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Gate-pulse-induced recombination, known as charge pumping (CP), is a fundamental carrier recom-
bination process, and has been utilized as a method for analyzing the electrical properties of defects (or
dangling bonds) at the transistor interfaces, which is now recognized to be a well-matured and conven-
tional method. Nevertheless, neither the origin (the bonding configuration) of the defects responsible for
the CP nor their detailed recombination sequence has been clarified yet for Si metal-oxide-semiconductor
(MOS) interfaces. In order to address these problems, we investigate the CP under spin resonance condi-
tions at temperatures ranging from 27 to 300 K in Si(100) n type MOS transistors. We obtain evidence that
Pb0 and E′ centers, the two major dangling bonds at (and near) the Si(100) interface, participate in the CP
recombination process. We also show that the spin-dependent CP process is explained by the formation
of electron-electron spin pairs, which, in turn, reveals that the CP via Pb0 and E′ centers is inherently a
two-electron process.
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I. INTRODUCTION

Defects or dangling bonds at the SiO2/Si interfaces
[1,2] critically influence the variability and reliability of
the metal-oxide-semiconductor (MOS) circuits, and thus
have been extensively studied for the past several decades.
Even after high k gate-dielectric materials were intro-
duced [3], defect control of ultrathin SiO2/Si buffer layers
is still an essential issue to be studied [4]. Furthermore,
rapidly growing Si quantum electronics [5] points out the
importance of the SiO2/Si interface states from the view-
points, for example, of single-charge [6] and single-spin
[7] manipulations, and of control of the valley degree of
freedom [8]. In such cases, interface states are not merely
“defects,” but work as the experimental hosts for the
manipulation of the electronic charges, spins, and valleys.

The charge pumping (CP) [9–18], which generates a
recombination current by a gate pulse voltage, is a funda-
mental charge recombination process via interface defects,
and has been applied for investigating the interface defects
of MOS field-effect transistors (MOSFETs). We expect
that the CP could also be a key process for the manipu-
lation of the charges and spins of electrons at the defect
sites. The phenomenon was first reported by Brugler and
Jespers in 1969 [9], and the basic theoretical model was
constructed by Groeseneken et al. in 1984 [10]. Since
then, a large number of reports have been issued on this
process because it allows us to evaluate various kinds of
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electrical properties of the interface defects, such as cap-
ture crosssections [11,14,16] and density-of-states profile
[10,12,15,18]. However, the origins, or the bonding con-
figurations, of the defects responsible for the CP recom-
bination have not yet been identified. This is because the
CP itself does not provide the information for identifying
the defects for which a magnetic resonance technique is
needed.

In addition, arguments on the detailed sequence of the
CP recombination process have not yet been satisfacto-
rily made. For example, a simple one-by-one electron-hole
recombination per defect site is implicitly assumed in
conventional defect analysis using the CP [see, e.g., the
potential diagram shown in Fig. 1(b)]. However, as is well
accepted in the literature, the dangling bonds of the host
material, Si in the present case, have three states, positively
charged no-electron, neutral one-electron, and negatively
charged two-electron states [7,19,20], and consequently,
there are two types of energy levels corresponding to the
transitions +/0 and 0/− [20,21]. The CP should reflect this
amphoteric nature. Actually, the possibility of the multiple-
electrons CP via one defect site was pointed out in the early
stage of CP research [13], and a recent article reported
that one defect site at SiO2/Si interfaces can convey two
electrons at most in one cycle of the CP sequence [17].

In order to address these unsolved problems, we per-
form and analyze the CP under electron-spin resonance
(ESR) conditions, which we here refer to as CP EDMR
(electrically-detected magnetic resonance). Contrary to the
conventional ESR technique [22], where the absorption
of the microwave power is measured, the EDMR [23]
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(a) (b) (c)
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FIG. 1. Setup for the CP and CP EDMR. (a) Setup for the CP. Dashed arrows show the electron flow between the source and drain
and the substrate via the interface defects (red cross marks). The parameters of the gate pulse are defined in the inset of the figure,
where �V, �t, and Vbase are the amplitude, the rise or fall time, and the base voltage of the pulse, respectively. The duty cycle of the
pulse is fixed at 50% for all measurements. (b) CP sequence. Electrons (closed circles) are captured by the defect states in the rise step
of the pulse (left), and then the trapped electrons recombine with valence-band holes (open circles) in the fall step (right). The electron
(hole) emission, which is the competing process against the recombination (electron capture) process, is indicated by the dotted arrow.
Ec and Ev are the edges of the conduction and valence band, respectively. Note that the diagram is drawn by assuming one-electron
capture or recombination model, implicitly assumed in the literature. On the other hand, we here propose a two-electron CP process,
see Fig. 7(b). (c) Setup for CP EDMR. A MOSFET is mounted on the sample holder and inserted into the cylindrical cavity of the
ESR system. Arrow B shows the static magnetic field, while the arrows Bμw and Eμw show the microwave magnetic and electric fields,
respectively.

measures the current, and thus enables us to make a selec-
tive and sensitive detection of the spins located in the
area where the current is limited. The CP EDMR literally
measures the CP recombination current using the EDMR
technique and is expected to give us information about the
dangling bonds responsible for the CP process.

The CP EDMR was first applied in 1998 to a Si MOS-
FET [24] (and then to SiC MOSFETs [25,26]) at room
temperature. However, no decisive conclusion about the
origin and detailed mechanism of the CP process was made
because of the poor signal-to-noise ratio [24]. We, there-
fore, report here the CP EDMR on Si(100) MOSFETs in
the temperature range between 27 and 300 K. Thanks to
the enhanced signal intensity at low temperatures and also
to our low-noise measurement system [27], we obtain sig-
nals strong enough for detailed analysis. We show that
two major dangling bonds observed so far using conven-
tional ESR on (100) SiO2/Si interfaces, Pb0 [28,29] and
E′ [29,30], participate in the CP recombination. We also
show that the present CP EDMR data follows the electron-
electron spin pair model [31], which, in turn, supports
the idea that the CP via these defects is a two-electron
process.

II. RESULTS

A. Measurement setup and device structure

Figure 1(a) shows the setup for the (conventional) CP
measurements. In the CP, a pulse voltage with a large
amplitude is repeatedly applied to the MOS gate so that
the electron inversion and hole accumulation layers are
alternatively formed. The CP sequence in one cycle of

the pulse is shown in Fig. 1(b); conduction-band electrons
are captured by interface defect states in the rise step of
the pulse, and the trapped electrons subsequently recom-
bine with valence-band holes in the fall step. The chain
of the pulse causes the electron-hole recombination cur-
rent to flow between the source-drain and the substrate
via the interface defects. This is called CP current, given
by I CP = efAN it, where e, f, A, and N it are the elementary
charge, the gate pulse frequency, the channel area, and the
area density of the interface states, respectively.

In this study, n type MOSFETs fabricated on a Si(100)
substrate are used. The channel length and width and
gate oxide thickness are, respectively, 50 and 500 µm and
30 nm, and the substrate doping (boron) concentration is
of the order of 1015 cm−3. The gate oxide thickness of
30 nm is chosen because, with this oxide thickness, the
charge pumping measurements can be performed without
disturbance by the gate leakage current with a moder-
ate level of the gate-voltage swing. The gate oxide is
formed in a dry oxygen ambient at 950 °C for 50 min, and
the fabrication process is finalized with the forming gas
(N2:H2 = 2:1) treatment at 450 °C for 30 min. The gate is
made of phosphorus-doped poly-Si.

Here, we intentionally increase the interface defect den-
sity by applying the Fowler-Nordheim (FN) stress [32].
This is because the defect state density of the initial
(fresh) interfaces is too low (on the order of 109 cm−2

at room temperature) to obtain signals sufficiently strong
for the analysis of superimposed peaks (see below), and
also because we can make certain that the near-interface
states, which are observable only in stressed samples [33],
participate in the CP process. We obtained samples with
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N it at around 1011 cm−2. Details of the FN stress applica-
tion and the resultant CP EDMR data can be found in the
Appendix.

For the CP EDMR, a MOSFET is inserted into the TE011
cylindrical cavity of the X band ESR system [Fig. 1(c)],
and is irradiated by microwave with a power of 100 mW.
The Vbase is kept at the constant value at which I CP reaches
its maximum value I CP,max, and the output signal (the CP
current) is recorded by using a lock-in amplifier with the
magnetic-field modulation. The magnetic field is modu-
lated with the frequency and amplitude of 100 Hz and
2.0 G, respectively. The sample is cooled down with a
closed-cycle He cryo-cooler, and the measurements are
done at temperatures ranging from 27 to 300 K. Note
that the CP and the CP EDMR measurements are diffi-
cult to perform at temperatures below 27 K for the present
MOSFETs with the low-doping density of the substrate
because the substrate becomes insulating due to the carrier
freezeout.

B. CP and CP EDMR measurements

We first show the results for the conventional CP.
Figure 2(a) shows the CP current as a function of base
voltage Vbase of the pulse at temperatures ranging from 27
to 300 K. The definition of the Vbase is shown in Fig. 1(a).
Figure 2(b) shows I CP,max (left axis) and N it estimated from
the I CP,max (right axis). One can see that I CP,max and hence
N it decrease with the temperature.

For the CP, the temperature is an important param-
eter. Energy levels of the interface defects are widely
distributed in the band gap and the change in the temper-
ature enables us to control the range of the energy levels
of the defects that can participate in the CP process. The
above results indicate that the energy range for the CP
becomes narrower as the temperature increases [12] [see
the diagram shown in the inset of Fig. 2(b)].

As illustrated in Fig. 1(b), right (fall step), when the gate
voltage is switched from a positive to a negative value,

conduction-band electrons escape back to the source or
drain, leaving the trapped electrons behind, and holes are
subsequently accumulated at the interface, resulting in the
recombination of the trapped electrons with the holes. Dur-
ing this CP recombination process, emission of the trapped
electrons to the conduction band could occur [dotted arrow
in Fig. 1(b), right] and work as a competing process against
the recombination. If the emission takes place, the trapped
electron escapes back to the source or drain and does
not contribute to the CP current. Because the emission is
thermally activated, a shallower defect level has a higher
emission rate. Therefore, there is a boundary of the energy
level above which the emission rate becomes higher than
the recombination rate, and as the temperature increases,
this energy boundary shifts downward due to the enhanced
emission rate. A similar competing process, the hole emis-
sion, takes place for the electron capture process shown
in Fig. 1(b), left, which results in the shift of the lower
bound of the boundary energy upward with the tempera-
ture. As a result, the range of the defect energy levels for
the CP becomes narrower with the temperature. Following
Ref. [12], the energy range is estimated to be Ei ± 0.25 eV
for 300 K and Ei ± 0.55 eV for 27 K, where Ei is the
Fermi level of intrinsic Si. As will be explained below, the
CP EDMR signals are expected to come from the defects
whose energy level is located around the upper energy
boundary, and from the above estimation, one can under-
stand that the present temperature variation (27–300 K)
scans the wide range of the energy levels of the defect
states.

Figure 3(a) shows the output spectrum of the CP EDMR
measured at 27 K as a function of the magnetic field B,
which is applied perpendicular to the (100) interface or
parallel to the [100] direction [B||[100], see Fig. 1(c)]. The
data are taken at the constant Vbase (= −5 V) at which the
I CP reaches I CP,max [see inset of Fig. 3(a)]. By integrating
this differentiated output spectrum with respect to B, we
can obtain the actual change �I CP in the I CP caused by
the resonance, which is shown in Fig. 3(b). We here point

(a) (b) FIG. 2. CP characteristics. (a)
Temperature dependence of the
CP current I CP as a function of
the base voltage Vbase of the pulse.
(b) The maximum value I CP,max
and area density N it of the inter-
face defects estimated from the
I CP,max. Inset shows the range of
the energy levels of the defects
that can contribute to the CP cur-
rent.
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(a)

(b)

FIG. 3. CP EDMR characteristics. (a) Output (differential)
spectrum measured at 27 K with the magnetic field B parallel to
the [100] direction (B||[100]). Parameters for the CP gate pulse
are f = 5 kHz, �V = 4 V, and �t = 30 µs. Vbase is fixed at −5 V,
at which the I CP is maximum (= 80 nA) as shown by the arrow in
the inset. (b) Integrated spectrum. Thin solid black curve is the
experimental data. This curve is deconvoluted into three Voigt
functions for Pb0 (red line), E′ (green), and SS (blue). Their sum
is shown by the dotted black curve.

out that �I CP is positive. This means that the CP current
increases when the resonance occurs.

As shown in Fig. 1(b), the electron capture (in the rise
step of the pulse) and subsequent electron-hole recombi-
nation (in the fall step) have a competing process, the
hole and electron emission, respectively, and the rates of
these four processes determine the energy range of the
defects that can contribute to the CP current. Therefore,
the positive �I CP strongly suggests that the energy win-
dow for the CP becomes wider because of at least one of
these rates varying, for example, the electron-hole recom-
bination rate being enhanced due to the resonance. In other
words, electrons (or holes) that otherwise are supposed to
be emitted participate in the CP recombination by the res-
onance. This means that the CP EDMR signals only come
from the defects whose energy is around the energy bound-
aries, while the CP current is dominated by all the defects
within the energy range. As will be shown later, we ascribe
the positive �I CP to the enhancement of the electron-hole
recombination rate due to the resonance, which shifts the
upper bound upward. Note that �I CP is on the order of

pA while I CP,max is on the order of 100 nA (�I CP/I CP,max
is on the order of 10−5), indicating that the recombination
rate enhancement is quite small. However, this intensity
is strong enough to necessitate a detailed discussion. Dis-
cussion about the mechanism of the positive �I CP will
be given later, and we will first discuss the origin or the
bonding configuration of the defects responsible for the CP
EDMR signal.

As one can see in Fig. 3(b), the signal is composed
of several components. We deconvolute it into Voigt
functions [34,35] and find that three Voigt functions (three
peaks) give us the best fit (dotted black curve). The resul-
tant g values of the peaks agree with those of Pb0 (red
line, g = 2.006) [28,29], E′ (green line, g = 2.002) centers
[29,30], and weakly-localized electrons at shallow states
around the conduction-band edge (blue line, g = 1.999)
[36,37]. (We hereafter refer to these electrons as weakly-
localized shallow-state electrons, or simply as SS elec-
trons.) Here, Pb0 is the Si dangling bond right at the (100)
interface with three Si back bonds [28,29], while the E′ is
the Si dangling bond at an oxygen vacancy in the SiO2 film
[29,30].

Note that we do not use the Dysonian profile, which is
a typical feature for the spins of mobile carriers [38], as
a fitting curve, because no mobile electrons are expected
to be left in the conduction band when the recombination
takes place in the CP process. Also note that although the
E′ centers are located in the oxide, they can be detected
in the CP measurements if the gate-pulse frequency is low
[39], and the present frequency, f = 5 kHz, is low enough
for the E′ center detection.

Figures 4(a) and 4(b) show the output and the integrated
spectra for five rotation angles of the sample with respect to
the magnetic field, ranging from ϕ = 0° (B||[100]) to 90°
(B||[011]). One can see that spectra in the region below
335 mT [shaded area in Fig. 4(a)] have a considerably
large rotation-angle dependence. This is consistent with
the fact that the bonding directions of the Pb0 centers (red)
are anisotropic (while the E′ and the SS are isotropic due to
the randomly-oriented orbitals and due to an s like orbital,
respectively).

According to the previous ESR data and theory [28,29],
the single peak of the Pb0 centers at ϕ = 0° splits into three
with the intensity ratio of 1:1:1 by the rotation [see red
dotted curves in Fig. 4(c)]. We searched the best fitting of
the intensity curves, using the g value and width of each
peak as variables, while the peak heights of the E′ and
SS are unchanged and those of the three (split) peaks of
the Pb0 are kept at 1/3 of that for ϕ = 0°. The results of
the fitting are indicated by dotted curves in Fig. 4(b) and
the resultant g values for five rotation angles are plotted
in Fig. 4(c). One can see that the fitting (dotted curve)
reproduces the experimental data (thin black line) for all
the rotation angles, which supports the validity of the
assignment.
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(a) (b) (c)

FIG. 4. Rotation-angle dependence of CP EDMR signals.
(a),(b) Output and integrated spectra for five rotation angles rang-
ing from ϕ = 0° (B||[100]) to 90° (B||[011]). Parameters for the
CP gate pulse are the same as those for Fig. 3 (f = 5 kHz,
�V = 4 V, �t = 30 µs, and Vbase =−5 V). In (b), thin solid
black curves are the experimental data, and they are deconvo-
luted into Voigt functions for Pb0 (red lines), E′ (green line), and
SS (blue line). Their sums are shown by the dotted black curves.
(c) Rotation-angle dependence of the g values. Dots are the g
values extracted from the experimental data, while the curves are
the theoretically predicted ones. Red, green, and blue dots and
curves are, respectively, for Pb0, E′, and SS.

We mention that we could not obtain a reasonable fit-
ting for all the rotation angles [ϕ = 0° (B||[100]) to 90°
(B||[011])] using the theoretically predicted g tensor for
the Pb1 center [40], another type of the dangling bond
at the (100) SiO2/Si interface. For example, for ϕ = 0°
(B||[100]), Pb1 center has two peaks with the g values of
2.0058 and 2.0041 [40], but it is difficult to reproduce the
centered hump (which we ascribe to the E′ center) with
these g values.

Figure 5(a) shows the integrated spectra (black line) and
the decomposed peaks (red, green, and blue lines) for five
CP-pulse frequencies f ’s ranging from 3 to 5 kHz with
B||[100] (ϕ = 0°). The peak heights, �I CP(Pb0), �I CP(E′),
and �I CP(SS) are plotted as a function of f in Fig. 5(b).
The I CP,max is also plotted in the figure. One can see that
they are proportional to f, which demonstrates that Pb0, E′,
and SS participate in the CP process. We mention, how-
ever, that the SS is not the recombination center (but the
partner of the Pb0 and E′ centers for constituting a spin
pair), as we will explain later.

We next show the temperature dependence. Figure 6(a)
shows the CP EDMR spectra for temperatures T = 27, 60,
and 300 K for B||[100] (ϕ = 0°). One can see that the Pb0
and E′ centers are detected for all the temperatures with
comparable intensities to each other. As we have touched

(a)

(b)

FIG. 5. Pulse-frequency dependence of the CP EDMR signals.
(a) Integrated spectra (black lines) for gate pulse f ranging from
3 to 5 kHz with B||[100], each of which is deconvoluted into
three Voigt functions for Pb0 (red), E′ (green), and SS (blue).
Except for f, the pulse parameters are the same as those of the
data shown in Fig. 3 (�V = 4 V, �t = 30 µs, and Vbase =−5 V).
(b) Peak height of the Voigt function for Pb0 (red), E′ (green),
and SS (blue) as a function of f. I CP,max (black circles) is also
plotted.

on, and will explain in detail in the Discussion section, the
CP EDMR signals are expected to come from the defects
whose energy is around the upper bound of the energy
range for the CP. Therefore, the data indicates that our
assignment holds true for the wide range of the defect-state
energy. We estimate the energy boundary by using Eq. (19)
of Ref. [12], and by assuming the Si bandgap to be 1.17 eV
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(a)

(b) (c)

FIG. 6. Temperature dependence of the CP EDMR signals. (a) Integrated spectra �I CP for temperatures T = 27, 60, and 300 K with
B||[100]. Each spectrum (black line) is deconvoluted into three Voigt functions, each of which is assigned to Pb0(red), E′(green),
and SS(blue). Data for T = 60 and 300 K are respectively expanded to the vertical direction by 13 and 56 times for clarity. CP pulse
parameters are the same as those of the data shown in Fig. 3 (f = 5 kHz, �V = 4 V, �t = 30 µs, and Vbase =−5 V). In the inset of
each graph, the shaded area and bold line indicate the energy range for the CP and the energy level for the CP EDMR, respectively.
(b) �I CP as a function of T for Pb0 (red) and E′ (green) centers. (c) �I CP as a function of T for SS. Inset in (c) shows the ratio R of
�I CP(SS) to the sum of �I CP(Pb0) and �I CP(E′) as a function of T. In (b) and (c), two vertical dotted lines define three temperature
regions (T � 40 K, 40 K � T � 80 K, and T � 80 K).

at 27 and 60 K, and 1.12 eV at 300 K [41]. Results are
shown in the inset of Fig. 6(a).

We should mention that, according to Ref. [42], the
energy levels of the Pb1 centers are concentrated around
the midgap, and they are not on the energy boundaries for
the present temperature range. This is the reason why we
did not observe the Pb1 centers in the CP EDMR signals.

We show the temperature dependence of �I CP(Pb0)
and �I CP(E′) in Fig. 6(b), and of �I CP(SS) in Fig.
6(c). We also show the ratio R of �I CP(SS) to

�I CP(Pb0) + �I CP(E′) in the inset of Fig. 6(c). We find
that neither �I CP(Pb0), �I CP(E′), nor �I CP(SS) is sim-
ply proportional to I CP or to dI CP/dT (which reflects the
density-of-states of the defect levels). Rather, the tem-
perature dependence of the �I CP’s is strong and compli-
cated, and the temperature range can be classified into
three regions, T � 40 K, 40 K � T � 80 K, and T � 80 K,
depending on the behavior of the SS signals. The signal
from the SS sharply decreases with increasing T in the
range 40 K � T � 80 K, and is undetected for T � 80 K.
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From this temperature dependence, we can make a detailed
argument on the spin-dependent process, which will be
shown below.

III. DISCUSSION

A. Analysis of the CP EDMR data

In conventional ESR [22], the signal comes from the
microwave absorption and subsequent energy dissipation
at “individual” spins. In the EDMR, on the other hand,
it comes from the modulation of the current due to the
interplay of “two spins” [23,31,43–54]. The key concept of
the spin-dependent process in the EDMR is the spin pair,
which constitutes either a singlet or a triplet state. Note that
in the literature of EDMR, the terms “singlet” and “triplet”
indicate the configuration (alignment) of two spins form-
ing the pair, and does not necessarily mean the quantum
eigenstates of the two spins [47,50]. In other words, we
term the spin pair “singlet” (“triplet”) if the two spins are
antiparallel (parallel), regardless of the strength of the spin-
spin interaction. The entire recombination process would
become spin dependent if the singlet and triplet states have
a different transition rate in either electron capture or the
electron-hole recombination step, and magnetic resonance
signals are then observable because the spin resonance
changes the population of these states.

There are two kinds of spin pairs reported, the electron-
electron [31,43,48,50–54] and electron-hole [23,44–46,49]
pairs. They are introduced to explain the spin-dependent
photoconductivity in amorphous, microcrystalline, and
crystalline Si. As is well known, the dangling bonds of
the host material, Si in the present case, have three states,
positively charged no-electron, neutral one-electron, and
negatively charged two-electron states [7,19,20]. There-
fore, with one electron in the defect site, the second

electron can be captured. During such an electron cap-
ture process, the electron-electron spin pair can be formed.
On the other hand, when the electron-hole recombination
takes place, the defect electron can strongly couple with a
valence-band hole, which constitutes an electron-hole spin
pair.

The present CP EDMR data are explained by applying
the electron-electron pair model to Pb0 and E′ centers. The
situation is illustrated in Fig. 7(a). The second electron is
not directly trapped at the ground state of the defect (Pb0 or
E′), which is the singlet state, but is first trapped to some
intermediate excited states, forming the intermediate pairs,
which can be in a singlet or in a triplet state [31,50–53].
The intermediate pair can be two spins in the doubly occu-
pied excited states of the defects or the ones composed of
a singly occupied defect state and a closely located para-
magnetic state such as the SS [48,50,51]. We here refer
to these pairs as “on-site” and “off-site” pairs, and, as will
be explained below, these pairs predominate in the high-
and low-temperature regimes, respectively [see Fig. 7(a)].
We should mention that the off-site pair has already been
observed in the measurement of the photoexcited current of
a Si surface with a native oxide. In that case, the pair part-
ners were the electron spins of phosphorus donors doped in
the Si substrate [53,54]. This means that a deep state and a
shallow state can constitute the off-site pair.

Once the second electron is trapped at a triplet inter-
mediate state, it is prohibited to make a transition to the
ground (singlet) state due to the spin conservation law [31,
51,52]. Since the ground state has a higher recombination
rate than those of the intermediate states (because it is the
deepest level), this spin selection rule makes the entire
recombination process spin dependent. That is, the spin
resonance induces the triplet-to-singlet transition at the
intermediate pairs, which permits the pairs to be relaxed

(a)

(b)

FIG. 7. Proposed model of the
CP process. (a) Two types of
electron-electron spin pairs, off-
site (left), and on-site pairs (right),
are dominantly formed at low and
high temperatures, respectively.
The triplet and/or singlet inter-
mediate pairs are forbidden or
allowed to make a transition to the
ground states. (b) CP process via
Pb0 and E′ centers. Steps b2 and
b3 are relevant to the present CP
EDMR signals.

064064-7



MASAHIRO HORI and YUKINORI ONO PHYS. REV. APPLIED 11, 064064 (2019)

down to the ground singlet states, enhancing the net recom-
bination rate.

In the present CP EDMR case, this enhancement should
produce a significant impact on the electrons trapped at the
defects whose (ground state) energy is around the bound-
ary for the CP. The resonance permits these electrons,
which would otherwise have emitted back to the source
or drain, to join the recombination activity, leading to the
increase in the CP current or to a positive �I CP. The elec-
trons trapped at defects with deeper ground states would
not be affected by the resonance because the emission rate
is low and thus they can recombine with a high probability
without the help of the recombination-rate enhancement.
This leads us to the idea that the CP EDMR dominantly
detects defect states whose ground-state energy is around
the upper boundary.

We propose that the off-site and on-site pairs predomi-
nate at low- (T � 40 K) and high- (T � 80 K) temperature
regimes, respectively. In particular, in the low-temperature
regime, an SS electron constitutes the off-site spin pair
either with a Pb0 or E′ center electron. In other words, the
SS electrons are the pair partners of the Pb0 or E′ elec-
trons, which means that the SSs themselves are not the
recombination centers.

There are several reasons for this assignment. One is
the fact that the R {= �I CP(SS)/[�I CP(Pb0) + �I CP(E′)]}
is nearly constant for T � 40 K, and its value (�0.75) is
on the order of unity [Fig. 6(c) inset]. It is noteworthy
that this result holds true for a different sample with a dif-
ferent intensity ratio between the Pb0 and E′ centers. (We
can control the intensity ratio between the two centers by
controlling the FN stress conditions. See the Appendix.)
In addition, the signal intensity of the SS is found to be
negligibly small for unstressed samples where the signal
intensities of the Pb0 and E′ centers are also negligibly
small (data not shown). In other words, the SS signals are
detected only when the signals from the Pb0 and E′ centers
are present, and their intensity is comparable to the sum of
the intensities of the Pb0 and E′ centers.

Another reason for the assignment is the temperature
dependence of the three signals. As shown in Figs. 6(b)
and 6(c), the defect centers (Pb0 and E′) and the SS have
nearly the same temperature dependence for T � 40 K; the
�I CP’s change as T−α with α � 2.5. Moreover, �I CP(Pb0)
and �I CP(E′) deviate from this simple form at T � 40 K,
which coincides with the temperature at which �I CP(SS)
starts to sharply decrease. This means that the signal inten-
sity of the SS has a strong correlation with those of the Pb0
and E′ centers. All these data support the idea that the SS
electrons are the pair partners of the Pb0 and E′ electrons.

Then, the temperature dependence (T−α with α � 2.5)
strongly suggests that the thermal polarization of the spin
pairs [23,43] predominate in the intensity of the CP EDMR
signals. With a static magnetic field B, the Zeeman splitting
of the energy E0 = hν0 (= gμBB) results in the polarization

of a spin ensemble, where h, ν0, g, μB are the Planck con-
stant, Zeeman frequency, g factor, and Bohr magneton,
respectively. Under the thermal equilibrium conditions,
the polarization p is given by p � hν0/2kT for hν0 � kT,
where k is the Boltzmann constant [23]. For an ensemble
of spin pairs, the polarization ppair (= pt – ps) is given
by ppair � (hν1/2kT) (hν2/2kT), where pt and ps are the
probability that a pair is found in a triplet or in a singlet
state, respectively, and ν1 and ν2 are the Zeeman frequen-
cies of the two spins in the pair [46]. One can see that we
find a triplet pair more probable than the singlet pair, and
the ppair in the thermal equilibrium is scaled as T−2. Under
the resonance conditions of either spin in the pair, the cor-
responding p is forced to be zero because of the Rabi
oscillation, which reduces pt (increases ps). This results
in the enhancement of the recombination rate, thus of the
CP current. This is why we observe EDMR signals for
both resonance conditions of the defects (Pb0 or E′) and
the SS. Since the intensity is expected to be proportional to
�ppair = ppair (thermal equilibrium) – ppair (resonance), the
�I CP will also follow the T−2 law. Note that the observed
exponent α (� 2.5) is slightly larger than 2. This may
be because of the spin-lattice relaxation [23]. The spin-
lattice relaxation results in the transition from the triplet to
the singlet state even under the nonresonance conditions.
This “leakage” will be suppressed efficiently at a lower
temperature due to the longer relaxation time.

In the temperature range, 40 K � T � 80 K, the signal
from the SS sharply decreases with increasing T. This will
be because, due to the shallow nature of the states, the life-
time of the state becomes shorter than the time constant of
the capture process of the SS electrons to the defects (Pb0
or E′ sites). Accordingly, the temperature dependence of
the �I CP for Pb0 or E′ deviates from the T−2.5 slope.

In the temperature range T � 80 K, the signal intensity
of the SS is less than the detectable limit (�I CP � 5 fA).
This indicates that the off-site pairs are hardly formed.
Then, the on-site pairs become apparent, which can be
formed by the direct capture of an electron from the
extended conduction-band states [see Fig. 7(a)]. One can
see in Fig. 6(b) that the temperature dependences of
�I CP(Pb0) and �I CP(E′) become weak for T � 80 K, they
are nearly independent of T. This suggests that the Kaplan-
Solomon-Mott (KSM) mechanism [44] is effective in this
temperature range. The key idea of the KSM mechanism
is the exclusivity [31,46,50]. That is, once two electrons
form a spin pair, and if the pair is a triplet, no recombi-
nation process proceeds unless the pair is dissociated into
two independent spins for a new pair to be formed. In such
a case, the temperature dependence is lost.

B. Model of the CP process

We now propose in Fig. 7(b) the entire CP process
via Pb0 and E′ centers. Based on the above analysis, we
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conclude that the CP via Pb0 and E′ centers is necessar-
ily a two-electron process; the first and second electrons
are sequentially captured to a defect site (b1), (b2), and
the captured electrons subsequently recombine with the
valence-band holes one by one (b3), (b4).

The capture process of the first electron (step b1) can-
not be spin-dependent. This is because no electrons are
trapped at the initial state, and thus the spin-pair model
cannot be applied. (Note that Zeeman splitting of the one-
electron state at the defect sites would not affect the capture
rate. This is because the Zeeman energy is on the order of
several tens μeV, and this value is much smaller than the
ionization energy even for the shallow defects. The capture
rate of the first electron would thus have no significant
difference between the spin up and down states.)

Recombination of the remaining (second) electron (step
b4) is not spin-dependent either. At this step, the electron-
hole spin pair could be formed and thus the electron-hole
recombination rate could be spin-dependent. However,
no signals from the valence-band holes (g ∼ 2.065–2.08,
2.0095–2.0105) [45,49] are detected in the present CP
EDMR measurements (e.g., shown in Fig. 3). This indi-
cates that the electron-hole spin pair does not account for
the present data.

The above argument leads us to the conclusion that one-
electron steps (steps b1 and b4) are not relevant to the
present CP EDMR signals. In other words, the simple one-
electron capture or recombination model shown in Fig.
1(b) cannot describe the CP recombination via Pb0 and E′
centers.

As we have explained, the CP EDMR signals are pos-
itive. This indicates that the resonance increases the CP
recombination rate by forcing the transition of the triplet
states to the singlet states. The increase in the CP current
(�I CP/I CP,max) is on the order of 10−7–10−5, depending
on the temperature. Such small values indicate that the
recombination-rate enhancement is quite small. However,
this change, though it is quite small, is a strong implica-
tion that the spin configuration inherently influences the
CP recombination even with the conventional setup with-
out the magnetic field because the triplet pairs can still be
formed under such conditions. This spin-dependent prop-
erty, therefore, will be critically important when discussing
the accurate transfer of elementary charges [6] by the CP
recombination.

IV. SUMMARY

We perform CP EDMR on the (100) SiO2/Si interfaces
of the Si MOSFETs at temperatures ranging from 27 K
to 300 K. We show that Pb0 and E′ centers are domi-
nantly responsible for the CP current. In addition, we show
that the spin-dependent process during the CP sequence
is the capturing of the second electron to the defects and

subsequent recombination, from which we conclude that
the CP via Pb0 and E′ centers is a two-electron process.
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APPENDIX: CP EDMR SPECTRA FOR
FOWLER-NORDHEIM STRESSED MOSFETS

FN tunneling is the electron tunneling through a trian-
gular potential barrier and is observed when a high electric
field is applied to a SiO2 dielectric film [55,56]. The FN
tunneling causes the generation of point defects at and near
the Si/SiO2 interface [57–59], and the defects generated by
the FN tunneling are called FN-stress-induced defects [57].
The mechanism of the defect generation has been inten-
sively studied from the view point of the hot-carrier issue
[58], and now is believed to be relevant to the electron-
hole pair creation by the high-energy tunneling electrons
and subsequent injection of hot holes (and electrons) into
the SiO2 film and its interface [59].

In this Appendix, we compare the CP EDMR spectra of
MOSFETs with different FN-stress conditions. We show
the dependence of the CP EDMR signals on (i) injected
charges and on (ii) stress-bias polarity.

FIG. 8. Injected-charge dependence of defect density N it. For
the FN stress, the negatively high voltage fixed at −30 V is
applied to the gate, which corresponds to the electric field of
−10 MV/cm applied to the oxide. N it is estimated from the
CP method at room temperature (RT). The red circles mark the
N it’s for Tr. A and Tr. B. The cross shows the breakdown point
(N it ∼ 1.5 × 1011 cm−2). The dashed line is a guide for the eye.
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FIG. 9. CP EDMR characteristics of MOSFETs with different
amounts of the injected charges. Integrated spectra for Tr. A (left
panel) and Tr. B (right) measured at T = 27 K with B||[100].
Parameters for the gate pulse are f = 5 kHz, �V = 4 V, and
�t = 30 µs. The black curves are the experimental data. Three
peaks in each panel are decomposed using the Voigt function,
each of which is assigned to the signal from Pb0 (red), E′ (green),
and SS (blue). The defect density N it for Tr. A is twice as large
as that for Tr. B. The vertical axis for Tr. B is enlarged two times.

1. Dependence on injected charges

The results are summarized in Figs. 8 and 9. Figure 8
shows the area defect density N it estimated from the CP
measurements as a function of the injected charges at room
temperature (RT). For the FN stress, a negatively-high
voltage (fixed at Vg =−30 V) is applied to the gate, which
corresponds to the electric field of −10 MV/cm applied
to the oxide. One can see that N it is saturated at a value
slightly larger than 1 × 1011 cm−2. The data displayed in
the main text is obtained for a sample whose N it is close to
this saturation value, which is denoted by Tr. A in Fig. 8.

Figure 9 shows the CP EDMR spectra at 27 K for the
transistor (Tr. A in Fig. 8) used in the main text and the one
(Tr. B) with a smaller N it, �1/2 of that of Tr. A. One can
see that the intensity for Tr. B is about 1/2 of that of Tr. A,
indicating that the CP EDMR intensity is proportional to
the N it. In addition, the profiles of the spectra (black curve)
for Tr. A and Tr. B are the same. After deconvolution of the
profiles, we find that the g value and the linewidth are all
the same between Tr. A and Tr. B.

2. Dependence on stress-bias polarity

The third MOSFET, referred to as Tr. C, is stressed
under the positive Vg of +30 V for about 1 min, and
then under the negative Vg of −15 V for a few minutes.

FIG. 10. CP EDMR characteristics of MOSFETs FN stressed
under different bias polarities. Integrated spectra for Tr. A (left
panel) and Tr. C (right) measured at T = 27 K with B||[100].
Parameters for the gate pulse are f = 5 kHz, �V = 4 V, and
�t = 30 µs. The black curves are the experimental data. Three
peaks in each panel are decomposed using the Voigt func-
tion, each of which is assigned to the signal from Pb0 (red),
E′ (green), and SS (blue). Values shown in the figure are the rel-
ative intensities (relative peak heights) with that for the SS set at
1.00.

The resultant area density N it at 27 K is estimated to be
3 × 1011 cm−2.

Figure 10 shows the CP EDMR spectra for Tr. A (left)
and C (right) measured at 27 K. One can see that the pro-
files of the spectra are different from each other. However,
we find that, similar to the case of Tr. A, three peaks give
us the best fit to the experimental data in Tr. C, and the
g value of each peak agrees with that of Pb0 (red), E′
(green), and SS (blue line) for the case of Tr. A. Note that
the intensity (vertical axis) is normalized so that the peak
height �I CP(SS) of the SS peak becomes the same for the
two transistors. As one can see in the figure, the relative
intensities between Pb0 and E′ centers are different from
each other between Tr. A and Tr. C. However, the ratio
R = �I CP(SS)/[�I CP(Pb0) +�I CP(E′)] is found to be kept
constant at about 0.75. As described in the main text, this
result supports the idea that SS electrons can be the pair
partners of both Pb0 and E′ electrons.
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