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Abstract

We present the first findings of the new electrically- and optically-detected magnetic resonance technique
[ED electron spin resonance (EDESR) and (ODMR)] which reveal single point defects in the ultra-narrow
silicon quantum wells (Si-QW) confined by the superconductor é-barriers. This technique allows the ESR
identification without the application of the external cavity as well as a high frequency source and recorder,
with measuring the only magnetoresistance (EDESR) and transmission (ODMR) spectra within frameworks
of the excitonic normal-mode coupling (NMC) caused by the microcavities embedded in the Si-QW plane.
The new resonant positive magnetoresistance data are interpreted here in terms of the interference transition
in the diffusive transport of free holes respectively between the weak antilocalization regime in the region far
from the ESR of a paramagnetic point defect located inside or near the conductive channel and the weak lo-
calization regime in the nearest region of the ESR of that defect.

Keywords: Silicon Microcavity, Quantum Well, ESR, Bound Exciton, Trigonal Centers, Single Centers,
Carbon, ODMR

1. Introduction Top gate r

Spin-dependent transport through semiconductor nanos-
tructures inserted in nano- and microcavities between g
superconductor leads is of great interest to identify the §
magnetic resonance phenomena without using both the K
external cavity and the external high frequency sources

Polyimide

and recorders [1,2]. One of the best candidate for the role g I ~ource
of such a ‘sandwich’ structure that is able to demonstrate ™ g == g
the electrically- and optically-detected ESR [ED electron ::% = =
spin resonance (EDESR) and (ODMR)] appears to be the Vo adi R i - 7@*
high mobility p-type silicon quantum well (Si-QW), 2 2| Si<B> p-Si

nm wide, confined by the d-barriers heavily doped with
boron on the n-type Si (100) surface (Figures 1 and 2).
The boron centers inside the d-barriers are found to be
the impurity dipoles, B" - B", which are a basis of their
high temperature superconducting (HTS) properties, if
the sheet density of the 2D holes in the Si-QW becomes
to be more than 10" cm™ (Figures 3(a) and (b)) [2,3].
The findings of the electrical resistivity, thermo-electro-
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Figure 1. The schematic diagram of the experimental device
that demonstrates a perspective view of the p-type Si-QW
confined by the d8-barriers heavily doped with boron on the
n-type Si (100) surface. The top gate is able to control the
sheet density of holes and the Rashba spin-orbit interaction
(SOI) value. The depletion regions indicate the Hall geome-
try of leads.
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Figure 2. ODMR transmission experiment with the p-type
silicon quantum well confined by the &-barriers containing
the dipole centers of boron, which is prepared on the n-type
Si (100) surface. The effective exchange field is caused by
forming the bound excitons under the optical illumination
with linearly polarized light.

Figure 3. (a) Model for the elastic reconstruction of a shal-
low boron acceptor, which is accompanied by the formation
of the trigonal dipole (B* - B") centers as a result of the
negative-U reaction: 2B° — B* + B". (b) Series of the dipole
negative-U centers of boron located between the undoped
microdefects that seem to be a basis of nanostructured 3 -
barriers confining the Si-QW.

Motive force, specific heat and magnetic susceptibility
measurements are actually evidence of the supercondu-
cting properties for these d-barriers, 3 nm thick, MB) =5
10*' cm™ [3]. These silicon nanostructures embedded in
superconductor shells have been shown to be type-II
HTS with T, = 145 K and H, = 0.22 T [2]. The super-
conductor gap appeared to result in the THz and GHz ge-
neration under applied voltage [2,3]. Spectroscopic stu-
dies confirmed this pattern and furthermore showed that
the hf emission can be enhanced, if the Si-QW is incor-
porated into the fractal silicon microcavity system [1].
The goal of the present work is to study the EDESR and
the ODMR of single point defects inserted into the Si-
QW in the absence of the external cavity resonator as
well as the hf source and recorder by measuring the only
magnetoresistance (EDESR) and transmission (ODMR)
spectra within the frameworks of the excitonic normal-
mode coupling (NMC) with a single Si-QW inside a 1A
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silicon microcavity. This exci tonic NMC regime appears
to favour the giant trip-let-singlet splitting caused by the
exchange interaction of the impurity electron states with
the s-p electronic states of the host Si-QW which is re-
vealed by the transmission spectra under the formation of
the bound exciton at an impurity center [4,5].

2. Methods

2.1. Superconducting Properties for Silicon
Sand-Wich Nanostructures

The energy positions of the two-dimensional subbands of
holes in the Si-QW and the value of the superconductor
gap, 2A = 0.044 eV, caused by the superconductor o-
barriers were determined in the studies of the far-infrared
and tunneling spectroscopy (Figures 4(a), (b), (¢) and
(d)) [2,3]. The results obtained are in a good agreement
with corresponding calculations following by Ref [6] if
the width of the Si-QW, 2 nm, is taken into account
(Figure 4(b)).

The Si-QWs confined by the d-barriers heavily doped
with boron on the n-type Si (100) surface were also iden-
tified by the four-point probe method using layer-by-
layer etching and by the cyclotron resonance (CR) angu-
lar dependences [7]. These CR measurements were per-
formed at 3.8 K with a standard Brucker-Physik AG ESR
spectrometer at X-band (9.1 - 9.5 GHz). The rotation of
the magnetic field in a plane normal to the diffusion pro-
file plane has revealed the anisotropy of both the electron
and hole effective masses in silicon bulk and the Landau
levels scheme in Si-QWs. This CR quenching and the
line shifts for which a characteristic 1800 symmetry was
observed can be explained with the effect of the electri-
cal field created by the confining potential inside p+-
diffusion profile and its different arrangement in the lon-
gitudinal and lateral Si-QWs formed naturally between
the d-barriers heavily doped with boron [7]. The obser-
ved different behavior of the heavy and light holes may
be explained by lifting the degeneracy between the Jz =
+ 3/2 and Jz = £+ 1/2 valence bands for k£ = 0 due to the
confining potential.

The scanning tunnelling microscopy (STM) technique
was used to control the formation of the fractal distribu-
tion of the self-interstitials microdefects inside the & -
barriers that confine the Si-QW (Figures 5(a)-(c)). The
STM images demonstrate that the ratio between the di-
mensions of the microdefects that are displayed as light
poles in Figures 5(a) and (c) is supported to be equal to
3.3 thereby defining the self-assembly of the self-intersti-
tials microde-fects as the self-organization of the fractal
type (Figure 5(b)). The analysis of the STM image in
detail has shown that the dimension of the smallest
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Figure 4. Electroluminescence spectrum (a) that defines the energies of two-dimensional subbands of heavy and light holes in
the p-type Si-QW confined by the 3 - barriers heavily doped with boron on the n-type Si (100) surface (b). (c) Transmission
spectrum that reveals both the local phonon mode, A = 16.4 um, and the superconductor gap, A = 26.9 pum, manifestation. (d)
Reflection spectra from the n - type Si (100) surface and from the ultra-shallow boron diffusion profiles prepared on the n -
type Si (100) surface that consist of the 3 barriers confining the ultra-narrow Si-QW. The curves 1-4 are related to the &
-barriers with different concentration of boron. The values of the boron concentration in different samples are characterized
by the following ratio: curve 1 - 0.2, 2 - 0.3, 3 - 0.35, 4 - 0.4. The concentration of boron in the sample characterized by curve
4 is equal to 5.10”" em™.
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Figure 5. (a) - STM image of the ultra-shallow boron diffusion profile prepared at the diffusion temperature of 800°C into the
Si(100) wafer covered previously by medium oxide overlayer X||[001], Y||[010], Z||[100]. Solid triangle and arrows that are
labeled as 1 and 2 exhibit the microdefects with dimensions 740 nm, 225 nm and 68 nm, respectively, which are evidence of
their fractal self-assembly. (b) - The model of the self-assembled microcavity system formed by the microdefects of the fractal
type on the Si (100) surface. (c) - STM image of the ultra-shallow boron diffusion profile prepared at diffusion temperature of
900°C into the Si (100) wafer covered previously by medium oxide overlayer. X||[001], Y|[[010], Z||[100].

Copyright © 2011 SciRes. JMP



N.T.BAGRAEV ET AL. 547

microdefect observed in fractal series, ~2 nm, is consis-
tent with the parameters expected from the tetra- hedral
model of the Si60 cluster (Figure 5(c)) [8].

Thus, the J - barriers, 3 nm, heavily doped with boron,
5 x 10*' cm™, represent really alternating arrays of the
smallest undoped microdefects and doped dots with di-
mensions restricted to 2 nm (Figure 5(c)). The value of
the boron concentration determined by the secondary ion
mass spectrometry (SIMS) method seems to indicate that
each doped dot located between undoped microdefects
contains two impurity atoms of boron. Since the boron
dopants form shallow acceptor centers in the silicon lat-
tice, such high concentration has to cause a metallic-like
conductivity. Nevertheless, the angular dependences of
the cyclotron resonance spectra demonstrate that the p-
type Si-QW confined by the 6 - barriers heavily doped
with boron contains the high mobility 2D hole gas which
is characterized by long momentum relaxation time of
the heavy and light holes at 3.8 K, z > 5-10'" s [7.,9].
Thus, the momentum relaxation time of holes in the ul-
tra-narrow Si-QW appeared to be longer than in the best
metal-oxide-semiconductor (MOS) structures contrary to
what might be expected from strong scattering by the
heavily doped o - barriers. This passive role of the o -
barriers between which the Si-QW is formed was quite
surprising, when one takes into account the high level of
their boron doping. To eliminate this contradiction, the
ESR technique has been applied for the studies of the
boron centers packed up in dots [9,10]. The angular de-
pendences of the ESR spectra at different temperatures in
the 3.8 + 27 K range that reveal the trigonal symmetry of
the boron dipole centers have been obtained with the
same ESR spectrometer, the Brucker-Physik AG, at X-
band (9.1 - 9.5 GHz), with the rotation of the magnetic
field in the {110}-plane perpendicular to a {100} -interface
(Bext = 0°, 180° parallel to the Si-QW plane, By = 90° per-
pendicular to the Si-QW plane) (Figures 6 (a)-(c) and (d)).
No X-band ESR signals in the X-band are observed, if the
Si-QW confined by the o - barriers is cooled down in the
external magnetic field (B.y) weaker than 0.22 T, with the
persistence of the amplitude and the resonance field of the
trigonal ESR spectrum as a function of the crystallo-
graphic orientation and the magnetic field value during
cooling down process at By > 0.22 T (Figures 6(a)-(c)).
With increasing temperature, the ESR line observed
changes its magnetic resonance field position and disap-
pears at 27 K (Figure 6(c)).

The observation of the ESR spectrum is evidence of
the fall in the electrical activity of shallow boron accep-
tors contrary to high level of boron doping. Therefore,
the trigonal ESR spectrum observed seems to be evi-
dence of the dynamic magnetic moment that is induced
by the exchange interaction between the small hole bipo-
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larons which are formed by the negative-U reconstruct-
tion of the shallow boron acceptors, 2B’ — B” + B, along
the <111> crystallographic axis (Figure 3(a)) [7,10,11].
These small hole bipolarons localized at the dipole boron
centers, B" — B", seem to undergo the singlet-triplet tran-
sition in the process of the exchange interaction through
the holes in the Si-QW thereby leading to the trigonal
ESR spectrum (Figures 6(a)-(d)). Besides, the sublattice
of the hole bipolarons located between the undoped mi-
crodefects appears to define the one-electron band scheme
of the ¢ - barriers as well as the transport properties for
the 2D gas of holes in the Si-QW (Figures 4(b) and (d))
[10].

In order to determine the one-electron band scheme of
the o - barriers that confine the Si-QW, the reflection
spectra R(4) were studied using an UV-VIS Specord
M-40 spectrophotometer with an Ulbricht sphere for the
reflectivity measurements [12]. Figure 4(d) shows the
spectra of the reflection from the 6 - barriers with diffe-
rent concentration of boron. The decrease in R(L) com-
pared with the data of the silicon single crystal and the
drops in the position of the peaks at the wavelengths of
A =354 and 275 nm are observed. The above peaks are
related to the transitions between I' and L valleys and in
the vicinity of the point X in the Brillouin zone, with the
former of the above peaks being assigned to the direct
transition I"’5s - I'’,, whereas the latter peak is attributed
to the transition X, — X;. An analysis of the spectral de-
pendence of the reflection coefficient shows that the pre-
sence of microcavities formed by the self-assembled mi-
crodefects with medium size reduces R(A) most pro-
foundly in the short-wavelength region of the spectrum
(200 - 300 nm). It follows from the comparison of R(A)
with the STM data that the position of the minima in the
reflection coefficient in the spectral dependence R(A1) and
the microcavity size are interrelated and satisfy the Bragg
condition, x = A/2 n, where x is the cavity size, A is the
wavelength, and n is the refractive index of silicon, n =
3.4. The R(A) drop in the position of the I"’s - I’ and
X4 — X transitions appears to be due to the formation of
the wide-gap semiconductor layer with increasing the
concentration of boron. These data substantiate the as-
sumption noticed above that the role of the dot contain-
ing the small hole bipolaron is to establish the band
structure of the & - barrier with the energy confinement
more than 1.25 eV in both the conduction and the va-
lence band of the Si-QW (Figure 4(d)).

2.2. GHz and THz Generation from Silicon
Sandwich Nanostructures

In order to identify the transfer of the small hole bipolar-
rons as a possible mechanism of superconductivity, the
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Figure 6. Trigonal ESR spectrum observed in field cooled ultra-shallow boron diffusion profile that seems to be evidence of
the dynamic magnetic moment due to the trigonal dipole centers of boron inside the J - barriers confining the Si-QW which is
persisted by varying both the temperature and magnetic field values. (a) By || <110>, (b) || <112>, (¢, d) || <111>. Rotation of
the magnetic field in the {110}-plane perpendicular to the {100}-interface (B, = 0°, 180° || interface, B, = 90° L interface), v =

9.45GHz, T=14K (a, b, ¢) and T = 21 K (d).

transport of holes in the S-Si-QW-S structures is fol-
lowed to be studied at different orientation of the exter-
nal magnetic field relatively to the Si-QW plane. The de-
pendences of the longitudinal voltage on the magnetic
field value shown in Figure 7 are evidence of the Zee-
man effect that seems to be due to the creation of the
triplet and singlet states of the small hole bipolarons lo-
calized at the dipole boron centers (Figure 3(a)). The
sign inversion of the Uy, voltage is of importance to re-
sult from the change of the magnetic field direction to
opposite. Thus, the transport of the small hole bipolarons
that can be captured and/or scattered on the dipole boron
centers seems to be caused by the diamagnetic response
induced by applying a magnetic field. Besides, the mag-
netic field dependences of the U, voltage considered
within frameworks of the triplet, T*, T, T , as well as the
ground, S;, S,, and excited, S/, S,, states under-
gone by the Zeeman splitting appear to reveal the pres-
ence of the upper critical magnetic field H,, and the osci-
llations of the critical current which are in a good agree-
ment with the measurements of the ESR spectra (Figures
6 (a)-(c)) and the field and temperature magnetic suscep-
tibility dependencies [2]. The resonance behaviour of the
Ux(H) dependences in the anti-crossing points of the
triplet sublevels (T"- T°) is evidence of the spin polariza-
tion that results from the selective population or depopu-
lation of the T" and T- states relatively to the T° state in
consequence of the partial removal of a ban on the for-
bidden triplet-singlet transitions [13]. The spin polariza-
tion of the bipolarons in the triplet state in the S-Si-QW-

Copyright © 2011 SciRes.

S structures should be of importance in the studies of the
spin interference caused by the Rashba spin-orbit inter-
action in the quantum wires and rings [14,15]. The crea-
tion of the excited singlet states in the processes of the
bipolaronic transport is also bound to be noticed, because
owing to the transitions from the excited to the ground
singlet state of the small hole bipolarons these ‘sand-
wich’ structures seem to be perspective as the sources
and recorders of the THz and GHz emission that is

" 1 PP | . 1 . 1 . 1
0 100 200 300 400 500
Magnetic field [mT]
Figure 7. Uy vs the value of the magnetic field applied per-
pendicularly to the plane of the p-type Si-QW confined by
the d-barriers on the n-type Si (100) surface. Is= 10 nA. T
=177 K. Curves 1 and 2 measured for opposite orientations

of a magnetic field reveal the sign of U,, that corresponds to
the diamagnetic response of the superconductor d-barriers.
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revealed specifically in the electroluminescence spectra
as a low-frequency modulation (see Figure 4(a)). Here
these effects will be present as the EDESR and ODMR
spectra of the single impurity centers in the Si-QW con-
fined by the J-barriers heavily doped with boron which
are especially performed by the direct measurements of
the magnetic resistance and transmission spectra under
such an internal THz and GHz emission in the absence of
the external cavity resonator [1,16]. The extremely low
value of the effective mass of the 2D holes in the ‘sand-
wich’ S-Si-QW-S structures that results from the CR
measurements and the studies of the Aharonov-Casher
oscillations [3] seems to be the principal argument for
the bipolaronic mechanism of high temperature super-
conductor properties which is based on the coherent tun-
neling of bipolarons [17,18].

The local phonon mode manifestation at A = 16.4 um
that presents, among the superconductor gap, 4 = 26.9
pm <=>2A, in the transmission spectrum favours the use
of this conception (Figure 4(c)). High frequency local
phonon mode, 4 = 16.4 um <=> 76 meV, appears to ex-
ist simultaneously with the intermediate value of the cou-
pling constant, k. The value of the coupling constant, x =
VN(0), is derived from the BCS formula A = 2fiwpexp(—1/k)
taking account of the experimental values of the super-
conductor energy gap, 2A = 0.044 eV, and the local
phonon mode energy, /iwp = 76 meV. This estimation
results in x ~ 0.52 that is outside the range 0.1 - 0.3 for
metallic low-temperature superconductors with weak
coupling described within the BCS approach. Therefore
the super- conductor properties of the ‘sandwich’ S-Si-
QW-S structures seem to be due to the transfer of the
mobile small hole bipolarons that gives rise to the high
T, value owing to small effective mass.

The results obtained have a bearing on the versions of
the high temperature superconductivity that are based on
the promising application of the sandwiches which con-
sist of the alternating superconductor and insulator layers
[19-22]. In the latter case, a series of heavily doped with
boron and undoped silicon dots that forms the Josephson
junction area in nanostructured & - barriers is of advan-
tage to achieve the high T, value, T.= (hwp/kp)exp(-N(0)V),
because of the presence of the local high frequency pho-
non mode which compensates for the relatively low den-
sity of states, N(0). Nevertheless, the mechanism of the
bipolaronic transfer is still far from completely clear.
This raises the question of whether the Josephson transi-
tions dominate in the transfer of the pair of 2D holes in
the plane of the nanostructured 4-barriers and in the prox
imity effect due to the tunneling through the Si-QW or
the Andreev reflection plays a part in the bipolaronic
transfer similar to the successive two-electron (hole) cap-
ture at the negative-U centers [23,24]. The superconduc-
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tor gap, 2A = 0.044 eV, appeared to be the source of the
THz emission due to the Josephson junctions self-assem-
bled in the sandwich structure (Figures 1 and 2). More-
over, since the high temperature superconductor proper-
ties for the §-barriers result from the transfer of the small
hole bipolarons through these negative-U dipole centers
of boron, this transport of 2D holes is able to cause the
GHz generation under applied voltage, optical pumping
or by scanning external magnetic field with the enhan-
cement by varying the positions of the leads within
frameworks of the Hall geometry (Figures 1 and 2) [1,4,
5]. Spectroscopic studies of the Rabi splitting in the THz
and GHz ranges have confirmed the described pattern
and furthermore demonstrated that the area of the §-bar-
rier defines the dimensions of the THz and GHz cavities
incorporated into the Si-QW. Thus, the sandwich struc-
ture provides the THZ and GHz generation thereby giv-
ing rise to the EDESR and ODMR measurements of sin-
gle impurity centers without using the external cavity as
well as the high frequency source and recorder.

Finally, the THz and GHz emission from the d-barriers
that is a basis of the new technique suggested was addi-
tionally controlled by measuring of the Shapiro steps
[25]. This type of steps in the CV characteristics of the
Josephson junctions is caused by the external high fre-
quency illumination, with the voltage step equal to AU =
hv/2e; here v is frequency of the high frequency illumi-
nation. Therefore, we have used the experimental device
studied as a high frequency recorder, whereas the device
structure with identical parameters was applied to be a
high frequency source (Figure 8). The level of the drain-
source current in both device structures was stabilized at
the value of 10 nA. The intricate behavior of the steps in

&

Microcavity

l i Ubiasio O |

)

GHz

#1 “Source” #2 “Recroder”

Figure 8. Shapiro steps experiment. Two identical experi-
mental devices shown in Figure 1 are used as a hf recorder
and a hf source to observe the Shapiro steps caused by the
hf illumination in the Josephson CV characteristic. The
level of the drain-source current in both device structures
was stabilized at the value of 10 nA.
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the Josephson CV characteristics is revealed by stepwise
varying, see Figures 9(a), (b) and 10. Using the rela-
tionship, AU = hv/2e, we appear to define the frequencies
of the Josephson generation equal respectively to 9.1
GHz and 120 GHz (Figures 9(a) and (b)) as well as 5.3
THz and 10.6 THz (Figure 10). This observation became
it possible, because the special microcavities have been
incorporated into the Si-QW plane, with the sizes corre-
sponding to the frequencies noticed above, L = A/2 n;
here n is the refractive index, n = 3.4, L is the microca-
vity size and 4 is the wavelength of the GHz-radiation.

Thus, the technique presented identifies the GHz gene-
ration, which appears in the S-Si-QW-S structure under
applied voltage thereby giving rise to the EDESR measu-
rements of single impurity centers without using the high
frequency source and recorder. In principle the same
generation is able to be induced also under illumination
as a result of the transitions between subbands of the 2D
holes, thus resulting in the possibilities of the ODMR
measurements.

3. Results

3.1. Self-assembled EDESR of Point Defects in
Silicon Nanostructures Inserted in
Superconductor Shells

The phosphorus ESR lines with the characteristic hf spli-

3.912 .
_ 13.892
<

= 3910

§ 3.890
3 3908}

= 13.888
£ 3.906}

a9

13.886

3.904 L .

0.00 0.05 010 0.15

Forward voltage [mV]
(a)

3912¢
3910
3.908

et
o
S
X

3.904

Forward current [pnA]

3.902
0.0 0.5 1.0
Forward voltage [mV]

(b)

Figure 9. Shapiro steps in the Josephson CV characteristics
of the S-Si-QW-S sandwich structures that reveal by step-
wise varying the GHz frequency generation at 9.3 GHz (a)
and 120 GHz (b). The level of the drain-source current in
both device structures was stabilized at the value of 10 nA.
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Forward voltage [mV]

Figure 10. Shapiro steps in the Josephson CV characteris-
tics of the S-Si-QW-S sandwich structures that reveal by
stepwise varying the THz frequency generation at 5.3 THz
(negative step) and 10.6 THz (positive step) which is caused
by forming the superconductor gap. The level of the drain-
source current in the recorder was stabilized at the value of
10 nA, while in the source the drain-source current was
subsequently varied; 1 I4,=10 nA, 21 pA, 350 pA.

tting of 4.1 mT are observed, with a complicated behav-
ior of intensities and phases due to effects of a spin-de-
pendent scattering (Figures 11(a) and (b)). Besides, the
spin-dependent scattering of 2D holes on the phosphorus
shallow centers is revealed by measuring the phosphorus
line splitting that is evidence of the exchange interaction,
which is similar to the effect of zero-field splitting in
one-dimensional channels [26,27]. It should be noted that
this considerable splitting of the P-lines has been found,
for the first time, in the same device using the ordinary
EDESR technique [7]. The high sensitivity of the new
EDESR technique is confirmed by the measurements of
the NL8 spectrum that identifies residual oxygen ther-
modonors, TD" state, in the p-type Si-QW (Figures 11(a)
and (b)) [28]. This center of the orthorhombic symmetry
has been also found by the ordinary EDESR method in
the sandwich structure discussed here [29]. The central
lines in the EDESR spectrum are slightly different from
the NL10 spectrum that is related to the neutral thermo-
donor containing a single hydrogen atom. Nevertheless,
this EDESR spectrum appears to identify the hydrogen-
related center in the p-type Si-QW, because its charac-
teristic hf splitting, 23 MHz, corresponds to the hf hy-
drogen splitting [30]. Different phase of the hf lines that
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Figure 11. (a) -EDESR of phosphorus, NL8 and hydrogen-
related centers in the Si-QW confined by the superconduc-
tor d-barriers, which is observed by measuring the magne-
toresistance without the external cavity as well as the high
frequency source and recorder. T = 77 K. BlI<100> in the
plane L to the {100} interface. v = 9.3 GHz. The 23 MHz
splitting revealed by the central lines seems to be evidence
of the hf hydrogen structure. (b) —-EDESR reply from the
second harmonic.
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result from the hydrogen-related center is of importance
to be noticed, which seems to result from the high spin
polarization.

The 23 MHz hf splitting is verified also in the EDESR
line with a g-value of 2.07 like Fe” in bulk silicon (Fig-
ure 12(a)). This EDESR spectrum is of interest to ex-
hibit a strong angular dependence of the line intensity
with maximum for B||<111> that is practically the same
as for the iron-related center identified by the ordinary
EDESR, with the observation of the double quantum
transitions (Figure 12(b)) [7,29]. The EDESR spectrum
shown in Figure 12(b) is not related however to the
well-known FeH center [31] and seems to be a result of
the hydrogen passivation of interstitial Fe” center.

The high sensitivity of the EDESR technique demon-
strated below allows the studies in weak magnetic fields
that are of importance for the measurements of the hf
splitting for the centers inserted in the quantum wells,
which are characterized by the large g-values. Firstly,
this advantage is revealed by measuring the EDESR
spectrum of the Fe' center, which appears to exhibit the

Copyright © 2011 SciRes.
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Figure 12. (a) EDESR of a FeH-related center in the Si-QW
confined by the superconductor §-barriers, which is obser-
ved by measuring the magnetoresistance without the exter-
nal cavity as well as the high frequency source and recorder.
T =77 K. BlI<100> in the plane L to the {100} interface. v =
9.3 GHz. The 23 MHz splitting seems to be caused by the
HFI with hydrogen. (b) The hf structure of the X-line ob-
served with ordinary EDESR at SOmW and low modulation
amplitude (0.05 mT); T =3.7K B || <111>, 50 scans [7,29].

¥Si hf splitting in the absence of the external cavity as
well as the high frequency source and recorder (Figure
13).

Secondly, the hf structure of the erbium-related center
is found, for the first time, in silicon (Figure 14). Erbium
doping was done at the diffusion temperature of 1100°C
in the process of long-time diffusion accompanied by
surface injection of vacancies from the interface between
the oxide overlayer and the n-type Si (100) substrate.
Then, the sandwich structure that represents the p-type
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Figure 13. EDESR of the Fe' center in the Si-QW confined
by the superconductor o-barriers, which is observed by
measuring the magnetoresistance without the external cav-
ity as well as the high frequency source and recorder. T =
77 K. BII<100> in the plane L to the {100} interface. v=19.3
GHz.
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Figure 14. EDESR of the trigonal Er-related center in the
Si-QW confined by the superconductor J-barriers, which is
observed by measuring the magnetoresistance without the
external cavity as well as the high frequency source and
recorder. T = 77 K. BII<100> in the plane L to the {100}
interface. v= 9.3 GHz. The hf erbium structure (I = 7/2) are
split in four lines that seem to be due to the presence of
boron (I = 3/2) inside the Er-related center.

Si-QW confined by the superconductor &-barriers was
prepared on the n-type Si (100) (Figure 1). Thus, small
concentration of the erbium-related centers is a basis of
the EDESR and ODMR observation that are caused by
the spin-dependent scattering of 2D holes. The g-value of
4.82 and the trigonal symmetry of the erbium-related
center identified from the angular dependences of the
EDEPR spectrum observed are evidence of its similarity

Copyright © 2011 SciRes.

to the erbium center studied by the ordinary ESR [32].
The components of the hf erbium structure, I = 7/2, are
seen to be split in four lines (Figures 15(a) and (b)).
This splitting seems to result from the hf structure of
boron (I = 3/2) that forms the trigonal dipole centers in
the d-barriers. The results obtained allow the model of
the erbium-related center in the p-type Si-QW within the
frameworks of the replacement of one boron atom in the
trigonal dipole center by erbium thereby forming single
dipole centers B™-Er~ (Figure 15(a)). The paramagnetic
state of this center seems to be created by the capture of
2D holes (Figure 15(b)) transferred along the edge chan-
nels in the sandwich structures.

3.2. Negative Magnetoresistance under ESR
Conditions

Since the measurements of the magnetoresistance were
performed without any light illumination and injection of
carriers from the contacts, the EDESR effects appear to
result from the spin-dependent scattering of spin-pola-
rized holes from a single paramagnetic center or a few
such centers in the edge channels of the S-Si-QW-S
sandwich structures. The spin polarization of holes is
caused by of the multiple Andreev reflection between the
two B-doped sheets confined by the superconductor &-
barriers [2]. It has to be emphasized that the spin-pola-
rized free 2D holes perform a quantum diffusive motion
due to elastic scattering on a static random potential in
the edge channels. This elastic scattering is not spin-de-
pendent, and the phase of the hole wave function accu-
mulates a purely geometric contribution, while the phase
memory remains conserved. Thus, the weak localization
regime of the hole transport is achieved. The hole phase
memory is well known to allow the destruction due to
the inelastic electron-electron and/or electron-phonon in-
teractions. The corresponding characteristic time is de-
noted by z,. If the external magnetic field is applied, the
following two additional contributions to the hole wave
function phase appear. The first one is the Aharonov-
Bohm contribution which is spin independent and pro-
portional to the magnetic flux through the cross section

) i \@ﬁ):.
B IF g
g g

() (6) o
(a) (b)
Figure 15. Model for the trigonal dipole boron-erbium cen-
ter (a), with paramagnetic state created by the capture of

2D holes in the Si-QW confined by the superconductor o-
barriers (b).
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of the diffusive trajectory. This contribution is phase
conserving. The second spin-dependent phase contribu-
tion is due to spin dependent magnetic-impurity scatter-
ing of 2D holes. This contribution might break the phase
memory, and the interrelation of its characteristic time
with 7, is important. However, this type of magnetic-
impurity scattering is not a direct scattering process of
the holes but rather the cumulative influence of the mag-
netic field of a given paramagnetic center on the diffu-
sive hole phase through the hole-center spin-exchange
interaction. It should be noted that a direct scattering
process might significantly reduce the conductance of the
edge channel. So it is reasonable to assume some spacing,
of about 1 - 3 nm, between the paramagnetic center and
the edge channel preventing from the direct scattering of
the holes. Indeed, recent experimental data demonstrate
directly the existence of such nearby centers that produce
random telegraph signal of various natures in some diode
structures. In the sandwich structure under consideration
we observed several types of paramagnetic centers with
similar random influence on the hole wave function
phase. The magnetic random signals produced by the
given center can be of the telegraph or shot noise nature
and correspond to a temporal sequence of signals of al-
ternative signs that appear at random moments. In any
case of the noise statistics, the additional time-dependent
phase accumulated by the hole wave function represents
a random process with an exponential relaxation function.
The corresponding correlation time, 7, is the characteris-
tic of the ESR from the center considered. This is the
mean time of spin-flip transitions at the center which is
very sensitive to the deviation of the external magnetic
field from its resonance value. Therefore the spin-de-
pendent magnetic-impurity scattering of spin-polarized
holes, described above, can be accounted for in terms of
the theory of weak localization in disordered structures
that gives rise to the following generalized relationship
for the positive magnetoresistance response caused by
the EDESR saturation (Figures 16(a) and (b)) [33,34]:

Ap T dr 4me N SSPIR
7: const;,[z<exp(z%q5Axdl—zsxl‘é‘a)(t )de J>

(M
where 1., is the momentum relaxation time, 7, is inelastic
or phase relaxation time; 7y serves here as the spin re-
laxation time of holes in the edge channels.

The spin relaxation of holes in magnetic fields outside
the magnetic resonance range is determined by the ran-
dom spin rotation that results in the spin delocalization:
7, > 7, > 1, whereas under ESR saturation that is de-
scribed by the second term in Eqution (1) results in a
significant drop of the 7y value and corresponding posi-
tive reply of magnetoresistance (Figures 16(a) and (b)):

Copyright © 2011 SciRes.

Aplp

B

Figure 16. ESR reply in the conductance due to the spinde-
pendent scattering of carriers from single centers in the
sandwich structures. It appears to result from the reso-
nance behavior of the spin relaxation time within the fra-
meworks of a weak localization regime (a), which gives rise
to the positive magnetoresistance reply by passing through
the resonance magnetic field (b). It should be noted that the
magnetic resonance field plays the same role as the zero
magnetic field in the test experiments on the weak localiza-
tion verified by the negative magnetoresistance reply.

A—'D =const - cos{zngj
P 0
- t @)
[ 7 -exp[—sz(t—t')‘Pxx (t‘)dt‘j
12 0

Tm

where ¥ (¢)= exp(—ﬂ] is the relaxation function of
TS
ESR of the paramagnetic center; M, ~J” sza is de-
fined by the exchange interaction between the hole and
the paramagnetic center nearest to the hole diffusive
closed trajectory in the channel. Eqution (2) describes the
positive magnetoresistance effect observed under the
ESR saturation as a response that is able to regenerate
the weak localization regime which becomes destructive
in the region far from ESR because of the random spin
relaxation processes. The physical origin of this effect is
due quantum interference of the two hole states corre-
sponding to direct and inverse motion of the hole along
the closed diffusive path in the static random potential in
the channel. This is the reason why this magnetoresis-
tance effect is very sensitive to the concentrations of
even uncontrollable impurities. On the basis of presented
arguments, the resonant positive magnetoresistance ef-

fect is accounted for as follows:
2

Mt . .
22 J in Eqution

a) The exponential factor exp[—

(2) becomes dominant when the weak antilocalization
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regime becomes unstable due to generation and accumu-
lation of a low frequency paramagnetic noise at the loca-
tion of the diffusive hole in the edge channel; this case is
described with the inequality 7, > 7,> z,.

b) The exponential factor exp(—Mztts) in Eqution
(2) is different from the previous form and prevalent un-
der ESR saturation conditions, resulting in the positive
magnetoresistance response; this case is described with
the inverse inequality 7, > 7, > 7, Lq) = ‘/Drw is the
phase relaxation length, D is diffusion coefficient.
D=v;.r, /2 , v 1s Fermi velocity.

Finally, the new-type EDESR effect has been addi-
tionally verified by the observation of the same ESR
spectrum under the conditions of the second harmonic
generation (see Figure 11(b)).

3.3. Self-Assembled ODMR of Point Defects in
Silicon Nanostructures Inserted in
Superconductor Shells

Figure 17 shows two transmission spectra. The first one

was obtained for silicon wafer before the boron diffusion.

Several lines marked with “C-H” are demonstrated,
which appear to result from the carbon-hydrogen accep-
tor center photoluminescence and its phonon replicas
[35].

Several new lines in the transmission spectrum were
observed in the same sample after the diffusion of boron
that gives rise to the formation of the sandwich nanos-
tructure discussed above (see the curve 2 in Figure 17).
Two strong lines observed in the 925 - 935 meV range
and two lines in the 950 - 960 meV range seem to result

1.0

Fe-B hh
0.5 F

0.0 f

Fe-B lh

0.5 F

{ " Wbt
mﬁw‘M’M l“' W’f

1gT [a.u.]

-15F C-H

20F C-H ‘ C-H

=30 880 900 920 940 960

Energy [meV]

Figure 17. Spectral dependences of the common logarithm
of the sample light transmission coefficient: 1 (red) is re-
lated to device structure before the diffusion of boron; 2
(black) is related to the same device structure after the bo-
ron diffusion that results in the formation of the S-Si-QW-S
sandwich. The Rabi splitting demonstrates at T = 300K the
excitonic NMC with the Si-QW containing the Fe-B pairs,
being incorporated in the 1A microcavity.

Copyright © 2011 SciRes.

from the luminescence of a heavy hole (hh) and light
hole (1 h) bound exciton at the Fe-B pair center [36]. The
creation of this center is due to the residual Fe content.

The strong luminescence observed in the 925 - 935
meV range appears to be caused by the normal-mode
coupling (NMC) of the hh exciton bounded at the Fe-B
center and the photon mode of the microcavites which
are created between self-assembled microdefects (Figure
5). The NMC regime is revealed by the creation of ab-
sorption lines marked with arrows in Figure 17, with the
demonstration of the angular dependent Rabi splitting [1,
4,5]. The common origin of these lines related to the Fe-
B center results from the same fine structure in both ab-
sorption and luminescence part of the transmission spec-
trum seen in Figure 18. The angular dependences of the
luminescence part of the transmission spectrum that is
enhanced in the range of Rabi splitting allow its identifi-
cation as the ODMR spectrum from the trigonal Fe-B
pair [1,4,5].

Two silicon microcavities are revealed by the angular
resolved transmission spectra that exhibit the excitonic
NMC regime with the Si-QW confined by the d-barriers
heavily doped with boron in the spectral range of the
Rabi splitting at T = 300 K (Figure 19(a)) [37,38]. The
angular resolved measurements have revealed the strong
coupling regime by an anti-crossing behavior between
polariton states in the microcavity embedded in the Si-
QW containing the carbon-hydrogen acceptor centers [39].
The NMC regime is found to give rise to the enhance-
ment of bound exciton absorption (Figures 19(a), 19(b)
and 20) and photoluminescence (Figures 21(a), 21(b)
and 22) in the spectral range of the Rabi splitting. More-
over, the exciton localization at the carbon-hydrogen ac-
ce-ptor centers appeared to cause the giant triplet-singlet
splitting in the absence of the external magnetic field
which is created by strong coupling of the impurity states

_14} U . 40.6
40.4
-1.6F 0
40.2
Cia | Joo
S,
E‘) -2.0F 41-0.2
! {-0.4
4-0.6
241
N . I . 1038
914 916 918 928 930

Energy [meV]

Figure 18. Spectral dependences of the common logarithm
of the light transmission coefficient that demonstrates the
same fine srtucture of the lines arising from the excitonic
NMC regime in the S-Si-QW-S sandwich structure con-
taining the Fe-B pairs.
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Figure 19. (a) Spectral dependences of the light transmission
coefficient that demonstrates at T = 300 K the excitonic
NMC with the Si-QW containing the carbon-hydrogen ac-
ceptor center, being incorporated in the 1A microcavity. (b)
Giant triplet-singlet splitting revealed by the NMC regime
allows the ODMR spectrum (120 GHz) of the carbon-hy-
drogen acceptor center which is caused by the absorption
transitions between the triplet sublevels of the bound exciton.

Figure 20. The one-electron band scheme of the p-type
Si-QW confined by the HTS &-barriers that contains the
carbon-hydrogen acceptor center. The bound exciton cre-
ated at this center under optical pumping results in the
giant triplet-singlet splitting. The presence of the E. - 0.37
eV acceptor level appears to be associated with the M-line
760.8 meV photoluminescence [40].

with the s-p electronic states of the host Si-QW (Figures

19(a) and 21(a)). This strong sp-impurity states mixing is
revealed by the angular resolved absorption and photo-
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Figure 21. (a) Spectral dependences of the light transmis-
sion coefficient that demonstrates at T =300 K the excitonic
normal-mode coupling with the Si-QW containing the car-
bon-hydrogen acceptor center being incorporated in the 1A
microcavity. (b) The giant triplet-singlet splitting revealed
by the NMC regime allows the ODMR spectrum (87 GHz)
of the carbon-hydrogen acceptor center which is caused by
the photoluminescence transitions between triplet sublevels
of the bound exciton.
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Figure 22. The one-electron band scheme of the p-type
Si-QW confined by the HTS 8-barriers that contains the
carbon-hydrogen acceptor center. The bound exciton cre-
ated at this center under optical pumping results in the
giant triplet-singlet splitting. The presence of the E - 0.2 eV
acceptor level appears to be associated with the H-line 925.6
meV photoluminescence [35].
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luminescence that seem to reveal the ODMR spectra in
zero magnetic field under the NMC conditions (Figures
19(b) and 21(b)), because the EPR frequency is able to
be selected from the THz range generated by the
d-barriers confining the Si-QW being in self-agreement
with the splitting of the triplet sublevels in the exchange
field induced by the bound exciton (Figures 20 and 22)
[1.4,5].

Two different carbon-hydrogen acceptor centers, Cs-
Ci-H [39], have been identified by measuring the ODMR
spectra. The first center that is sensitive to the frequency
value of 120 GHz seems to be associated with the pres-
ence of the E. - 0.37 eV acceptor level which appears to
give rise to the M-line 760.8 meV photoluminescence
(Figures 19(a) and 20) [40]. The bound exciton absorp-
tion is predominant in the ODMR spectrum, because the
energy of optical transition from the HH1 subband of 2D
holes to the E. - 0.37 eV acceptor level appears to be in
resonance with the HH3 - HH1 optical transition in the
Si-QW. It should be noted that the double quantum tran-
sitions seem to be exhibited in the ODMR spectrum
(Figure 19(a)). The second center that is sensitive to the
frequency value of 87 GHz seems to be associated with
the presence of the E. - 0.2 eV acceptor level which ap-
pears to give rise to the H-line 925.6 meV photolumi-
nescence (Figures 19(a), 19(b) and (20)) [35]. The pho-
non replica are observed in the photoluminescence spec-
trum that reveals also the giant triplet-singlet splitting, 5
meV. The multi-quantum transitions are seen to contri-
bute to the ODMR spectrum (Figure 21(b)). Finally, the
frequency values of 120 GHz and 87 GHz revealed by
the modulation of the transmission spectra correlate with
the splitting of the triplet sublevels in the exchange field
induced by the bound exciton which appears to result
from the ODMR spectra.

4. Conclusions

The new electrically- and optically-detected ESR (EDESR
and ODMR) technique, which allows the studies without
using an external cavity and a high frequency source and
recorder, has been demonstrated by measuring respec-
tively the only magnetoresistance and transmission spec-
tra. Using this new EDESR technique, the ESR spec-
trometer has been suggested to be replaced by the sand-
wich structure that represents the ultra-narrow silicon
quantum well confined by the superconductor d-barriers.
These 6-barriers appeared to be the sources of the GHz
and THz emission that can be enhanced by varying the
dimensions of the sandwich structure which is able to
form the internal cavity. This new EDESR technique has
been applied to the studies of the phosphorus, iron-, hy-
drogen- and erbium-related centers embedded in the ul-

Copyright © 2011 SciRes.

tra-narrow p-type silicon quantum well that was a basis
of the sandwich structure. The hf erbium structure signal
has been found, for the first time, for the erbium-related
centers in silicon.

The excitonic normal-mode coupling (NMC) with the
single p-type Si-QW incorporated in the 1A silicon mi-
crocavity on the n-type Si (100) wafer has been identi-
fied at T =300 K in the studies of the transmission spec-
tra which have revealed the ODMR of the trigonal Fe-B
pairs and the single carbon-hydrogen acceptor center in
the absence of the external magnetic field, the external
cavity and the hf source. It is pointed out that the reso-
nant positive magnetoresistance data can be interpreted
in terms of the interference transition within the frame-
works of the diffusive transport of free holes in the weak
antilocalization regime due to the spin relaxation pro-
cesses as the external magnetic field value goes through
the defect ESR resonance field corresponding to a para-
magnetic center.
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