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Electric-dipole spin-resonance study on extended defects in Czochralski-grown silicon
developed by thermal treatment
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A series of electric-dipole spin-resonance (EDSR) lines, termed Si-SC1 lines, are found to develop in

Czochralski-grown Si crystals due to annealing at 650'C. Some of these lines are very close to Si-2E and

Si-3E reported in a previous work. The experimental data are self-consistently explained by use of a
model that shows that the EDSR signals are caused by additional electrons trapped by long quasi-one-

dimensional defects lying along the (110}directions. The localization length of the trapped electrons is

determined to be of the order of 100 nm and their mobility to be rather high along the defects, suggest-

ing that a quasi-one-dimensional energy band is associated with the straight part of the defect. Si-SC1

centers are attributed to the so-called rodlike defects that are developed in the Czochralski-grown Si

crystals due to the above heat treatment.

I. INTRODUCTION

Investigation of defects induced in Czochralski-grown
Si crystals (CZ-Si) due to heat treatment in the tempera-
ture range 600-800'C is of great interest because such
heat treatment is often involved in device fabrication pro-
cesses. Observations with transmission electron micros-
copy (TEM) have revealed that several different kinds of
extended defects are present in CZ-Si after such heat
treatment: They are oxide precipitates of a plate shape
(PLP's), rodlike (or ribbonlike) defects (RLD's}, and
elongated dislocation dipoles (DD's}.' The electronic
properties of these extended defects are far from under-
stood. It is known from measurements of the Hall effect
and deep level transient spectroscopy (DLTS) that a num-
ber of donor states [termed new donors (ND)] appear in
CZ-Si after such heat treatment. ' It is reported that
there is a strong correlation between the intensity of one
of the DLTS peaks, termed ND2, and the concentration
of RLD's in phosphorus-doped and carbon-lean CZ-Si,
which is preannealed at 450'C and subsequently annealed
at 650'C. ' However, even if ND2 is correlated with
RLD's, it is by no means clear whether such a donor
state is an attribute of a straight part of RLD or that of
some geometrical irregularities discretely distributed
along the RLD.

A very powerful experimental method for investigating
the electronic properties of extended defects is electric-
dipole spin resonance (EDSR}, which has already been
successfully used for the investigation of the electronic
state associated with dislocations in plastically deformed
floating-zone-grown Si."' The EDSR signal from
thermaBy treated CZ-Si was reported by Babich and co-
workers' ' and was attributed to DD's.

EDSR results from the coupling between electron
momentum p and its spin S caused by spin-orbital in-
teraction. In the absence of inversion symmetry this in-
teraction leads to the appearance of the term [V Xp].S in
the electron Hamiltonian, ' where V is some vector hav-
ing the dimension of velocity. It means that the
electron spin is affected by effective magnetic field

h= [VXp]/gpit, where g and p, it are the g factor and the
Bohr magneton, respectively. Application of the external
electric field E„with a frequency co induces the momen-

tum component with the same frequency p =siE„,where

ri is a complex tensor which characterizes the polarizabil-
ity of the electron system. Under a magnetic field, the
magnitude of which is equal to Ho =fico/gisit, the
effective field h =[VXp ]/gps excites transitions be-

tween the Zeeman levels and results in a strong resonance
singularity of the dielectric permeability s(ro) =s'+is" of
the sample, which is called EDSR.

The EDSR intensity is proportional to (VIE„). Due
to the symmetry of a crystal, V is zero for free electrons
in Si.' However, if an electron is localized on a defect
having no inversion symmetry and the extension R of the
electronic wave function is small along the direction in
which the inversion symmetry is lost, the magnitude of V

( —= ~ V~ ) can be rather large. On the other hand, si can be
large only if the extension L of the electronic wave func-
tion is large along the direction of E„.In such a case ri is

proportional to L for L &40 nm and co=6X10' sec
For these reasons, the EDSR in Si becomes observable
for electrons trapped by some extended defects with low

symmetry. Contrarily, the EDSR intensity is small for
electrons trapped by point defects where L is comparable
to R. It is smaller than or comparable to the intensity of
usual electron paramagnetic resonance (EPR) for both
deep and shallow point defects at the X-band frequency
ofco=6X10' s

Contrary to the case of point defects, we can expect
very strong EDSR for regular parts of one- or two-
dimensional extended defects, provided that such defects
no longer maintain inversion symmetry in the direction
perpendicular to themselves and that they accompany
deep electronic states within the band gap. The magni-
tude of V at such a defect can be high enough since an
electron is strongly localized in the direction perpendicu-
lar to the defect and the magnitude of g can be high since
the localization length of an electron is large enough
along the defect (L »R ).

0163-1829/94/50(3)/1511(8)/$06. 00 50 1511 1994 The American Physical Society



1512 MCHEDLIDZE, KVEDER, JABLONSKI, AND SUMINO 50

TABLE I. Defect density WD, EDSR absorption intensity A, and concentration of free electrons at
300 K n&oo in samples. Samples 1 and 2 are doped with phosphorus and samples 3—6 are doped with
boron. Sample 2 has been preannealed at 450 C for 160 h before annealing at 650'C.

Sample Annealing time
at 650'C

(h)

N~
RLD's DD's PLP's

(X10 cm ) (X10 cm ) (X10" cm 3)
Arbitrary

unit

~ 300

(X10' cm ')

160
160
260
160
120
80

4.5+1 ~ 1

1.3+0.5
1.4+0.6
2.1+0.7
1.5+0.6

&0.2

1.1+0.3
1.5+0.5

1.5+0.6
1.0+0.4
0.2+0. 1

&0.2

0.2
0.05

&0.01
& 0.01

1.0
2.0
0.1

0.25
0.13

& 0.02

9.3
35.0
5.7
4.7
3.9
3.5

In the case of annealed CZ-Si suitable objects for the
EDSR study may be rodlike defects (RLD's), dislocation
dipoles (DD's), and platelike precipitates (PLP's), if they
accompany electronic states within the forbidden gap.
The purpose of this work is to investigate the electronic
states of extended defects which develop in thermally
treated CZ-Si by means of the EDSR. We mainly con-
centrate on the temperature dependence of the EDSR
and estimate the electron localization length and other
related parameters. Such attempts were not done in the
previous works. ' '

II. EXPERIMENT

Investigations were done with CZ-Si of both n and p
type, the carbon concentration of which was lower than
the detection limit of the Fourier transform infrared
spectroscopy (FTIR), namely, lower than 2X10'6 cm
The n-type crystal was doped with phosphorus at a con-
centration of 1.4X10' atoms/cin while the p-type crys-
tal with boron at a concentration of 4X 10' atoms/cm .
The concentrations of interstitial oxygen atoms deter-
mined by means of FTIR were 1.0X10' atoms/cm in
the n-type crystal and 8.7X10' atoms/cm in the p-type
crystal with a conversion factor of the Japan Industry
Development Association (JEIDA). ' Samples with a di-
mension of 5 X 5 X 15 mm in size were sealed within eva-
cuated quartz capsules and were annealed at 650'C. An-
nealing times of the samples are given in Table I.

A JEOL X-band ESR spectrometer was used to mea-
sure the spin resonance of samples. A standard cylindri-
cal microwave cavity of the TE (011) mode was used for
the measurements of EPR. In this case, the sample was
set at the position where the microwave magnetic field
H was maximum and the microwave electric field E
was nearly zero. A rectangular cavity of the TE (103)
mode specially designed and fabricated was used for
EDSR measurements. In this case, the sample was set at
the position where E was maximum and H was negligi-
ble. A standard-type Oxford cryostat was used to control
sample temperature. The derivative of microwave ab-
sorption with respect to magnetic field was measured us-
ing a lock-in amplifier and the magnetic field modulation
with an amplitude of 0.2 Oe at 100 kHz in the frequency.
The signal intensity as well as the g value was calibrated
using the EPR standard (Mn++ in MgO) which was set

at the maximum of H within the microwave cavity. The
EPR standard was kept at room temperature during the
measurements.

TEM observations of samples used in EDSR measure-
ments were done with a JEOL JEM-2000EX microscope
operating at 200 KV under a two-beam (with difFraction
vectors of 220 type) or a multibeam condition. Bright
field images were taken with thinned samples parallel to
one of the t 111I planes. First, the sum of the density of
DD's and that of RLD's was determined by counting the
intersections of these defects with the surface of the TEM
sample. The relative densities of the two kinds of defects
were determined from the ratio of the total lengths of the
segments of each kind of defects in the thin sample.
Disappearance of RLD images with a diffraction vector
parallel to themselves was used to distinguish between
the RLD's and DD's. The density of PLP's was also
determined.

The concentration of uncompensated shallow donors in
each sample after annealing was determined by means of
four points probe resistivity measurements at room tem-
perature using the standard Irving curves.

III. EXPERIMENTAL RESULTS

A. TEM observations and EPR and EDSR spectra

Typical TEM micrographs of samples 1 and 2 are
shown in Fig. 1. The three kinds of extended defects,
namely, RLD's, DD's, and PLP's, are all seen there.
RLD's and DD's are both observed to be elongated along
the (110) directions. TEM micrographs of samples 3, 4,
and 5 are similar to that of sample 1.

Figures 2(a) and 2(b) show typical EPR and EDSR ab-
sorption spectra, respectively, obtained with samples 1

and 2 at 10 K. The EPR spectra show an intense and
nearly isotropic absorption line with the g value close to
1.999 besides the phosphorus doublet as demonstrated
with sample 1 in Fig. 2(a}. This signal is similar to one
observed in previous works, ' ' in which it was related to
new donors (ND's}. The phases of 100 kHz absorption
signals at the input of the lock-in amplifier for both phos-
phorus and ND lines do not correspond to those of slow
passage condition at this temperature. The in phase
(denoted by 0' in the figure) and out ofphase (denoted by
90 ) EPR signals are both shown in Fig. 2(a). The phase
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shifts of EPR related to phosphorus and ND result from
rather small spin-lattice relaxation rate r, ' for these
centers; namely, smaller than the modulation frequency
100 kHz used in the experiment.

Instead of ND lines, many narrow lines are detected in
EDSR as seen in Fig. 2(b). The intensity of the EDSR
signal is much higher than the total EPR signal intensity
of ND and phosphorus in the same sample and is not
affected by the latter. The phase of the EDSR signal was
found to correspond to that of the normal slow passage
condition and no out-of phase signal was detected in this
case.

B. Angular dependence of EDSR

FIG. 1. Transmission electron micrographs of (a) sample 1,
(b) sample 2 under the multibeam condition, and (c) sample 1

under the two-beam condition with diffraction vector 220. Tri-
angles shown on the micrographs consist of lines parallel to the
(110)directions lying on the film plane.

As seen in Fig. 2(b), the number and amplitude of
EDSR lines depend strongly on the thermal history of the
sample. Figures 3(a) and 3(b) show the angular depen-
dencies of the g factor within the (001) plane for samples
1 and 2, respectively. Filled marks are for strong EDSR
lines, whereas open marks are for weak lines which we do
not discuss here. All lines are caused by paramagnetic
centers with S=—,

' and we assume that the spin Hamil-

tonian is given by Xpzg; S;HJ.
Analyzing the angular dependencies of g factors of the

EDSR-active centers for the rotation around the [001]
and the [110] axes, we found that one of the principal
axes (denoted by L axis, hereafter) is parallel to one of the
(110) directions, while another one (denoted by Y axis)
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FIG. 2. (a) In-phase (marked 0 ) and out-of-phase (marked
90') EPR absorption spectra of sample 1 and (b) EDSR absorp-
tion spectra of sample 1 (marked 1) and sample 2 (marked 2) at
10 K.
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FIG. 3. Angular dependence of the g factor of EDSR in (a)
sample 1 and (b) sample 2 around the rotation axis of the [001].
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is different for different centers, but ranging always be-
tween the ( 113) and the ( 113) directions perpendicular
to L. Centers with L parallel to all crystallographically
equivalent (110) directions are observed to be present at
approximately equal concentrations. The gL value is
determined to be 1.9958+0.0003. For a given L axis (for
instance, L parallel to [110])up to three intensives lines
are observed. One of them has a Y axis parallel to [001]
with an accuracy of +5' and g„=2.0017 and g, = 1.9994.
Two others have Y axes close to [113] or [113] with

g =2.0026 and g, = 1.9986, the accuracy being
+3X10 4.

In the geometry with E parallel to Ho the amplitude
A of the EDSR lines with a given L axis is found to be
described well with a relation A ~(L E ) . It implies
that i) is much larger along the L axis than along two
other axes, which can be interpreted only with the idea
that the electron wave function has a much longer locali-
zation length along the L direction than along other
directions. This is a strong indication showing that the
observed EDSR signals originate from some linear de-
fects lying along the ( 110) directions.

Data in Figs. 3(a) and 3(b) were obtained with E ap-
plied parallel to the rotation axis [001]. Solid curves in
the figures were those calculated using the above given
parameters of g tensors for L~~[101] and L~~[011].
Dashed curves are fo'r L()[110] and L()[110]. In the
latter case L is perpendicular to E, so that the EDSR
lines originating from linear defects lying along such
directions should be absent. Indeed, they were observed
to be very weak and are thought to be caused by small
nonuniformity of E . The g tensors determined for
strong EDSR lines are not in accordance with those
determined for Si-2K, 3K, and 4K centers in the previous
works. ' However, the g tensors of some weak EDSR
lines were found to coincide well with those determined
for such centers.

Parameters such as line width, shape, and their depen-
dencies on temperature or on microwave power are very
similar for all the strong EDSR lines observed. This sug-
gests that defects giving rise to these EDSR lines are of
the same nature. We term these defects Si-SC1 centers.

All measurements described in the following were
made with samples in the orientation corresponding to
the angle 45' in Fig. 3 and with E parallel to the [001]
direction. Measurements were done with the most inten-
sive line of the spectrum. Each EDSR spectrum was
decomposed into individual lines by a computer so as to
have the best fit. The shape of the lines used for fitting
was calculated with Eq. (6) given in Sec. IV. The EDSR
amplitude was divided by the amplitude of EPR signal
from the Mn standard and also by the volume of the sam-
ple.

C. Microwave conductivity

In EDSR measurements, a sample is set at the position
of the maximum of microwave electric field E and the
EDSR signal just corresponds to the change in the real
part of microwave conductivity of the sample
o„=cps"(co)/4m due to spin resonance. The absolute

0.2—

0.0
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f3- EE)
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0.0 1.0 2.0

Iog,„[I(arbitray unit )]

FIG. 4. Dependencies of the amplitude A of EDSR line
shown by squares and microwave conductivity o shown by
stars in sample 1 on the intensity I* of illumination light with a
photon energy of 1.2 eV at 10 K.

value of o. which is out of resonance can also be calcu-
lated from the change in Q factor of the cavity caused by
the sample. Taking into account that

Q '=(2n V, o/r'oV, )+Qo ',
where Qo is the Q factor for the cavity without the sam-

ple, and that the EPR signal from the Mn standard is
proportional to Q, we can calculate o from the relation

o =a( 2, /3, —1)/V, ,

where V, and V, are the volumes of the sample and the
cavity, respectively, and A, and A, are the intensities of
the EPR-standard signal for the cavity with and without
the sample, respectively. Though the coefficient a could
be easily estimated, we preferred to measure it at room
temperature using a Si sample with a known direct
current (dc) conductivity.

No measurable microwave conductivity was detected
in the temperature range below 20 K in the samples
which showed no EDSR signal. Such samples were those
not subjected to annealing or sample 6 which was an-
nealed for a rather short time. In contrast, all the sam-
ples showing strong EDSR signals manifested remarkably
high microwave conductivities even at 10 K with weak
dependence on the temperature as will be shown later in
Fig. 7. The value of o.„was measured to be
(1—5)X10 ohm 'cm ' at 10 K, while that of the dc
conductivity o.

o at 10 K will always be lower than 10
ohm 'cm ' with exponential dependence on tempera-
ture. A high microwave conductivity in CZ-Si annealed
at 650'C was also reported in the previous works. ' '

In agreement with the previous work, ' it was found
that the band to band illumination leads to strong reduc-
tions in both microwave conductivity and EDSR signal in
our samples. Figure 4 shows how the amplitude A of
EDSR signal and the microwave conductivity o at 10 K
in sample 1 decrease with the increase in the intensity of
illuminated light 1.2 eV in energy. The strong correla-
tion between the EDSR intensity related to Si-SC1
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FIG. 5. Spectral dependence of the decreasing rate d A /dt of
the EDSR signal amplitude at the onset of externa1 i11umination

in sample 1 at 10 K. The data are normalized with respect to
the number of incident photons.

FIG. 7. Dependencies of EDSR intensity I (=AOTEH )

and the microwave conductivity cr on the temperature T.
Open marks are for sample 1 and filled marks are for sample 2.

centers and the microwave conductivity is clearly seen in
the figure.

Figure 5 shows the spectral dependence of (d A /dt),
in sample 1, where t is the time elapsed from the moment
the light was turned on. The data are normalized with
respect to the number of incident photons. It refiects the
spectral dependence of the probability for the optical
transition causing the decrease of the EDSR intensity.

D. Temperature dependence
and saturation behavior of the EDSR

0 8
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+ 0.4—
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s

—7.5 —35
—0

—2.5

FIG. 6. Dependencies of the amplitude A and the width ~
of EDSR line on the microwave power P at 10 K. Open marks
are for sample 1 and filled marks are for sample 2.

Figure 6 shows the dependencies of the amplitude A
and the line width hH of the EDSR line on the mi-
crowave power P ~E for samples 1 and 2. The curves
in the figure are in agreement with theoretical dependen-
cies given by

A = Ao(1+PE„),
and

hH=hHG+EHI (1+pE )' (4)

where bHG and AHL are the nonuniform and uniform
contributions to the line width, respectively. p is equal to
y r,~2h„/E„,where y is the gyromagnetic ratio, r, and

72 are the spin lattice and spin-spin relaxation times, re-

spectively, and ye= 1/EHL. hHG is 0.6—0.7 Oe and
b,Ht is about 0.20e at 10 K.

Figure 7 shows the dependencies of the EDSR line in-

tensity I(—:Ao T hH ) and the microwave conductivity
0 on temperature. To avoid the effect of saturation and
to improve the accuracy, we measured the saturation
curves similar to that shown in Fig. 6 at each tempera-
ture and obtained the magnitude of I by extrapolating the
curves to zero power.

IV. DISCUSSION

A. Origin of EDSR and microwave conductivity

Obviously, high microwave conductivity observed in
our samples can be interpreted in terms of the conductivi-
ty along some extended defects which are visible by TEM
observations. A good correlation between the EDSR in-
tensity and the microwave conductivity leads us to the
idea that the same kind of defects gives rise to both
the microwave conductivity and the EDSR observed
in our samples, since o„~N„.Re( vIE„)/E„and
I ~ N„(VvIE„)/E„,where N, is the number of electrons
participating in EDSR. The angular dependence of the
EDSR line intensity strongly suggests that the concerned
defects are quasi-one-dimensional defects lying along the
(110) directions. From TEM micrographs in Fig. 1 it is
certainly plausible that the EDSR signals arise from elec-
trons bound to the rodlike defects (RLD's) and/or dislo-
cation dipoles (DD's). In the following we see whether
all the results deduced from the analyses of the experi-
mental data based on the above idea are consistent to
each other or not.

First, we obtain the conclusion that the EDSR signal
related to Si-SC1 centers are caused by RLD's and/or
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DD's, which have trapped excess electrons from some
shallow levels but not by RLD's and/or DD's in neutral
state on the basis of the following facts.

(1) Under no illumination of light the EDSR signal is
observed only in samples which are n type after thermal
treatment. We have confirmed that a sample of CZ-Si
heavily doped with boron at a concentration of 5 X 10'
atoms/cm remains to be of p type after thermal treat-
ment and shows no EDSR signal related to Si-SC1 under
no illumination of light, despite that it contains RLD s
and DD's at densities approximately the same as those in
other samples shown in Table I. The microwave conduc-
tivity at low temperature has also been confirmed to be
absent in such a sample.

(2} Optical band to band excitation causes a strong
reduction in the EDSR signal intensity in n-type samples
as has been shown in Figs. 4 and 5. Contrarily, the
EDSR signal related to Si-SC1 has been detected in the
p-type sample under the illumination which causes the
band to band excitation.

These facts are interpreted in the following way. When
extra electrons are trapped on Si-SC1 centers (which are
RLD's or DD's) with the line density n„the Coulomb in-
teraction causes band bending of the amount of

e@=2e n, [ln(A, n, ) —0.4]/e,

where A. is the screening radius and is equal to
(n, /~Nd ) '~, where Nd is the concentration of shallow

donors being about 10' cm in the present case. In the
n-type sample, in which Si-SC1 centers are negatively
charged, the efFective cross section for capturing extra
electrons is smaller than that for holes approximately by
a factor of exp(e@/k+T). Therefore, holes generated in

the valence band under light illumination are captured by
Si-SC1 centers much more effectively than electrons and
lead to a decrease in n„while electrons are mainly

trapped by ionized shallow donors. Hence, the curve in

Fig. 5 reflects the optical cross section for generation of
holes. The subsidiary peak seen at about 50 meV below
the band gap energy may be related to the electronic
states split from the valence band due to the stress field in
the vicinity of Si-SC1 centers. In principle, it can also be
related to the optical transition from the valence band to
the ionized shallow donor states. Contrary to an n-type
Si sample, electrons generated by light can be captured
by Si-SC1 centers in a p-type sample and makes them
slightly negatively charged. This is thought to result in

the appearance of the weak signal of Si-SC1 EDSR which
has actually been observed.

The appearance of high microwave conductivity means
that the localization length i. of electrons along a Si-SC1
center is suSciently large to use formulas for microwave
conductance cr which were deduced in a previous pa-

.11

o=ReI eN„pS(L/LD ).

B. Estimation of parameter values

We are now able to estimate the magnitudes of some
parameters associated with Si-SC1 centers from the
shape of the EDSR line. By means of fitting experimen-
tally obtained EDSR spectra to the theoretical curves we
determined the values of L/LD and IO=N„p V . The
star marks in Fig. 8 show the values of L/LD as a func-
tion of temperature. In the temperature range lower than
25 K, V does not depend on T. Therefore, dividing I( T)
by o ( T) and taking into account the dependence of
L /LD on T, we obtain the dependence of p on T. The re-

sults are shown in Fig. 9. The dependence is well approx-
imated by p-T '. Similarly, dividing 0 (T) by I(T),
we obtain N„asa function of T, which is shown in Fig. 8.

Discussion up to here gives the values of quantities in
arbitrary units. To obtain the absolute magnitudes, we
have to determine the magnitude of, at least, one of these
quantities. We estimate roughly the number of trapped
electrons N„. If the energy level of Si-SC1 centers is E„
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along a Si-SC1 center. S(x) is a structural factor given

by

S(x)=1—exp(i~/4) tanh[x exp( —in/4)]/x, (7}

and LD = [eon, ln(L /b )/ceo]', where b is the radius
of the electronic wave function perpendicular to the
center, being 0.5 —3 nm, and c is the dielectric constant of
Si. N„ in Eq. (6) is the number of electrons trapped on
Si-SCl centers whose density is X&&&. N„ is related to

Nsc, by N„=Nsc,n, . R (co) is the resonance function. In
the case of a uniform line, R(co)=Q/(cu Q—+i/r2),
where Q is the spin resonance frequency Q=gp&HO/fi
The nonresonant microwave conductivity we measured is
related to the real part of the first term in Eq. (6}. Thus,
o =eN„p Re[S(L/LD)]. The absorption intensity of the
EDSR line corresponds to the real part of the second
term of Eq. (6). Since S(L/LD) is a complex function,
the shape of an EDSR line is related to the mixture of the
real and imaginary parts of R (co) (see Fig. 2).

iQN„[pm,'VS(—L/L~)] R(co)/8k~T], (6)

where p is the mobility of electrons with microwave fre-
quency co and m, is the effective mass of electrons, both

FIG. 8. Dependencies of the number of trapped electrons N„
and the localization length L/LD of Si-SC1 on the temperature
T. Qpen marks are for sample 1 and filled marks are for sample
2.
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To have the experimentally obtained magnitude of o„,
the mobility p of electrons along a Si-SC1 center should
be of the order of 100-1000 cm /V s. It means that the
localization length L must be 80—200 nm.

Comparing the EDSR signal intensity of sample 1 with
the EPR signal intensity of Mn standard, we found that
the EDSR absorption of the former is equivalent to the
EPR of 3X10' spins/cm . Therefore, the amplication
factor K=h„/H turns out to be 3X10' /N„—10.
From the saturation data in Fig. 6 we have
F2=1/yb, HL =3X10 s. On the one hand, since
a=y r, ~2K =2X10, we obtain r, /~2=10 ' s . It
means ~, =~2=3 X 10 s.

—7

FIG. 9. Dependencies of the electron mobility p at mi-

crowave frequency on the temperature T. Open marks are for
sample 1 and filled marks are for sample 2.

then in thermal equilibrium we have

e@=E~ E„+ks—T 1n(an, ), (8)

where EF is the Fermi level (EF=Ec—0.04 eV), 1/a is

the linear density of states on a Si-SC1 center. With the

assumption E„=Ec—0.2 eV, the magnitude of 1/n,
turns out to be about 5 nm from Eq. (5). Taking into ac-
count the observations that the experimental density of
RLD's or DD's is about 2 X 10 cm, we obtain N„to be
about 4X10' cm

Actually, in a standard Oxford EPR cryostat used in
our experiment, the sample placed in a quartz tube was
not in thermal equilibrium, but always subjected to inten-
sive room temperature infrared radiation coming from
the wall of the microwave cavity. It excites electrons
from both Si-SC1 centers and shallow donors to the con-
duction band with some probabilities G„and G&, respec-
tively, and decreases the magnitude of n, from that in
thermal equilibrium. At low temperatures 6, and Gd are
much higher than those of thermal activation. In such a
case e4 is given by

e@=ks 7[In(sd /s, )+ln( Gd /G, ) —1 (nn, ) —aing], (9)

where s, and s& are the capture cross sections for Si-SC1
centers and shallow donors, respectively, g is the ratio of
concentration of ionized shallow donors to the total
donor concentration, and Xd is the total donor concen-
tration. e4 is calculated by using Eq. (5).

Using the values of sd ls„,6d/G„a, and g, which are
thought to be appropriate for our experiments, we obtain
1/n, -80 nm and %,-2X10' cm at 10 K. In the
low-temperature range n,, is proportional to T, while at
temperatures higher than 20 K the rate of thermal activa-
tion for shallow donors becomes high and, as a conse-
quence, n, increase much faster with the increase in tem-
perature. N, versus T relations calculated with Eq. (9)
are shown by lines in Fig. 8. From the above discussion
we may conclude that the magnitude of X, is of the order
of 10' —10' cm

C. Identi6cation of Si-SC1 center

The decrease of p with increasing temperature and a
rather large localization length I. of the order of 100 nm
imply that the microwave conductivity and EDSR ob-
served in the heat-treated CZ-Si may reasonably be at-
tributed to some one-dimensional energy band. As can
be seen in Fig. 1(c), RLD's are always observed to be very
straight and their lengths are measured to be longer than
1 pm even in sample 1. Therefore, the localization length
of the order of 100 nm seems not to be unreasonable for
RLS's. Contrarily, dislocations constituting DD's are
often observed to be curved. It is not clear from TEM
observations whether the electron locahzation length L
for DD's is as large as 100 nm or not.

It is interesting to compare the intensity of EDSR re-
lated to Si-SC1 centers with the data of TEM observa-
tions. The intensity of the signal at any given tempera-
ture depends not only on the number of the electrons N,
which participate in resonance, but also on p, L, and V .
The magnitudes of these quantities may be different
among samples prepared in different mays. However,
when the EDSR is strongly saturated under a high mi-
crowave power, the amplitude of EDSR does not depend
on p or V but depends only on N„/Tr,. Results of TEM
observations and EDSR measurements are shown in
Table I for samples subjected to different heat treatments.
The EDSR intensities shown in Table I are those mea-
sured at 10 K under a high microwave power (-1 mW)
and are proportional to N„.

One can see from Eq. (9) that N„depe dns not only on
the density of the defects but also on the compensation
rate of shallow donors g. Table I shows that g assumes
approximately the same values in samples 3—6, all of
which are doped with boron. Thus, we compare the
EDSR intensity with the density of the defects observed
by TEM with these samples. We see that the EDSR in-
tensity has a better correlation with the density of RLD's
than the density of DD's.

The authors of the previous work' a priori assumed
that EDSR-active centers found in heat-treated CZ-Si are
DD's. They insisted that such assumption was justified
by their results that the second axis of the g tensor was
approximately parallel to the ( 113) directions which was
specific for dis1ocation dipoles. However, their reasoning
seems not very clear. The g tensors determined in the
present work do not coincide with those reported in the
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previous work. ' Thus, we suppose that Si-SC1 centers
are not identical to Si-2' to Si-4E centers termed in the
previous work. However, since the exact g-tensor param-
eters are found to depend on the thermal history of sam-

ples to some extent, we cannot exclude completely the
possibility that centers found in the two works are identi-
cal to each other.

It is emphasized here that the (113) directions are
speci6c for the geometry of the RLD rather than the DD.
TEM observations have revealed that the RLD's usually
assume the shape of Z or V within the plane perpendicu-
lar to their long direction. In the case of the RLD paral-
lel to the [110]direction it has wings lying on the (113),
(001), and (113) planes. ' This picture agrees well with
our EDSR data. With such a geometry the RLD should
have the main axis L of the g tensor parallel to the [110]
direction and the second axis Y in the direction some-
where between the [113]and [001] or between the [113]
and [001], in quite good agreement with our experimental
observations. We believe that the Y axis coincides with
the direction of V, the direction along which the inver-
sion symmetry is lost. The g factor must be most strong-
ly deviated from the g value of free electrons along this
direction in agreement with our observation.

V. CONCLUSION

A series of EDSR lines, termed Si-SC1 in this paper,
have been found to develop in CZ-Si due to annealing at
650'C. Some of these lines are very close to Si-2K and
Si-3E reported in an earlier paper. ' lt has been shown
that the experimental data are self-consistently interpret-
ed with the model that Si-SC1 is related to excess elec-
trons trapped by long quasi-one-dimensional defects lying
along the (110) directions. The localization length I. of
such electrons along the defect is rather long and has
been estimated to be of the order of 100 nm. The elec-
tron mobility along the defect has been determined to be
rather high, being higher than or about 500 cm2/Vs at
10 K. It decreases with increasing temperature.

TEM observations have verified that two kinds of ex-
tended dislocations are developed along the ( 110) direc-
tions; namely, rodlike defects and dislocation dipoles.
Thus, we have been led to the conclusion that relatively a
deep quasi-one-dimensional energy band is associated
with the regular straight parts of such defects. The
analysis of the EDSR data suggests that it is better sup-
ported by an assignment to the rodlike defects than to the
dislocation dipoles.
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