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Study of the SiO2-Si Interface Using Variable Energy Positron Two-Dimensional
Angular Correlation of Annihilation Radiation
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The defect structure of the SiO2-Si interface has been studied using variable energy positron two-
dimensional angular correlation of annihilation radiation (2D-ACAR). As the first depth-resolved 2D
ACAR measurement, unique information about this interface was obtained: The formation and trappi
of positronium atoms are observed at the microvoids (,10 Å in size) in the oxide and interface regions.
Positron trapping and annihilation at thePb centers in the interface region are inferred. The existence
of the microvoids in the interface region is beyond the current interface model, and the results may ha
a profound impact on the understanding of the interface growth.

PACS numbers: 73.40.Qv, 68.35.Dv, 78.70.Bj
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The SiO2-Si interface has been a subject of extens
study for decades due to its importance in determining
quality and performance of Si based devices. The qua
of the interface determines the charge carrier transp
properties and thus directly affects the performance
devices. Intrinsic or extrinsic defects at the interfa
region play a significant role in the interface propertie
The identification and characterization of defects in t
interface region are very important for fundamental a
technological reasons. Although various methods h
been employed to study charge carrier trapping in
interface region [1–3], the electronic structure of t
trapping centers has remained unclear due to the inhe
resolution and sensitivity limit of the traditional method
This also limits our knowledge of the full understandin
of the interface.

Positron annihilation has proven to be a powerful to
in the study of the electronic structure of materials [4
Positron two-dimensional angular correlation of annihi
tion radiation (2D-ACAR) provides detailed informatio
regarding the momentum distribution of the annihilatin
e1-e2 pair by measuring the angle between the twog

rays (each with an energy of,511 keV) emitted from the
annihilation: Nsu, fd ­

R
r2gsPd dpz , wherer2gsPd is

the momentum density of thee1-e2 pair. Some unique
information about the electronic structure of the defe
in semiconductors [5,6] has been obtained by the conv
tional 2D-ACAR measurements in which radioactiveb1

sources were employed, producing an averaged bulk re
due to the large energy and spatial spread of the incid
positrons.

In this Letter, we report on our recent depth-resolv
positron 2D-ACAR study of the SiO2-Si system by
employing a high-intensity monoenergetic positron be
developed at Brookhaven National Laboratory. T
positrons emitted from a64Cu radioactive source are firs
0031-9007y96y76(12)y2157(4)$10.00
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slowed down in a solid krypton moderator [7], and th
reemitted positrons are then transported magnetically
the sample chamber where they are accelerated to
required energy (0.2–20 keV) before being implant
into the sample. The beam diameter at the sample w
measured to be,5 mm, and the initial beam intensity
was approximately,6 3 107 e1ys. In this experiment,
2D-ACAR spectra were taken at different positron bea
energies to probe different depths of the sample. The t
g rays from the annihilation are detected by two positi
sensitiveg-ray detectors (Anger Cameras) located,8 m
away on either side of the sample chamber. At th
distance, the overall angular resolution of the system
1.4 3 1.4 mrad2. The measurements were done at roo
temperature with,1 3 107 coincident counts accumu
lated in each spectrum. The samples investigated w
Czochralski (Cz) grown Si(100) single crystals (n type
andp type) with a layer of,1170 Å SiO2 on the surface
thermally grown (at a temperature of,1000 ±C) in dry
oxygen. The sample was oriented such that the posit
beam entered the sample along thek100l direction.
The momentum distribution of thee1-e2 pair is thus
integrated alongpz ! k011l such thatpxsud and pysfd
are oriented along thek100l and k011l crystallographic
directions, respectively.

The positron implantation profile is described b
a Makhovian function [8] with a mean implantatio
depth of z0 ­ 400sEnyrd Å, where E is the energy
of the positron in keV,r is the density of the ma-
terial in gycm3, and n ø 1.6. The positron loses its
energy and thermalizes quickly [7]s#10 psd after en-
tering a material. The thermalized positron exists
the material in two states: a delocalized Bloch sta
at the bottom of the conduction band (diffusion in
perfect crystal) or a localized state (trapped at defec
especially neutral or negatively charged open-volum
© 1996 The American Physical Society 2157
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defects). Because of the broadening of the implanta
depth profile and positron diffusion, the 2D-ACA
spectra corresponding to each beam energy consis
the following components from positrons annihilatin
in different regions of the SiO2-Si system: Nsu, fd ­
fsNssu, fd 1 foNosu, fd 1 fiNisu, fd 1 fbNbsu, fd,
where Ns, No , Ni , and Nb are the spectra originatin
from the surface, oxide (SiO2), interface, and bulk
regions, respectively. Thefs, fo , fi , fo are the frac-
tions of positrons annihilating at each region wi
fs 1 fo 1 fi 1 fb ­ 1. The fractions are calculate
from the positronS-parameter measurement [9], using t
fitting procedureVEPFIT [10] (with the assumption that th
interface is a totally absorbing boundary). This was do
on a separate laboratory beam with a sample cut from
same wafer as those used in this experiment. For b
energies above,2 keV, the fraction attributed to surfac
annihilation,fs, is less than 4% and can be ignored.

Figure 1 shows the 2D-ACAR spectra taken at differe
positron beam energies (i.e., implantation depths) for
n-type sample. For a beam energy of 2.0 keV [Fig. 1(
with a mean depthz0 ø 500 Å, about 90% of positrons
annihilate in the oxide, 6% in the interface region, a
4% at the surface. For a beam energy of 14.5 k
[Fig. 1(b)] with z0 ø 12 000 Å, about 97% of positrons
2158
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sample bulk Si(100) and 3% sample the interface. Th
the measurements at 2.0 and 14.5 keV provide a reali
estimate for the oxide and bulk Si spectra. The spectr
with beam energy of 4.0 keV [Fig. 1(c),z0 ø 1500 Å]
is a mixture of annihilation at different regions: 29(5)%
in the oxide, 28(5)% in bulk Si, and 43(5)% in th
interface region. The interface spectrum [Fig. 1(d)] w
obtained by subtracting the fractions of the bulk an
oxide spectra from the spectrum at 4.0 keV. To obser
the fine structure in the spectrum, the broad compon
(defined as a Gaussian smoothed rotated average of
spectrum [6]) which arises from positron annihilation wit
core electrons and the valence electrons which hav
symmetric wave function is subtracted from the origin
spectrum. Figure 2(b) shows the fine structure of t
oxide spectrum in which a clear central peak appea
indicative of Ps formation in the oxide region. Th
FWHM of the peak can be estimated by performing a thr
Gaussian fit to the original spectrum, corresponding
the central peak (para-Ps signal), shoulder (annihilation
vacancylike defects), and the broad component descri
above. Compared with the central peak from the pa
Ps in single-crystal quartz having a FWHM of,1.4 mrad
(from which the angular resolution of the system wa
determined), the Ps peak in the oxide spectrum is broad
ich
sitrons
actions
FIG. 1 (color). Positron 2D-ACAR spectra for then-type SiO2-Si sample. (a) Spectrum with a beam energy of 2.0 keV at wh
over 90% of positrons sample the oxide region. (b) Spectrum with a beam energy of 14.5 keV at which over 97% of po
sample bulk Si(100). (c) Spectrum with beam energy of 4.0 keV. (d) The interface spectrum after the subtraction of the fr
of the oxide (29%) and bulk Si (28%) spectra from (c).Px is alongk100l andPy is alongk011l direction in units of milliradian.
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fter the
FIG. 2 (color). (a) The anisotropy of bulk Si(100) obtained from Fig. 1(b). (b) The fine structure for the oxide spectrum a
subtraction of a broad component from Fig. 1(a). (c) The fine structure for the interface spectrum obtained from Fig. 1(d).Px and
Py represent the same directions as in Fig. 1.
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indicating that the Ps atoms formed in the oxide a
trapped in microvoids. The real FWHM of the Ps pea
sreal, can be obtained by a quadratic difference betw
the measured FWHM,smeas, and the resolution,sres,
i.e., s

2
real ­ s2

meas 2 s2
res. The size of the microvoids

can then be estimated by assuming an infinite-spheri
well potential [11], which gives a formula relating th
radius of the well to the real FWHM of the Ps pea
R ­ s16.6ysreald Å, wheresreal is expressed in mrad.

For the oxide spectrum,sFWHM ­ 3.2s2d mrad, which
gives a diameter of 10.4(6) Å for the microvoids,
good agreement with the result of 10 Å determined fro
transmission electron microscopy [12] measurements.
calculating the relative intensity under the Ps peak
is estimated that 20(3)% of the positrons entering
oxide get trapped in the microvoids, forming Ps (on
the para-Ps signal is measured in this experiment, but
theoretical ratio of 1y3 for para-Ps to ortho-Ps is used
the estimation) and from which the positron trapping ratc
at the microvoids can be estimated to beø108ys (based on
the average lifetime of,300 ps in insulators [4]). With
the assumption that the positron trapping coefficientk

is on the order of,1014ys [4], the concentration of the
microvoids can be estimated using the relation

c ­ knyn0 , (1)
e
,
n

al-

,

y
it
e
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where n is the concentration of the voids andn0 is the
atomic density of SiO2, which is on the order of1022ycm3.
Thusn is calculated to be on the order of,1016ycm3.

The spectrum taken with a beam energy of 14.5 ke
corresponding essentially to positrons annihilating
bulk Si, is characteristic of crystals with diamond (o
zinc-blende) structure. In particular, the anisotrop
[see Fig. 2(a)] coming from positrons annihilating wit
valence electrons in single-crystal Si(100) maps out
k011l projection of the Jones zone geometry.

Subtraction of the broad component from the interfa
spectrum reveals a sharp central peak along with
well-defined fine structure [Fig. 2(c)]. The real FWHM
sreal ø 2.8s2d mrad, of the Ps peak corresponds
the Ps atoms trapping in microvoids of 11.9(9) Å
diameter. Because there is no other visible sharp p
in the oxide spectrum [Fig. 2(b)] except the centr
Ps peak, which is broadened compared to that in
quartz single crystal, it can be concluded that (unli
in the case of quartz in which the Ps atoms can mo
freely) all the Ps formed in the oxide become localize
Thus the Ps signal in the interface spectrum can
be accounted for by Ps formation in the bulk oxid
and subsequent diffusion to the interface region. Fro
the intensity of the Ps peak, it is estimated that abo
6(1)% of positrons reaching the interface are trapped
2159
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the microvoids and form Ps. Withc ø 108ys (based
on the positron lifetime of 313 ps [13]) and using th
similar assumption ofk as in the oxide region, the
concentration of the microvoids,n, can be estimated from
Eq. (1), being,1016ycm3 or ,109ycm2 (based on an
interface thickness of 10 Å). In the interface spectru
[Fig. 2(c)], there are some other structures having twof
symmetry in the central region around the tail of t
Ps peak which are associated with the broad shou
in the interface spectrum in Fig. 1(d). The evolutio
from fourfold symmetry as seen in the oxide to twofo
symmetry observed at the interface may be due to posi
annihilation with the Si dangling bonds (Pb centers [1])
which point into the oxide layer with a concentration
,1010ycm2 (c ø 109ys). While positron trapping at the
Pb centers in the interface region has been inferred
Doppler broadening (S-parameter) measurements [14], t
authors of Ref. [14] instead attributed the above feat
to the positron annihilation with the valence electro
of a nearby oxygen atom. Further, the structures fou
for the n-type SiO2-Si sample were also observed
the correspondingp-type SiO2-Si sample, except for a
small statistically significant difference which will requir
further investigation.

The data and interpretations given above were furt
corroborated by the measurements on ann-type metal-
oxide silicon (MOS), which was fabricated from th
same wafer as then-type SiO2-Si sample, with an
aluminum gate of 600 Å on the surface of the oxide. T
interface signals are significantly enhanced by apply
appropriate gate bias due to the field-assisted diffusion
the positrons implanted to the bulk Si back to the interfa
(these results will be published elsewhere). In particu
positron trapping in microvoids in the interface regio
are increased due to the increased number of posit
available in the interface region.

In conclusion, positron 2D-ACAR coupled with a high
intensity monoenergetic slow positron beam has b
used to study the electronic structure of the physically a
technologically important SiO2-Si interface which is not
easily accessible by other techniques. Positron trapp
in vacancylike defects and Ps formation in microvoi
in the interface region were observed for the first tim
(although it is not clear if the microvoids are intrins
or extrinsic in nature, and if they are electrically active
The average dimension of the microvoids, 11.9(9) Å, h
been estimated (which is consistent with the curren
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accepted thickness of the interface) with a concentrat
of ,109ycm2. The vacancylike defects can be related
thePb centers from the observed twofold symmetry in th
2D-ACAR spectrum and the fine structure.
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