semicondu
band gap.

The interest in the defect mediated injection has
creased strongly over the last few years. One reaso
that this mechanism dominates leakage currents in
most advanced SiO2 layers: ultrathin and low-temperatur
oxides, and buried oxides formed by oxygen ion impla
tation in Si [3–5]. Also, the application of SiC as
semiconductor for high voltage devices imposes hig
demands to the oxide [6], as the electric field strengt
has to endure scales with the field in the semiconduc
However, while obviously in need of their identificatio
little is known about these defects assisting electron in
tion in SiO2: This concerns the present study. We fou
that the photon stimulated tunneling (PST) of electrons
0031-9007y97y78(12)y2437(4)$10.00
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the SiySiO2 and SiCySiO2 interfaces is controlled by in-
terfacial defects in the oxide. The corresponding ene
level EB ­ 2.77 6 0.05 eV was found remarkably repro
ducible over different interfaces, but the defect density
sensitive to the Si enrichment of the particular oxide. F
thermore, a correlation between the PST quantum y
and the SiO2 dark conduction is observed, unveiling th
isolated defects as the source of the defect assisted e
tron injection in the oxide.

The samples used were prepared by thermal oxida
of (100) and (111)Si, and (0001) hexagonal SiC (4H
6H-polytypes, Si face). On Si, 25–66-nm-thick oxid
were grown at 1000 or 1120±C in dry O2. The conduc-
tion electron concentration (n) in these samples was varie
from 3 3 1014 to ,3 3 1021 cm23 by implanting P prior
to oxidation. The oxides on SiC (25–90 nm thick) we
grown using a technology described elsewhere [7]. For
sake of comparison, also studied were buried oxides c
taining excess Si. These are produced in (100)Si by
plantation of oxygen ions and subsequent high-tempera
anneal. Fabrication details were published elsewhere
Finally, low-temperature oxides were deposited on (100
by plasma enhanced decomposition of silane in the p
ence of oxygen at 500±C. Metal-oxide-semiconducto
(MOS) structures were defined by evaporation of sem
transparent (13-nm-thick) gold electrodes onto the oxid

PST was studied at 77 and 300 K by measuring curr
in the MOS structures with positive metal bias und
monochromatic illumination by an Ar-ion laser of tunab
oscillation frequency (Spectra Physics 168B); the lat
provides nine spectral lines in the photon energy ran
hn ­ 2.41 to 2.73 eV with output power 25–200 mW
Internal photoemission of electrons (IPE) from Si or S
into SiO2 was studied by illuminating the MOS structure
by photons of energy sufficient to excite electrons from t
semiconductor valence or conduction band above the e
of the SiO2 conduction band [7]. The electric field streng
(F) at the oxide-semiconductor interface was calcula
using the applied bias value, oxide thickness, and
semiconductor-metal work-function difference measur
by IPE [9]. The relative electron yield (Y) of PST and
IPE was calculated from the photocurrent normalized
© 1997 The American Physical Society 2437
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the incident photon flux. The latter is justified as th
photocurrent was verified to increase linearly with the lig
intensity (constantY). This additionally assures one tha
the electron energy distribution is not significantly affect
by optical excitation or sample heating.

PST is expected to be described by the Fowl
Nordheim (FN) tunneling model. In the case of electr
tunneling from ametal this model predicts a field depen
dence of the tunneling current arising only from the fie
dependence of the barrier penetration probability [1
But, in the case of electron tunneling from a nondegen
atesemiconductor,both the energy of quantum subban
and their population become additionally field depend
[11,12]. Therefore, in order to keep the energy spectr
and the density of electrons at the semiconductor surf
unchanged, we analyzed the PST yield as a function
photon energy at fixedF. Typical spectral curves for the
(111)SiySiO2 interface observed at 300 K for differen
F are shown in Fig. 1(a). These were fitted by t
expression [13–15]

YyF2 ­ A expf 2 6.83 3 107smoxym0d1y2

3 sEB 2 hnd3y2F21g , (1)

FIG. 1. (a) Relative yield of PST at the (111)SiySiO2 inter-
face as a function photon energy at different strengths of
electric field in the oxide, denoted in MVycm. The lines repre-
sent fitting results. (b) Binding energyEB of the initial state of
PST and the preexponential factorA as a function of the elec-
tric field as obtained from the data fitting. Curves are guid
to the eye.
2438
t

d

r-
n

].
r-
s
nt
m
ce
of

e

e

s

whereA is a constant proportional to the density of initia
electron states,mox ­ 0.5m0 is the electron effective mass
in the oxide,m0 the electron rest mass, andEB the energy
of the initial state of the electron measured relative
the SiO2 conduction band. The curves shown represe
the fitting results indicating the PST data to be we
accounted for by the FN model. The inferred values f
the parametersA and EB are shown in Fig. 1(b) as a
function of field. The preexponentA is seen to increase
nearly linearly with the field starting at,2 MVycm, while
the binding energy appears independent ofF within the
accuracy of,0.05 eV; the latter result was found in al
the studied samples. Tunneling current should gener
show only a weak temperature dependence [10,16]. T
was verified by reducing the observational temperature
77 K: the PST current is seen to decrease only about
3 times without change, however, in field and spect
dependences ofYPST (not shown), which is consistent with
the temperature behavior of the dark tunneling current
Si MOS structures [16]. From the above characteristics
is clear that the photocurrent involves a tunneling proce
PST is determined by the tunneling of optically excite
electrons.

We next address the nature of the involved electr
states in the PST. AverageEB values are shown in Fig. 2
(open symbols) as a function ofn for the SiySiO2 and
SiCySiO2 interfaces. The conduction band offset at the
interfaces measured by IPE are indicated by arrows.
the Si substrate, it is seen that heavy doping (n1 . 2 3

1019 cm23) induces a shift in the conduction band positio
This has been observed previously and was ascribed
Si band gap narrowing [17]. A major finding is tha
in all the “low” doped structures (n , 2 3 1019 cm23)
EB remains constant and remarkably insensitive to

FIG. 2. Energy EB of the initial state of PST transitions
measured relative to the conduction band of SiO2 at the
interfaces with (100)Sissd, (111) Si shd, (0001) 6H-SiCsDd,
and (0001) 4H-SiCs=d for different nominal concentration
of electrons in the substrate. The solid arrows indicate
conduction band offsets at the corresponding interfaces
determined from IPE spectroscopy. The relative yield of P
(filled circles) and IPE (filled squares) at the interfaces of Si2

with (100)Si are also shown. Lines are guides to the eye.
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differences in the conduction band offset. For high
ns.2 3 1019 cm23d, however,EB is seen to increase b
,180 meV; but, as a similar shift is observed in th
low-doped SiySiO2 structures with ultrathin (5 nm) oxide
(not shown), the image-force reduction of the electr
energy by a proximate conductive surface is concluded
the reason for this variation inEB.

The quantum yields of transbarrier (PST) and overb
rier (IPE) electron photoinjection into SiO2 measured for
fixed F ­ 3 MVycm are shown in Fig. 2 (filled symbols
as a function ofn. TheYIPE increases proportionally with
n, which implicates the Si conduction band as the sourc
electrons, while theYPST increases only by a factor of 2–
for n increasing by 2 orders of magnitude. The abse
of correlation betweenn andYPST as well as betweenEB

and the conduction band offset both indicate that the ini
states of electrons involved in the PST are not related
the semiconductor conduction band, in contrast with pre
ous belief [15]. Instead, the reproducibility ofEB among
different structures and its weak field sensitivity sugg
that the PST current originates from oxide defects loca
so close to the substrate that they may be permanentl
filled so as to provide a stable-in-time PST current.

With EB ­ 2.77 eV invariant, the field dependence ofA
may be calculated from the PST current-voltage (I-V) data
using Eq. (1). Figure 3(a) shows the results obtained
(100)SiySiO2 and (0001)4H-SiCySiO2 interfaces for three
photon energies. The marginal effect ofhn on theA(F)
curves indicates an insignificant modulation of PST by
optical matrix elements or by the energy distribution
excited states. The shift in theA(F) dependence toward
lower field values [cf. Fig. 3(a)] without change inEB

results from the decrease in the band offset at the
SiCySiO2 interface by 0.45 eV relative to the SiySiO2

interface. It is explained by the defect filling by electron
which would require a shift of theEB level below the Fermi
level at the semiconductor surface: at the 4H-SiCySiO2

interface, with a smaller band offset, this condition
simply met at lower field than at the SiySiO2 interface.
The A-vs-F behavior of different oxides on (100)Si i
compared in Fig. 3(b). Both the deposited oxide a
buried oxide show larger values and a lower field on
of A variation than thermal SiO2, suggesting a highe
defect density in the former oxides. The supplemen
implantation of oxygen in the buried oxide reduces the P
current, which is reflected by the decrease inA. Hence, as
buried oxide is known to be oxygen deficient (Si enriche
the defects involved in the PST are probably related to
oxygen deficiency of the oxide.

The darkI-V curves of the MOS structures (not show
bear out an enhanced conductivity of the low-temperat
oxides and buried oxides relative to the thermal on
This also complies with the literature where it is routine
ascribed [5] to Si enrichment of SiO2. The latter inference
is supported by the observation of a decrease in the bu
oxide conductivity by additional incorporation of oxyge
r
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FIG. 3. Preexponential factorA as a function of the elec-
tric field strength in the oxide: (a) determined [see Eq. (
from the PST I-V curves measured athn ­ 2.41 (circles),
2.54 (squares), and 2.71 eV (triangles) on thermal (100)SiySiO2

(open symbols) and (0001)4H-SiCySiO2 (filled symbols) struc-
tures; (b) determined from the PSTI-V curves measured a
hn ­ 2.71 eV on (100)SiySiO2 interfaces formed by the ther
mal Si oxidationssd, plasma assisted low-temperature depo
tion shd, oxygen ion implantation in Si withoutsDd, and with
s=d supplemental implantation of oxygen.

[8]. When comparing this with the decrease in PST curr
after supplemental implantation of oxygen [cf. Fig. 3(b
a correlation between the dark and PST currents appe
Moreover, the onset field for bulk conduction in burie
oxides is observed [5] to be,2 MVycm, which is close to
the onset value for the variation ofA with F derived from
the PST data (Fig. 3). This would mean that filling of th
same defects by electrons at elevated field augments
the dark and PST currents.

Overbarrier excitation of electrons from defect leve
at the SiySiO2 interfaces was also observed in low-dop
(111) and (100)SiySiO2 structures formed either by high
temperature (1120±C) oxidation or by oxygen implan-
tation. These oxides contain a large concentration
oxygen vacancies in SiO2, as revealed by the hole trap
ping experiments. The spectral curves (not shown) exh
a field independent spectral thresholds2.8 6 0.1 eVd coin-
ciding with EB within the measurement accuracy. Simil
to the PST results, no measurable signal was observe
the thermal oxides forF , 2 MVycm, but the signals in-
crease in the range2 , F , 4.6 MVycm. Additional in-
corporation of oxygen in the SiO2 through ion implantation
2439
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reduces the photoionization yield, which, again, mirrors
behavior of the PST yield. Thus, the defects observed
the photoionization experiments are likely the same c
ters as revealed by the PST.

The absence of any significant charge in the oxid
as revealed by capacitance-voltage measurements,
cates that the centers observed in the present work
initially neutral and trap an extra electron upon applyi
a high electric field. Filling of the traps with electron
occurs likely by tunneling from the semiconductor co
duction band, because no significant temperature effec
observed. However, for such tunneling to occur, a sh
of the trap levelEB to below the semiconductor surfac
Fermi level is required, which is possible only if the d
fects are located in the oxide at some distance from
interface. An estimate of this distance can be obtain
from the field threshold ofA(F) curves, and the difference
betweenEB and the Fermi level at the semiconductor su
face, which gives a distance of about 2 nm. The latte
consistent with the 1.6–1.7-nm estimate obtained from
image force lowering of the electron energy (180 me
see Fig. 2) using 3.9 for the relative permittivity of th
oxide [1]. Filling of traps located closer to the interfac
would require a higher electric field to shift their leve
below the Fermi level; filling of the more remote traps, o
the other hand, is inhibited by an exponential decrease
the tunneling probability with the trap-interface distance

To the best of our knowledge, no defect in SiO2 with
energy level of 2.8 eV below the SiO2 conduction band
has been identified so far. However, there are indicati
of electron transitions from Si into oxide defects occurri
at high fields: One, there is a noise in the inversi
n channel of MOS transistors ascribed to trapping
electrons by oxide defects [18]. Two, neutralization
the positive charge of holes trapped near the SiySiO2

interface was ascribed [19] to tunneling of electrons to
level 6.3 eV above the valence band of SiO2, i.e., 2.6 eV
below the oxide conduction band. Three, Si-implant
SiO2 layers show accumulation of negative charge af
application of an electric field, and an effective barri
height for the electron-defect tunneling [20] of 3 eV.
addition, there is the interesting observation that opti
detrapping of electrons in buried oxides shows an ene
threshold [21] of 2.8 eV, the same as measured in pres
work. Noteworthy is that all these works relate th
observed defects to the oxygen deficiency (excess Si
SiO2. While the correlation between these phenome
and the PST current is a matter for future research, i
likely that the defects isolated in the present study
involved not only in the oxide conductance, but in a bro
spectrum of other physical effects as well.

In conclusion, the PST is demonstrated to be a powe
tool for characterizing insulator defects in semiconduct
insulator structures with the energy levels outside
semiconductor band gap. Evidence is presented for
existence of interface electron states in SiO2 with the
2440
e
in
-

,
di-
re

is
t

e
d

-
s
e
;

of

s

f

a

r

l
y
nt

of
a
is
e

l
-
e
e

energy levels in the upper part of the SiO2 band gap.
Both PST and photoionization experiments refer to t
universality of these defects over various SiO2 layers on
Si and SiC; the energy level of the negatively charg
state is found to be 2.8 eV below the SiO2 conduction
band. The trap mediated electron injection into SiO2

correlates with the density of these defects, which,
turn, appears correlated with the oxygen deficiency
SiO2. These correlations point to the unveiled defects a
probable origin of dielectric failure of SiO2. “Universal”
presence of these defects is likely dictated by the SiO2-
semiconductor interface formation in addition to th
particular way the SiO2 network adapts to the substrat
lattice. Tracing this intricate relationship, together wi
the defect identification, must await the help of oth
techniques with structural and chemical atomic sensitivi
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