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Electrical conduction of buried SiO 2 layers analyzed by photon stimulated
electron tunneling
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The conductivity of buried SiO2 layers produced by implantation of oxygen ions into silicon was
compared with the photon stimulated electron tunneling from Si into SiO2. The latter process is
found to originate from defects located in interfacial SiO2 layers with an electron energy level 2.8
eV below the oxide conduction band. The dark and photon induced currents show a correlated
dependence on the electric field strength in the oxide, and both increase with the Si enrichment of
the oxide, thus advancing the isolated defects as the common origin of both currents. The same
defects were also observed in thermally grown and deposited oxides, so they appear as intrinsic
imperfections related to the excess silicon in SiO2. © 1997 American Institute of Physics.
@S0003-6951~97!00110-1#

Silicon-on-insulator structures fabricated using the
separation-by-implantation-of-oxygen~SIMOX! technique
are of particular interest for advanced electronic devices be-
cause of excellent thickness uniformity of the top Si layer.1

However, they suffer from substantially enhanced electrical
conduction of the buried oxide~BOX! layer as compared to
the superb thermally grown SiO2 on Si.

2,3 The BOX conduc-
tion has two components: First, there is the low field conduc-
tion related to the localized shorts between the top Si and Si
substrate. These imperfections are usually ascribed to par-
ticulate contamination of the Si wafer during oxygen implan-
tation resulting in formation of ‘‘Si pipes’’ in the BOX.2

Over the last few years this localized conductance has been
significantly reduced both by eliminating the particulate
contaminants,4 and by finding ways to oxidize the Si
pipes.5–7 Second, there is the high field conductance of BOX
which manifests itself as a reduced barrier for electron tun-
neling at the Si/BOX interface.3 This conduction is also as-
cribed to the presence of excess Si in the BOX, but cannot be
completely eliminated either by supplemental implantation
of oxygen into the BOX3,5 or by reoxidation of the BOX
with6 or without top Si.3 The origin of the barrier lowering
remains unclear: The current-voltage~I -V! measurements
are unable to discriminate between local intensification of
electric field at the interface8,9 and trap mediated
tunneling,3,9 as both the electric field strength~F! and the
tunneling barrier height~F! enter the Fowler–Nordheim
~FN! exponent together:10,11 I5aF2 exp~2bf3/2F21!.
Therefore, we choose a different approach in the present
work, i.e., photon stimulated tunneling~PST! of electrons
into the BOX under laser excitation, which allowed us to
extractF independently. The experiments reveal the pres-
ence of defects with energy level at 2.8 eV below the SiO2
conduction band, of which the density is sensitive to the Si
enrichment of the oxide. The unveiled correlation between
the dark I -V curves and PST quantum yield points to the
isolated defects as the source of the degraded BOX resistiv-
ity.

The samples studied were both commercial and experi-
mentally processed SIMOX structures on~100!Si. Standard

SIMOX was fabricated by implanting O1 doses of
~1.7–1.8!31018 cm22 in single ~SI! or triple ~TI! steps at
170–200 keV. The low-dose SIMOX material was produced
by implanting 431017 cm22 O1/cm2 at 120 or 180 keV.
Post-implantation anneal was done at 1325–1350 °C in Ar
10.5% O2 for 5–6 h. Some structures were subjected to
additional treatments: supplemental implantation of 531017

O1/cm2 followed by a 1000 °C post-implantation anneal or
internal thermal oxidation~ITOX! ~1350 °C, Ar130% O2; 5
h!. Finally, the top Si layers were replaced by semi-
transparent gold electrodes~13.5 nm thick! of 0.5 mm2 area
to form metal-oxide-semiconductor~MOS! structures. For
the sake of comparison, the thermally grown oxides on
~100!Si ~1000 °C; O2; 1.5 h! and deposited oxides on~100!Si
~plasma assisted decomposition of silane at 500 °C! were
studied as well. The oxide thickness was measured by single
wavelength or spectroscopic ellipsometry.

The conductance of the BOX was studied by measuring
the I -V curves under positive metal bias either in darkness or
under irradiation by an Ar ion laser~Spectra Physics 168B!.
The latter provides nine spectral lines with the photon energy
~hn! ranging from 2.41 to 2.73 eV, and an output power~P!
of 25–200 mW. The photocurrent was measured as the dif-
ference between the dark current and the current under illu-
mination. The relative quantum yield~Y! of the optically
stimulated injection was determined in terms of photocurrent
normalized to the incident light power. The strength of elec-
tric field was obtained from the applied bias potential, the
metal-semiconductor work function difference as measured
by electron photoinjection in the oxide, and the oxide thick-
ness. All the measurements were performed at 300 K. The
oxide charge was monitored using 1 MHz capacitance-
voltage curves, indicating the density of trapped electrons to
be below 231011 cm22 in all the samples.

Typical FN plots of the dark current and photocurrents
measured at three photon energies are shown in Fig. 1 for the
MOS structures with the SI~a! and TI~b! SIMOX BOX. The
samples show significant differences in the dark conduc-
tance: the low field quasi-ohmic conductance of the SI
sample substantially exceeds that of the TI specimen, in
agreement with the literature.3 From the slope of the high
field part of the dark FN curve the effective barrier heighta!Electronic mail: valery.afanasiev@fys.kuleuven.ac.be

1260 Appl. Phys. Lett. 70 (10), 10 March 1997 0003-6951/97/70(10)/1260/3/$10.00 © 1997 American Institute of Physics
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.114.34.22 On: Wed, 03 Dec 2014 07:54:57



can be estimated as 1.4 and 1.7 eV for the SI and TI samples,
respectively. The photocurrent shows the FN behavior,
which suggests tunneling as the limiting process. In addition,
the current density and the slope of the FN curve are sensi-
tive to the photon energy indicating an optical transition to
be involved in the rate limiting step as well. We found no
dependence of the yield on the incident power forP,0.5 W,
which besides indicating a first order process, also demon-
strates the insignificance of possible sample heating. Thus,
the photon stimulated tunnel transitions control the photocur-
rent. At the same time, the photocurrent in the SI sample is
substantially higher than in the TI one, which means there is
a higher density of electrons available for the tunnel transi-
tions in the former case. This cannot be related to a differ-
ence in the substrate doping as both samples were made on
the low-dopedp-Si ~na2nd;1015 cm23!. Noteworthy is the
increase of the photocurrent in the SI sample in registry with
the increase of the dark current at high fields, as shown in
Fig. 1~a!. In the TI sample the PST curve measured athn
52.71 eV shows similar behavior@cf. Fig. 1~b!#. Apparently,
then, the density of electrons contributing to the PST transi-
tions is sensitive to the particular BOX fabrication process
and increases at high fields.

The simultaneous variation of the tunneling probability
and the electron density obscures theI -V curve analysis
within the framework of the simple FN model. Thus, in order
to keep the electron density constant, we analyzedY(hn!
dependences at a fixed oxide field. The results are shown in
Fig. 2. Following the FN model,10,11 the dependences of the
PST yield on photon energy were fitted asY/F2

5A exp@26.833107 ~mox/m0!
1/2F3/2F21#, whereA is a con-

stant,mox50.5m0 is the electron effective mass in the oxide,

m0 the electron rest mass, andF5EB2hn ~EB is the energy
of the initial state of the electron measured relative to the
SiO2 conduction band!. A andEB are the adjustable param-
eters. The fitting results, shown as curves in Fig. 2, agree
well with the experimental data.EB is found field-
independent in the rangeF51–4 MV/cm as shown in the
inset. A remarkable observation is thatEB52.7760.05 eV is
the same for all studied MOS structures irrespective of the
oxide type. Consequently, the FN exponent is identical for
all the samples and there are no significant local variations of
electric field strength.

In general, the pre-exponential factorA is proportional
to the density of electrons available for tunneling.10,11Taking
into account theEB invariance, the field dependence ofA
may be calculated as A(F)5(Y/F2!exp@6.833107

~mox/m0!
1/2~EB2hn!3/2F21# from the PST current-voltage~I -

V! curves. The results obtained from thehn52.71 eV curves
for different samples are shown in Fig. 3. Relative to the
commercial SI SIMOX,A is enhanced for the SI SIMOX
BOX implanted in the channeling direction, but decreases in
the case of off-channeling implantation, as shown in Fig.
3~a!. Supplemental implantation of oxygen in the SI BOX
results in substantialA decrease, suggesting elimination of
the corresponding electron states by oxidation. In the TI and
ITOX processed low-dose SIMOX BOX, theA(F) curve
approaches that of thermally grown SiO2 @Fig. 3~b!#. The
deposited sample behavior, by contrast, is closer to SI SI-
MOX BOX. Such strong sensitivity of the PST pre-
exponential factor to the oxide processing, as born out here
by Fig. 3, points to oxide defects as the initial states of elec-
trons rather than to the accumulation/inversion layer of Si, as
previously believed.11 For comparison, the quantum yield of
overbarrier photoemission into the oxide from Si remains
constant in the same samples within an accuracy of 20%.

The samples studied here have been analyzed previously
by electron trapping and photodepopulation meas-
urements.12–14 The spectrally resolved photodepopulation
gave a binding energy of 2.8 eV for electrons trapped in the
BOX @see Fig. 2~b! in Ref. 14#, i.e., equal toEB determined
from the present PST spectra. The density of these electron

FIG. 1. Fowler–Nordheim plots of the dark~s! and the PST currents mea-
sured at photon energy 2.41~h!, 2.54 ~n!, and 2.71 eV~,! in the MOS
structures with SIMOX BOX produced by~a! single and~b! triple implan-
tation. The PST currents are normalized to the incident light power of 1 W.
The lines show the PST behavior expected from the FN model.

FIG. 2. Spectral dependences of the PST quantum yield in the SI SIMOX
BOX taken at different strength of the electric field~in MV/cm!: 1.1 ~1!,
1.67~2!, 2.22~3!, 2.75~4!, 3.33~5!, and 3.88~6!. The lines represent the FN
model fitting results. The binding energy of the initial electron state of the
PST transitionEB obtained from the fitting is shown in the insert as a
function of electric field.
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traps increases in the case of in-channel implantation,12 but
decreases in the TI samples and after supplemental implan-
tation of oxygen.13 As the overbarrier photodepopulation is
likely to sense the same type of defects as the subbarrier
PST, the reliability of the energy level determination is as-
sured. TheA(F) curves shown in Fig. 3 indicate that the
filling of these electron states starts fromF>2 MV/cm on-
ward. This allows a simple calculation of the defect location.
Taking into account the conduction band offset of 3.15 eV at
the ~100!Si/SiO2 interface

15 and using the fact that the posi-
tion of the Si Fermi level is close to the first quantum sub-
band at the~100!Si surface~0.1 eV above the Si conduction
band edge16!, it is easily deduced thatEB will cross the
Fermi level at 2 MV/cm for the traps located at;1.5 nm
away from the Si surface. This location explains rapid refill-
ing of the defects by electrons from Si, which is necessary to
maintain the observed stable-in-time PST current.

A major observation regards the correlation between the
dark conductivity and PST current of SiO2 layers. The cor-
relation is borne out in two ways. First, all the technological
variations leading to the improvement of the BOX insulating
properties~excess Si reduction by off-channel and multiple
implantation, supplemental oxygen implantation, ITOX, re-
oxidation! were also found to reduce the density of the de-
fects contributing to the PST. This would mean that the dark
conductance and the PST are related to the defects of similar
chemical origin~excess Si!. Second, the dark conductance
I -V curves of the SIMOX BOX repeatedly show a current
increase fromF>2 MV/cm onward3–6—the very same be-

havior as exhibited by theA(F) curves deduced from PST
shown in Fig. 3. Thus, thefilling of the same states with
electrons gives rise both to the dark and the PST currents.
The latter correlations indicate that thesamedefects control
both conductance of BOX and the PST.

The observation of an electron state with identical bind-
ing energy in all oxides studied~SIMOX BOX, thermal, de-
posited! strongly suggests it to be related to an intrinsic de-
fect in SiO2. The decreasing defect density with reducing
oxide Si enrichment would typify them as an excess Si cen-
ter in SiO2. The electron spin resonance experiments did not
reveal dangling bond defects in the as-prepared oxides. But
upon hole injection into the oxide,Eg8 centers are produced
~O3[Si• centers in SiO2! with a particularly high density in
SIMOX BOX,17 which correlates at least qualitatively with
the high density of the centers involved in PST in these
oxides. However, it is unclear whether or not defects with
identical atomic configuration may be responsible for both
hole and electron trapping in SiO2. In this context, a rela-
tionship of electron trapping with oxygen vacancy type de-
fects has indeed been suggested for the thermally grown
oxides18 and Si1 implanted oxides,19 but no spectroscopic
evidence for amphoteric behavior for such defects in SiO2 is
available so far.

In conclusion, we found the dark conductance of the
buried oxide of SIMOX structures correlated with the yield
of photon stimulated tunneling of electrons excited from de-
fect states with the energy level 2.8 eV below the SiO2 con-
duction band. The defects are initially neutral and diamag-
netic; they are filled by electrons from silicon under action of
an electric field. Their density correlates with the Si enrich-
ment of the oxide. They probably serve as intermediate states
for the trap assisted electron tunneling into SiO2.
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FIG. 3. Pre-exponential factorA for different samples vs electric field cal-
culated from the PSTI -V curves taken athn52.71 eV: ~a! SI SIMOX
samples: commercial~s!, implanted in off-channeling~h! and in channel-
ing ~n! directions, and subjected to the supplemental implantation of oxy-
gen into the BOX~,!; ~b! TI SIMOX BOX ~s!, low dose SIMOX BOX
subjected to ITOX~h!, thermally grown~n!, and deposited~,! oxides.
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