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

PACS numbers: 73.20.At, 73.40.Gk, 73.40.Qv

A major requirement of an electrical insulator is the abil-the Sj/SiO, and SiG'SiO, interfaces is controlled by in-
ity to sustain a high electric field without dielectric failure. terfacial defects in the oxide. The corresponding energy
Silicon dioxide, the most widely used insulator in the solidlevel Eg = 2.77 = 0.05 eV was found remarkably repro-
state electronic devices, is superb in this aspect: Theducible over different interfaces, but the defect density is
mally grown oxides on silicon and silicon carbide exhibit sensitive to the Si enrichment of the particular oxide. Fur-
electric breakdown field strength up to 10 M&fm or even thermore, a correlation between the PST quantum vyield
higher. Admittedly, the best layer is reached the closer thand the SiQ dark conduction is observed, unveiling the
insulator approaches perfect SiGtoichiometry through- isolated defects as the source of the defect assisted elec-
out a uniform homogeneous structure, without incorporatron injection in the oxide.
tion of intrinsic or impurity-related defects: Itisthe degree The samples used were prepared by thermal oxidation
of mastering these defects that governs the ultimate inswf (100) and (111)Si, and (0001) hexagonal SiC (4H-,
lator quality. Defects may be subdivided in two groups,6H-polytypes, Si face). On Si, 25—-66-nm-thick oxides
according to whether their electronic energy level occursvere grown at 1000 or 112C in dry O,. The conduc-
within or outside the semiconductor band gap. Thermation electron concentratiom)in these samples was varied
oxide exhibits the unique property that, when grown on Sifrom 3 X 10'# to ~3 X 10*! cm™3 by implanting P prior
the density of detrimental interface states distribut@tin ~ to oxidation. The oxides on SiC (25-90 nm thick) were
the semiconductor band gap is intrinsically low; it cangrown using a technology described elsewhere [7]. For the
be reduced [1,2] to th&0? cm~2 eV~! range in standard sake of comparison, also studied were buried oxides con-
(100)Sy'SiO,. The question, however, about the presenceaining excess Si. These are produced in (100)Si by im-
of interface statesutsidethe Si band gap has not been plantation of oxygen ions and subsequent high-temperature
specifically addressed so far as these states were believadneal. Fabrication details were published elsewhere [8].
not harmful to the electronic properties. Yet, there is ond-inally, low-temperature oxides were deposited on (100)Si
group of worrying interfacial electrical effects which show by plasma enhanced decomposition of silane in the pres-
little correlation with the well studied conventional inter- ence of oxygen at 500C. Metal-oxide-semiconductor
face states: the defect assisted electron injection, which OS) structures were defined by evaporation of semi-
responsible for the leakage current and early breakdown dfansparent (13-nm-thick) gold electrodes onto the oxide.

the insulator. This process appears related to, Si€dects PST was studied at 77 and 300 K by measuring current
with the energy levels located outside the semiconducton the MOS structures with positive metal bias under
band gap. monochromatic illumination by an Ar-ion laser of tunable

The interest in the defect mediated injection has in-oscillation frequency (Spectra Physics 168B); the latter
creased strongly over the last few years. One reason fgovides nine spectral lines in the photon energy range
that this mechanism dominates leakage currents in they = 2.41 to 2.73 eV with output power 25—-200 mW.
most advanced Sigayers: ultrathin and low-temperature Internal photoemission of electrons (IPE) from Si or SiC
oxides, and buried oxides formed by oxygen ion implan4nto SiO, was studied by illuminating the MOS structures
tation in Si [3-5]. Also, the application of SiC as a by photons of energy sufficient to excite electrons from the
semiconductor for high voltage devices imposes highesemiconductor valence or conduction band above the edge
demands to the oxide [6], as the electric field strength ibf the SiO, conduction band [7]. The electric field strength
has to endure scales with the field in the semiconducto(F) at the oxide-semiconductor interface was calculated
However, while obviously in need of their identification, using the applied bias value, oxide thickness, and the
little is known about these defects assisting electron injecsemiconductor-metal work-function difference measured
tion in SiO,: This concerns the present study. We foundby IPE [9]. The relative electron yieldy] of PST and
that the photon stimulated tunneling (PST) of electrons alPE was calculated from the photocurrent normalized to
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the incident photon flux. The latter is justified as thewhereA is a constant proportional to the density of initial
photocurrent was verified to increase linearly with the lightelectron statesy,, = 0.5m is the electron effective mass
intensity (constant). This additionally assures one that in the oxide,m the electron rest mass, afig the energy
the electron energy distribution is not significantly affectedof the initial state of the electron measured relative to
by optical excitation or sample heating. the SiO, conduction band. The curves shown represent

PST is expected to be described by the Fowlerthe fitting results indicating the PST data to be well
Nordheim (FN) tunneling model. In the case of electronaccounted for by the FN model. The inferred values for
tunneling from ametalthis model predicts a field depen- the parameter@\ and Ez are shown in Fig. 1(b) as a
dence of the tunneling current arising only from the fieldfunction of field. The preexponem is seen to increase
dependence of the barrier penetration probability [10]nearly linearly with the field starting at2 MV /cm, while
But, in the case of electron tunneling from a nondegenerthe binding energy appears independentofvithin the
ate semiconductorboth the energy of quantum subbandsaccuracy of~0.05 eV; the latter result was found in all
and their population become additionally field dependenthe studied samples. Tunneling current should generally
[11,12]. Therefore, in order to keep the energy spectrunshow only a weak temperature dependence [10,16]. This
and the density of electrons at the semiconductor surfaceas verified by reducing the observational temperature to
unchanged, we analyzed the PST vyield as a function of7 K: the PST current is seen to decrease only about 2—
photon energy at fixe&. Typical spectral curves for the 3 times without change, however, in field and spectral
(111)Si/SiO, interface observed at 300 K for different dependences dfpst (not shown), which is consistent with
F are shown in Fig. 1(a). These were fitted by thethe temperature behavior of the dark tunneling current in
expression [13-15] Si MOS structures [16]. From the above characteristics, it

2 7 12 is clear that the photocurrent involves a tunneling process:
Y/F? = Aexf — 6.83 X 107 (mox/mo)"/ PST is determined by the tunneling of optically excited
X (Eg — hv)?F71], (1) electrons.

We next address the nature of the involved electron
states in the PST. Averade; values are shown in Fig. 2
(open symbols) as a function of for the Sj/SiO, and
2.7 SiC/SiO, interfaces. The conduction band offset at these
3.1 interfaces measured by IPE are indicated by arrows. For
the Si substrate, it is seen that heavy doping & 2 X
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measured relative to the conduction band of Sié the
FIG. 1. (a) Relative yield of PST at the (111)SiO; inter- interfaces with (100)S{O), (111) Si([J), (0001) 6H-SIC(A),
face as a function photon energy at different strengths of thend (0001) 4H-SiC(V) for different nominal concentration
electric field in the oxide, denoted in M\ém. The lines repre- of electrons in the substrate. The solid arrows indicate the
sent fitting results. (b) Binding enerdy; of the initial state of conduction band offsets at the corresponding interfaces as
PST and the preexponential factaras a function of the elec- determined from IPE spectroscopy. The relative yield of PST
tric field as obtained from the data fitting. Curves are guidedfilled circles) and IPE (filled squares) at the interfaces of SiO
to the eye. with (100)Si are also shown. Lines are guides to the eye.
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differences in the conduction band offset. For higher 102 | | | . |

n(>2 X 10" cm3), however,E; is seen to increase by (a) e
~180 meV; but, as a similar shift is observed in the Aaﬁeég
low-doped SiSiO, structures with ultrathin (5 nm) oxide ALATB

(not shown), the image-force reduction of the electron 10" - b 50
energy by a proximate conductive surface is concluded as N
the reason for this variation ifiz.

The quantum vyields of transbarrier (PST) and overbar-
rier (IPE) electron photoinjection into SiOneasured for 100 -
fixed F = 3 MV /cm are shown in Fig. 2 (filled symbols) , ‘ , . ,
as a function oh. TheYpg increases proportionally with 0 1 2 3 4 5
n, which implicates the Si conduction band as the source of
electrons, while th&pst increases only by a factor of 2—3
for n increasing by 2 orders of magnitude. The absence
of correlation between andYpgt as well as betweeRs
and the conduction band offset both indicate that the initial
states of electrons involved in the PST are not related to
the semiconductor conduction band, in contrast with previ-
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that the PST current originates from oxide defects located 10+ L . L L L
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so close to the substrate that they may be permanently re-
filled so as to provide a stable-in-time PST current. FIELD (MV/cm)

With Eg = 2.77 eV invariant, the field dependence/f FIG. 3. Preexponential factoA as a function of the elec-
may be calculated from the PST current-voltag®)Xdata tric field strength in the oxide: (a) determined [see Eq. (1)]
using Eq. (1). Figure 3(a) shows the results obtained ofrom the PSTI-V curves measured aiv = 2.41 (circles),

(100)Sj/'SiO, and (0001)4H-Si¢SiO, interfaces for three  2.54 (squares), and 2.71 eV (triangles) on thermal (1088,

photon energies. The marginal effecttof on the A(F) (open symbols) and (0001)4H-Si8iO, (filled symbols) struc-

- Lo . tures; (b) determined from the PSFV curves measured at
curves indicates an insignificant modulation of PST by the, , "_' > 71 ev on (100)SjSiO, interfaces formed by the ther-

optical matrix elements or by the energy distribution ofmal Si oxidation(O), plasma assisted low-temperature deposi-
excited states. The shift in th&F) dependence towards tion (), oxygen ion implantation in Si withoufA), and with
lower field values [cf. Fig. 3(a)] without change iz (V) supplemental implantation of oxygen.
results from the decrease in the band offset at the 4H-
SiC/SiO, interface by 0.45 eV relative to the /&iO,
interface. Itis explained by the defect filling by electrons,[8]. When comparing this with the decrease in PST current
which would require a shift of thE level below the Fermi  after supplemental implantation of oxygen [cf. Fig. 3(b)],
level at the semiconductor surface: at the 4H/B(©, a correlation between the dark and PST currents appears.
interface, with a smaller band offset, this condition isMoreover, the onset field for bulk conduction in buried
simply met at lower field than at the 8iO, interface. oxides is observed [5] to be2 MV /cm, which is close to
The A-vs+ behavior of different oxides on (100)Si is the onset value for the variation éfwith F derived from
compared in Fig. 3(b). Both the deposited oxide andhe PST data (Fig. 3). This would mean that filling of the
buried oxide show larger values and a lower field onsesame defects by electrons at elevated field augments both
of A variation than thermal Si§) suggesting a higher the dark and PST currents.
defect density in the former oxides. The supplemental Overbarrier excitation of electrons from defect levels
implantation of oxygen in the buried oxide reduces the PS&t the SfSiO, interfaces was also observed in low-doped
current, which is reflected by the decreas@inHence, as (111) and (100)SiSiO, structures formed either by high-
buried oxide is known to be oxygen deficient (Si enriched)temperature (112GC) oxidation or by oxygen implan-
the defects involved in the PST are probably related to théation. These oxides contain a large concentration of
oxygen deficiency of the oxide. oxygen vacancies in Si{) as revealed by the hole trap-
The darkl-V curves of the MOS structures (not shown) ping experiments. The spectral curves (not shown) exhibit
bear out an enhanced conductivity of the low-temperatura field independent spectral thresh@d® =+ 0.1 eV) coin-
oxides and buried oxides relative to the thermal onesciding with E within the measurement accuracy. Similar
This also complies with the literature where it is routinely to the PST results, no measurable signal was observed in
ascribed [5] to Si enrichment of SiO The latter inference the thermal oxides foF < 2 MV /cm, but the signals in-
is supported by the observation of a decrease in the burieztease in the range < F < 4.6 MV /cm. Additional in-
oxide conductivity by additional incorporation of oxygen corporation of oxygen in the SiQhrough ion implantation
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reduces the photoionization yield, which, again, mirrors theenergy levels in the upper part of the Si®and gap.
behavior of the PST yield. Thus, the defects observed iBoth PST and photoionization experiments refer to the
the photoionization experiments are likely the same cendniversality of these defects over various gil@yers on
ters as revealed by the PST. Si and SiC; the energy level of the negatively charged

The absence of any significant charge in the oxidesstate is found to be 2.8 eV below the Si©@onduction
as revealed by capacitance-voltage measurements, indiand. The trap mediated electron injection into SiO
cates that the centers observed in the present work amorrelates with the density of these defects, which, in
initially neutral and trap an extra electron upon applyingturn, appears correlated with the oxygen deficiency of
a high electric field. Filling of the traps with electrons SiO,. These correlations point to the unveiled defects as a
occurs likely by tunneling from the semiconductor con-probable origin of dielectric failure of Si© “Universal”
duction band, because no significant temperature effect gresence of these defects is likely dictated by the,SiO
observed. However, for such tunneling to occur, a shifsemiconductor interface formation in addition to the
of the trap levelEg to below the semiconductor surface particular way the Si@ network adapts to the substrate
Fermi level is required, which is possible only if the de-lattice. Tracing this intricate relationship, together with
fects are located in the oxide at some distance from théhe defect identification, must await the help of other
interface. An estimate of this distance can be obtainetechniques with structural and chemical atomic sensitivity.
from the field threshold oA(F) curves, and the difference
betweenE and the Fermi level at the semiconductor sur-
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