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A paramagnetic recombination center having an orthorhombic symmetry with g[110] =2.0095(2),
g[001]=2.0038(2), and g[TlO] =2.0029(2) is found at the interface between silicon and native
oxide. The center is referred to P, center and observed by a spin dependent recombination based
electron paramagnetic resonance detection that has the sensitivity of ~10'" spins/cm?. The
employment of an isotopically enriched 2*Si sample with the concentration of *°Si nuclear spins
reduced to 0.017% leads to narrowing of the resonance line. This narrowing is the key for the
accurate determination of the angular dependence of the g-factor. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.3702785]

A variety of defects situating at the interfaces between
silicon and oxide films have been studied extensively in the
past 40 years since they affect strongly the device perform-
ance of the metal-oxide-silicon field effect transistor (MOS-
FET).1 In 1971, dangling bond defects (Py,-centers) were
found at the interface,2 and they were classified into several
different types: Py, for (111) and (110) interfaces and Py, and
Py; for (100) interfaces.>™ These discoveries have stimu-
lated experimental studies to identify structures, energy lev-
els, and densities of the interface defects,ﬁ’14 and theoretical
calculations on the microscopic structures of the interface
and defects.'”™'® In addition, E’-center produced by irradia-
tion and other defects involving nitrogen, phosphorous, and
boron have been identified at the interface.” Many of these
interface defects were observed by electron paramagnetic
resonance (EPR) spectroscopy. Moreover, such defects very
often act as recombination centers for electrons and holes
making them observable by a special EPR technique utiliz-
ing highly sensitive spin-dependent-recombination (SDR)
based detection.'”** Here, the change in the microwave
photoconductivity of the sample induced by the change in
the recombination rate of the carriers under magnetic reso-
nance is detected. Since SDR-EPR method has higher sensi-
tivity (10" cm™? spin density) than the conventional EPR, it
has been used for detection of defects that cannot be
observed by the conventional EPR.' The main focus of the
EPR characterization is the measurement of the angular de-
pendence of the line position, i.e., g-factor, to reveal the
microstructure of the defect. Moreover, the EPR linewidth is
determined by the local environment around the defect. The
previously reported EPR spectra of Si/SiO, interface defects
have close values of g-factors (g~ 2) and broad overlapping
EPR lines. This prevents the accurate measurement of the
angular dependence of the g-factors. One of the major sour-
ces of the line broadening is the random magnetic field
induced by the random distribution of *°Si nuclear spins.
Natural silicon is composed of three isotopes, 2*Si (92.23%),
29Si (4.67%), and *°Si (3.10%), and only 298 has a non-zero
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nuclear spin / = 1/2. Hyperfine interaction between electrons
and *’Si nuclear spins causes significant inhomogeneous
broadening of the EPR linewidths.**® The present work
shows that the EPR linewidths of the interface defects are
decreased by isotopic enrichment of Si crystals by the nu-
clear spin-free 2*Si stable isotope. The narrowing of the EPR
lines allows us to resolve EPR spectra and to analyze the
angular dependences of the g-factor of the center.

A sample used for the experiments was a n-type phos-
phorus-doped ([P]~ 10" cm™>) float-zone (FZ) Z*Si-
enriched silicon with the concentration of *’Si reduced to
0.017%. As a reference sample, natural silicon with the con-
centration of *°Si (4.67%) having the same phosphorus con-
centration was prepared. Hereafter, we refer to these samples
as 2®Si and "™Si. A typical size of the sample for EPR was
10 x3.5x 1 mm® with 10 x 3.5 mm” surface being (110)
plane and 10 x 1 mm?” being (100). Oxide films were pro-
duced by two kinds of oxidation: native oxidation in air at
room temperature and dry thermal oxidation in oxygen
atmosphere (800°C, 1h). The thicknesses of oxide films
measured by the ellipsometer were 1.8 nm and 8.9 nm for the
native and thermal oxides, respectively. Prior to the oxida-
tion, the sample was etched in 1:3 mixture of hydrofluoric
and nitric acids for few seconds followed by treatment in 5%
aqueous solution of hydrofluoric acid for 1 min to produce
hydrogen terminated surfaces. Conventional EPR measure-
ments were performed by the X-band spectrometer (JEOL
JES-RE3X) with a cylindrical TEq,;-mode cavity and the
externally applied magnetic field modulated by 100kHz.
The same EPR spectrometer was used for the SDR-EPR
measurements in which the steady-state microwave photo-
conductivity of the sample by irradiation of the band-edge
light (100 W halogen lamp) was obtained at the start.”>>
Then saturation of an EPR transition between target mag-
netic sublevels was achieved by the microwave excitation
(20 mW) followed by the measurement of the reduction in
the photoconductivity of the sample when the swept mag-
netic field meets the EPR condition to enhance the electron-
hole recombination. No electrical contacts to the sample
were needed since the change of the photoconductivity was
monitored as the change of the microwave absorption in the

© 2012 American Institute of Physics
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FIG. 1. SDR-EPR spectra for "Si and 2*Si samples recorded at 16 K with
BJ|[111]. The samples were measured after native oxide formation at room
temperature in air for 17 days.

cavity. The Q-factor of the cavity dropped by 20% under
illumination because of absorption of the electrical compo-
nent of the microwave field by the photoexcited carriers and
further when the recombination was enhanced by the mag-
netic resonance. The temperature of the sample was varied
in the range of 10-35K using the helium gas flow cryostat
(Oxford Instruments ESR900). To suppress the strong broad
background due to the change in the sample magnetoresist-
ance, the second derivative of the EPR lines was recorded.
The magnetic field at the sample was calibrated by the well-
known phosphorus EPR lines (g-factor ~ 1.99850 and hyper-
fine constant A ~ 117.53 MHz)?’ arising from the sample in
the same measurement.

SDR-EPR spectra detected in *%Si and ™Si samples
with native oxide films are shown in Fig. 1. Here, electron
paramagnetic resonance lines of phosphorus, Py, isotropic
line labeled I, and previously not reported P,, are seen. The
isotropic line I has similar line position with NL15 which is
one of shallow thermal donor (STD) signals that shows cubic
symmetry.28 These lines are detectable at the temperature
ranges of 10-35, 10-24, and 14-35K for Py, I, and P,
respectively. The conventional EPR measurements on the
same samples show only the phosphorus signals with no
signs of Py, I, and P,,. Each line in Fig. 1 was fitted by
second-derivative line shapes of Lorentzian or Gaussian to
determine the linewidth. The Lorentzian fitted better with
peaks of Py, I, and P,,,, while Gaussian fitted better with lines
of phosphorus. The resulting linewidths yielded by the re-
spective fittings are shown in Table I. The narrowing of lines
by the depletion of 2°Si nuclear spins is observed for all
lines. The ratio of linewidths detected in the "'Si sample to
that in the *®Si sample is as large as four for phosphorus but
smaller than two for Py, I, and P,,. The linewidths of Py, I,

TABLE I. Linewidths of the SDR-EPR signals.

Linewidth [mT]

Samples Phosphorus Py I Pn
natgj 0.26(1) 0.352)  0.168(3)  0.29(3)
2gj 0.062(1) 0.19(1)  0.13(1) 0.20(2)
n1gi/288i linewidth ratios  4.2(2) 1.8(1) 1.3(1) 1.4(2)
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FIG. 2. Angular dependences of the g-factors of SDR-EPR spectra detected
in 28Si sample rotated around [110] crystal axis. The experimental points ()
are compared with calculation based on previously reported spin Hamilto-
nian parameters for phosphorus (dotted line)*” and P, (broken curves).'?
The dashed line and the solid curves are calculated g-factor components for
I(g=1.9996(2)) and P,,, respectively.

and P, may have been broadened by other contributions
such as inhomogeneous deformation arising from the silicon/
silicon-dioxide interface.

The angular dependences of the g-factors for the SDR-
EPR spectra in 28i sample are shown in Fig. 2. The narrow-
ing of the lines in **Si sample allows us to separate the P,,
lines from others. P, spectrum shows an orthorhombic sym-
metry with g[110]=2.0095(2), g[001]=2.0038(2), and
g[110] =2.0029(2). These values are close to the g-tensor
components of Si-B1 EPR spectrum originating from the neg-
atively charged A-center (oxygen + vacancy complex) having
g[110]=2.0096, g[001]=2.0029, and g[110]=2.0019.%
However, we argue that P, spectrum is not Si-B1 because the
SDR-EPR spectrum shows no Si-SL1 lines.**~? Si-SL1 spec-
trum originates from the photoexcited triplet paramagnetic
state of A-center, which we should have been observed in our
SDR-EPR measurements with the band-edge light if the de-
tectable amount of A-centers exist in the sample.** Moreover,
formation of the A-centers requires creation of excess vacan-
cies in Czochralski (Cz) grown silicon that has oxygen con-
centration ~10"®cm™. The excess vacancy generation
requires irradiation of electrons, y-rays, or ions. However, we
used irradiated Fz grown silicon samples having the oxygen
concentrations much less than 10'® cm™>. Other possibilities
are thermal donors NL8 and NL10 that have the orthorhombic
symmetry but their g-factors are completely different from
the g-factors of P, spectrum.”® Therefore, we conclude that
P, is a previously unreported paramagnetic recombination
center.

In order to estimate the location of P.,-centers, the de-
pendence of the signal intensities on native oxidation time at
room temperature in air after hydrogen termination was
measured. The results are shown in Fig. 3. It was found that
both P, and Py, signals disappear by removing the oxide film
and emerge again after leaving the sample in air at room
temperature for a few days. Because Py-centers are well
known to situate in silicon near the silicon/silicon-dioxide
interface, P,,-centers that show the same behavior as Py in
Fig. 3 must situate in the region similar to P,. The angular
dependence of the g-factor of P, revealed clearly that the
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FIG. 3. Time dependences of the SDR-EPR signal intensities detected in
the sample kept at room temperature in air after termination of the sample
surface by hydrogens. The measurement was performed at T=16K with
BJ|[111]. The signal intensities of P, (e) and P, (A) were normalized by the
maximum intensities at 8 days and 10 days for P, and Py, respectively.

axis of symmetry lies in (110) direction. If we further imag-
ine that all P,-centers lie exclusively at the interface of Si/
Si0O,, the orthorhombic symmetry can be produced by pair-
ing two neighbor silicon dangling bonds at the interface sim-
ilar to the A-center formation in the bulk.*° However, further
studies are needed to verify such speculations.

From the technological point of view, it is important to
investigate whether P, is detectable after thermal oxidation
since it is the standard method to form gate insulators in sili-
con CMOS transistors. Electron-hole recombination centers
like P, are certainly not welcome at the interface of the gate
oxide and channel region. The comparison of SDR-EPR
spectra for 2®Si sample with native and thermal oxide films
(800 °C annealing in O, for 1 h) are shown in Fig. 4. Clearly,
P, and I signals are absent, while Py, and Py, signals are seen
in the sample with the thermal oxide film. Py, is the defect
related to the (100) interface of Si/SiO, (Ref. 6). The fact
that P,;, was not observed here implied that the concentration
of P, by thermal oxidation was less than 10" em ™2, which
is the approximate detection limit of SDR-EPR. Similar
spectra with no sign of P,, were also obtained for thermal
oxides formed at different temperatures between 800 and
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FIG. 4. SDR-EPR spectra of 2*Si samples with native and thermal oxide
films. The measurements were performed at 16 K with B||[111].
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1000 °C. However, it should be stressed here that the absence
of P,, line does not mean P,, is irrelevant to the thermal
oxides since further optimization of our SDR-EPR measure-
ment may reveal the presence of them.

In summary, we have identified previously unreported
P,,-center in the vicinity of silicon/native-dioxide interfaces by
electron paramagnetic resonance spectroscopy utilizing spin-
dependent-recombination for highly sensitive detection. The P,,-
center has the orthorhombic symmetry with g[110] = 2.0095(2),
2[001] = 2.0038(2), and g[110] = 2.0029(2).
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