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Amorphous oxides are key ingredients in electronic and optical
devices. Such oxides include a variety of point defects that
greatly affect their electrical and optical properties. Many of
these defects are paramagnetic, and as such, the best tool to
identify and characterize their structure is electron spin
resonance (ESR). However, due to its limited sensitivity and
spatial resolution, ESR cannot provide information about the
defects’ migration properties, which are of crucial importance
for device fabrication. Ultra-high-resolution imaging modali-

ties such as TEM, as well as theoretical calculations, are
severely limited in amorphous media, resulting in a wide gap of
knowledge in this ﬁeld. Here, a novel method of ESR
microimaging is applied for the ﬁrst time to examine unique
samples that are prepared using electron-beam irradiation and
have well-deﬁned point defects patterns. This provides a
capability to unambiguously identify the defects and at the
same time track their migration with high spatial resolution,
revealing new information about their properties.
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1 Introduction Amorphous oxides are indispensable
ingredients in modern semiconductor-based devices, serving
mostly as insulators (e.g., SiO2 or HfO2) [1]. As such, they
are crucial to the performance of the device and any defect in
their structure can have dramatic consequences on the
latter’s electrical properties [2, 3]. The amorphous nature of
such oxides makes them inaccessible to conventional
microscopy tools, especially when seeking information
about point defects in the bulk material in a nondestructive
manner; as a result, there is a wide gap of knowledge in this
ﬁeld [4]. The information sought includes defect properties
such as: (1) microscopic–atomic structure; (2) charge;
(3) diffusion properties; (4) activation energy; and (5)
possible interaction energy between defects. These important properties remain mostly inaccessible to high-resolution
imaging and related experimental techniques. Many point
defects are paramagnetic and as such can be analyzed by
ESR spectroscopy [5, 6]. If the solid is optically opaque
and/or the defect is non-ﬂuorescent, ESR is the only
methodology that can unambiguously identify and address
such point defects. However, due to its limited sensitivity
and spatial resolution, conventional ESR works well only
with large homogenous samples. Thus, apart from providing
unequaled information about the defect’s atomic structure [5], ESR cannot actually help with the other four

properties mentioned above (2)–(5). As a result, information
about these properties remains largely unknown or is
very controversial at best for many important types of point
defects.
A good case in point is SiO2, which is obviously the
most important oxide in the semiconductor industry. It is a
well-known fact that point defects in SiO2 play a crucial role
in device performance [3]. For example, these defects can
become electrically active and act as traps for charge carriers
in systems based on SiO2/Si interfaces. This can lead to an
uncontrolled change in the device’s characteristics and to
accelerated aging. One such common defect is known as the
E0 g center, which is attributed to the dangling bond of the
silicon near an oxygen vacancy that is connected to only
three oxygen atoms in an sp3 hybridization [6]. (A similar
defect in crystalline SiO2 is denoted as E0 1 , and will not be
dealt with here.) The properties of this defect, originally
identiﬁed and atomically characterized by ESR [7], are still
largely unknown or debated almost 60 years after its
discovery. For example, some literature data claim that it is
positively charged [8, 9] with the hole positioned on the
neighboring silicon atom, while other recent results argue
that it is neutral [10, 11]. Its diffusion properties, migration
energy, and interaction energy are largely unknown due
to the abovementioned experimental difﬁculties (with the
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exception of our preliminary work on this subject [12]).
In view of the lack of experimental approaches, another
possibility is to resort to theoretical treatments. However,
here also there are various models and conﬂicting
possibilities regarding the structural and diffusion properties
of E0 centers in amorphous SiO2 [13–15]. This spread of
theoretical results is possibly due to the amorphous nature of
the material, which makes theoretical calculation extremely
difﬁcult. (For example, even for “simple” amorphous SiO2
without defects, properties such as bond length distributions
are controversial [16].)
In this work we provide a new methodology for
determining properties (2)–(5) listed above for point
defects in oxides, based on high spatial resolution ESR
microimaging. ESR is used both as a spectroscopic tool to
unambiguously determine the identity of the defects and
also as an imaging tool to observe their diffusion and
migration properties following heat treatments. We apply
this methodology to the case of an E0 g center point defect in
amorphous SiO2, and to its “associated” defect, E0 b [6, 17].
The method is based on generating a well-deﬁned
rectangular feature of point defects with steep boarders
using high energy electron-beam irradiation, and measuring the development of the defects’ spatial distribution
following various heating cycles during constant time
periods. The latter is achieved by obtaining high-resolution
(1.6 mm) ESR microimages of the point defects using
state-of-the-art methodologies recently developed by our
group.
2 Experimental details Samples of amorphous SiO2
with E0 point defects in a ﬁxed rectangular pattern of
600 mm  300 mm (see Fig. 1) were prepared by irradiating
150 mm thick SiO2 slips (material GE 124 from Specialty
Glass Products, USA). These slips have very low impurity
concentrations (OH < 5 ppm, Al ¼ 14 ppm, Ti ¼ 1.1 ppm;
Na ¼ 0.7 ppm and other metals less than 1 ppm). The slips
were ﬁrst covered with a 30-nm chrome layer (to prevent
surface charging) and then irradiated by electron irradiation
using the JEOL JSM 6400 e-beam lithography system. The
irradiation energy was set at 30 keV and the beam’s aperture
size was 120 mm, which resulted in a beam diameter of
10 mm on the sample. The sample received irradiation
charge density of ð1=4ÞðC=cm2 Þ (dose of 1.7  109 Gy).

Figure 1 Drawing of the rectangular feature created by e-beam
irradiation of an amorphous SiO2 slide. The slide is 150 mm thick
and the point defects are found to be at the depth of up to 16 mm.
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

After irradiation, the chrome layer was removed using CR-7
chromium etchant.
Continuous-wave ESR measurements were carried out
at room temperature using a Bruker EMX X-band system at
9.248 GHz with microwave power of 0.63 mW, modulation
amplitude of 1 G, and averaging time of 1.16–4.66 h. The
pulsed electron spin resonance (ESR) microimaging system
operating at the Q-band frequency range (34 GHz)
that was employed in this work is described in details in
Ref. [18]. Brieﬂy, it consists of a home-made pulsed ESR
spectrometer and powerful magnetic ﬁeld gradient drivers
that enable the 3D spatial encoding of the ESR signal. The
heart of the system is a unique high sensitivity imaging
probe that comprises a 1.1 mm dielectric ring resonator
(made from TiO2 single crystal) and a set of miniature
gradient coils. For the present measurements carried out at
room temperature, this system can provide spin sensitivity
of 2.7  106 spins for 1 h of acquisition. This high spin
sensitivity, combined with the powerful magnetic gradient
drivers, enables an ESR image resolution down to 440 nm
in some paramagnetic samples. In the present set of
experiments we made use of a simple Hahn echo imaging
sequence (see Fig. 2), with a pulse duration of 50 ns and
90-ns pulse separation, t ¼ 650 ns, and repetition rate of
8000 Hz. The total acquisition time for each image was 17 h.
To guarantee a stable static ﬁeld throughout this long
acquisition period, we made use of a ﬁeld-frequency-lock
mechanism. It periodically measures the ESR spectrum
without any signal and corrects for small static ﬁeld changes
by changing a small bias ﬁeld on one of the coils in the
imaging probe [18].
3 Results Following the sample preparation, the ﬁrst
stage in our experiments was to characterize the identity of
the defects in the irradiated SiO2 samples. This was carried
out by conventional CW ESR spectroscopy; typical results

Figure 2 Pulsed sequence diagram used for obtaining 2D and 3D
ESR images. In the case of 2D imaging, only the Gx and Gy phase
gradients are applied. For 3D imaging, all the phase gradients are
used.
www.pss-a.com
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are provided in Fig. 3a. The spectrum was ﬁtted using
EasySpin software [19]. The results showed that the
spectrum is composed of two major contributions, one
from an E0 g defect and the other from an E0 b defect, both of
which have been well-characterized by ESR [6] (E0 g has
g-factors of gx,gy,gz ¼ [2.0018, 2.0006, 2.0003], and E0 b :
[2.0018, 2.0004, 2.0004]). The theoretical best ﬁt to the
experimental spectrum was obtained with an E0 g =E0 b ratio of
0.25 using the above-mentioned g-factors that are taken
from Ref. [6]. The currently known information about
the microscopic structure of E0 g , based on ESR data, was
mentioned above. As for the E0 b defect, it also originates
from oxygen vacancy and has an unpaired electron spin on
the Si dangling bond similar to that of E0 g , but with a
hydrogen atom attached to its adjacent Si atom. Subsequent
heating cycles over 3 and 6 h at temperatures of 300, 400,
450, and 500 8C (using four different samples), showed a
signiﬁcant decrease in total ESR signal intensity down to
0.5, 0.3, 0.13, and 0.12 of the original signal strength, as a
function of heating temperatures, respectively. This annealing phenomenon of point defects is well known in the
literature [20, 21]. A typical spectrum following the heating

Figure 3 Continuous-wave ESR spectra of the irradiated SiO2
samples before (a) and after a 6-h heating cycle at 450 8C (b).
The black line shows the measured spectra and the red line shows
the simulated results using the known g-value parameters for E0 g
and E0 b .
www.pss-a.com
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cycles at 450 8C is shown in Fig. 3b. The change in the
spectral shape can be accounted for by modifying the E0 g =E0 b
ratio in the simulation from its initial value of 0.25, up to 5,
after the heating cycle. Similar analysis of the spectra after the
300, 400, and 500 8C heat cycles provides E0 g =E0 b ratios of
0.5, 1, and 10, respectively. This rapid annealing of the E0 b
defects, as compared to E0 g , is known in the literature [17].
Following and in parallel to defect identiﬁcation and
characterization by CW ESR, the same samples were
examined using high-resolution pulsed ESR microimaging.
Several 3D and 2D images were acquired before and after
each heating cycle. Typical experimental 3D images are
shown in Fig. 4. They reveal that the depth of penetration of
the e-beam radiation is 16 mm. Typical 2D images acquired
before and after the heating cycle of 400 8C are shown in
Fig. 5. They were acquired with an anisotropic resolution
of 1.6 and 27 mm along the Y and X axes, respectively. The
analysis of these images makes it possible to learn about the
migration behavior of the defects. Each image was slightly
rotated so that its X and Y axes coincided exactly with the long
and short directions of the rectangular irradiated feature,
respectively. Following that, a one-dimensional projection
along the X-axis was generated, showing more clearly the
changes in defect spatial distribution along the Y-axis due
to migration processes. Figure 6 shows the 1D projection
results before and after the heating cycles, at four different
temperatures (after proper alignment of the projections
to enable an easy comparison). The variations in the
projections’ full width at half maximum due to the heating

Figure 4 (a–d) Several XY slices taken out of a 3D image obtained
by pulsed ESR imaging of the electron-irradiated SiO2 sample. The
resolution along the X and Y axes is of 24 and 30 mm, respectively.
(e) ZX slice taken out of a 3D image. The resolution along the Z-axis
is 5 mm. This cross-section shows the penetration of the electrons
into the sample, which is 16 mm.
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 Pulsed ESR 2D images of the irradiated SiO2 sample
before (a) and after (b) heating cycle at 400 8C for 3 h.

cycles were evaluated and are summarized in Table 1. It is
obvious from the ﬁgures that after the ﬁrst heating cycle the
width of the projection decreases considerably, while after
the second heating cycle the change is much smaller. The
higher the heating cycle temperature, the stronger the
reduction of the projection’s width.
4 Discussion From a qualitative standpoint, these
observations can be explained by assuming that the defects
migrate under some attractive potential that pushes them
inwards. A similar phenomenon was observed using
photoluminescence in point defects in bulk SiC [17]. Such
attraction potential can be due to strain effects (see below)
but not to electric charges, which would push the defects
outwards. These strain effects decrease signiﬁcantly in the
second heating cycle, probably because the defects’
distribution has reached some local energy minimum after
their initial migration. Thus, our ﬁrst conclusion out of these
measurements is that the defects we observe using ESR are
not charged. This is also supported by the clear rectangular
pattern observed in the ESR image, which precludes the
possibility of charged defects that would greatly distort the
e-beam trajectory. Comparing it with Fig. 7, it shows the
same images collected with samples under charging
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 6 One-dimensional projection results for four different
SiO2 samples as obtained from the 2D ESR images, before the
heating cycles (black line) and after the ﬁrst (blue line) and second
(red line) heating cycles. The intensity of the projections was
normalized to facilitate an easy comparison between them even
though the signal drops signiﬁcantly after each heating cycle due to
annealing.

conditions and demonstrates the existence of signiﬁcant
pattern broadening and smearing effects due to charge.
An alternative explanation of our observations can be
that the image is contracted due to contraction of the entire
SiO2 wafer. However, this was ruled out by measuring
similar samples that had two features that exhibited
independent contraction (Figs. 8 and 9). Furthermore,
AFM measurements also show very small changes in
sample morphology due to irradiation (densiﬁcation of
40 nm), meaning that the wafer dimensions almost do not
change (Fig. 10). The sample linear densiﬁcation fraction in
this vertical dimension is therefore 40 nm/16 mm ¼ 0.0025
(based on the 16 mm vertical thickness of the irradiated
volume – see Fig. 4). This value is 2.7 times smaller than
the densiﬁcation fraction predicted for the type of material
used here for the 1.7  109 Gy irradiation dose [22]. This is
quite a good agreement, taking into consideration that we
irradiated only small part of the sample so that densiﬁcation
is expected to be strongly eliminated by forces from the
surrounding nonirradiated areas. This means that for the
irradiated 300 mm wide spot along the Y-axis, the expected
www.pss-a.com

Original
Paper
Phys. Status Solidi A (2014)

5

Table 1 Changes of the half-width proﬁle of the defect feature following various heating cycles and the associated diffusion coefﬁcient
and attraction force constants, calculated on the basis of the numerical solution of Eq. (1).
sample
no.

temperature of the
heat cycle (8C)

half-width change
after heating cycle #1
(mm) (1.6)

half-width change
after heating cycle #2
(mm) (1.6)

D (m2 s1)
heating cycle 1

kf
(J m3)

1
2
3
4

300
400
450
500

3.5
9.9
16.9
19.5

0.1
0.35
0.8
5.7

1.3  1015
4.6  1015
9.5  1015
1.2  1014

5  1045
5  1045
5  1045
5  1045

densiﬁcation is less than 1 mm, which is a far smaller change
than the one observed after heating. Thus, to conclude this
point, the sample’s density does increase after irradiation, as
we observed using AFM. However, this densiﬁcation is quite
small and it seems unlikely that the sample would continue to
densify after heating, especially by a factor larger by more
than one order of magnitude.
Further to the charge properties (#2 in the list above)
that were deduced based on qualitative considerations, a
quantitative analysis of the imaging results can provide
valuable information about the migration properties of
the defects (properties (3)–(5) listed above). To that end,
we use the diffusion equation with some attractive force
between the defects. This can be mathematically formulated
within the framework of the Fokker–Planck equation [23]:
JðrÞ ¼ D

@CðrÞ
FðrÞ
;
þ DCðrÞ 
@r
kB T

kB is the Boltzmann constant, and T is the temperature.
The solution of Eq. (1) for the 1D case can be obtained
using numerical calculations starting from the initial
measured projection and then propagating the defects’
concentration through time, subjected to diffusion and the
attractive force. The concentration of the defects inside the
rectangular feature is practically constant before the heating
cycles (which were found to be at a saturation level of

ð1Þ

where J(r) is the ﬂux of defects, D is the diffusion coefﬁcient,
C(r) is the concentration of defects, r is the position vector,

Figure 7 Typical ESR microimage of a SiO2 sample irradiated
with an e-beam to create a pattern with dimensions of
300  150 mm2, but without applying a Cr mask to eliminate
charging effects. Similar images were obtained for SiO2 wafers with
a thickness of 400 mm from the same manufacturer that provided
our prime 150 mm samples, which had a different elemental
composition (OH concentration of 100 ppm) leading to the
creation of charged paramagnetic defects even when applying a
Cr mask.
www.pss-a.com

Figure 8 Two-dimensional pulsed ESR images of electronirradiated SiO2 before (upper image) and after (lower image) heat
treatment at 450 8C for 3 h. The sample has two rectangular
irradiated features with dimensions of 600  100 mm2 that are
parallel to each other, with a vertical separation of 100 mm.
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9 One-dimensional projection results for the sample
appearing in Fig. 8 as obtained from the 2D ESR images, before the
heating cycles (black line) and after the ﬁrst (blue line) and second
(red line) heating cycles. The intensity of the projections was
normalized to facilitate an easy comparison between them even
though the signal drops signiﬁcantly after each heating cycle due
to annealing.

2  1017 spins cm3). Therefore, the numerical solution
has only two ﬁtting parameters – D and F. Both can provide
valuable information about some of the microscopic
properties of the defects. Here we assume that the force F
(r) is the result of an elastic interaction between the defects
due to strain generated in the solid [24]. Elastic interaction
models have various possibilities for the parametric
dependence of the force between individual point defects
and their separating distance, ranging from 1/r4 to 1/r7 [25].
The case of point defects in amorphous SiO2 can have
various theoretical options for this dependence, so we chose
the force Fij between two defects to be Fij ¼ kF|ri  rj|4; this

Figure 10 AFM data as measured for a typical irradiated SiO2
wafer showing minimal changes in sample morphology. Vertical
distances of 30.3 nm (green), 50.4 nm (red), and 42.1 nm
(black) were measured near the edge of the irradiated area. The
change occurs over a distance of 5–10 mm.
ß 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

choice was found to be the one that recreates best the
migration phenomenon we observe through the model of
Eq. (1). (Here, kF is a force constant and |ri  rj| is the
distance between defects in bins i and j of the projection.) In
the 1D projection case, each defect “sees” the attractive force
acting upon it from a certain volume of defects. Thus, a
defect in bin m of the projection would experience a force
of F(r)  (kFCj/|rm  rn|2)|rm  rn|2  (4p/8) coming from
some of the defects in bin n (see Fig. 11). This simple force
model is plugged into the numerical solutions of Eq. (1),
which are compared to the experimental data, resulting in
the ﬁtting parameters appearing in Table 1 for kF and D as
a function of heating temperature.
The diffusion coefﬁcients obtained as a function of
temperature can be ﬁtted to a simple Arrhenius model
resulting in D ¼ 9:5  1012 e0:438=kB T [m2 s1], where the
activation energy is in electronvolt (eV) units. (Due to the
limited temperature range of our measurements, the margins
of error for the pre-exponential factor and the activation
energy are 15% and 3%, respectively.) This result
indicates that the point defect migration most probably does
not involve oxygen bond breaking, which would mean a
much higher activation energy (about 4.5 eV is needed to
break the Si–O bond). The low activation energy assumption
is supported also by the rapid rate of annealing at relatively
low temperatures. A possible explanation for the relatively
low activation energy is that the defects migrate by moving
through pre-existing oxygen vacancies in the amorphous
structure and just open up a weak Si–Si bond. An additional
explanation could be that the diffusion/migration process
is assisted by other impurities in the material, based on
previous studies that show large differences in the annealing
temperature of E0 defects for different impurity concentrations [21]. Alternatively, the migration can be mediated
by an iterative interconversion between different possible

Figure 11 Simplifìed model that was used to estimate the number
of defects in bin n of the projection that attract a single defect in bin
m. It shows that only some of the defects in bin n that are located in a
18 sphere shell with thickness dr attract the single defect in bin m.
In the model we took dr to be equal to the bin size (Y-axis resolution
of 1.6 mm).
www.pss-a.com
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atomic conﬁgurations, as has been theorized for E0 1 defects
in a-quartz [26, 27], which gives possible activation energies
of 0.4 and 0.59 eV (but for positively charged defects).
The force constant that was found by ﬁtting the
numerical solution of Eq. (1) to the experimental observations is kF  5  1045 J m3 ¼ 3.1  1026 eV m3. This can
be compared to fundamental strain theory [24] that describes
interaction energy between point defects to be of the order
of E int  Kða0 =rÞ3 , where Eint is expressed in eV, a0
is the lattice constant, and K is of the order of 1–10
(dimensionless). In the case of amorphous SiO2, an
approximate lattice constant of 5 Å can be used, leading
to Eint  K  ð1:25  1028 =r3 Þ eV m3 , or to a force
constant of kF(theory)  1.25  1028  K  3 eV m3 (after
applying a derivative to the interaction energy to obtain
the force). This results in K  82.6, which is rather high
but still in the relevant order of magnitude. The defect’s
concentration could be somewhat higher than we estimated
through our measurements, which would lead to a
corresponding decrease in the ﬁtted KF and K.
5 Conclusions In conclusion, it was shown that the
combination of spectroscopic ESR with high-resolution ESR
imaging capabilities and well-deﬁned samples can provide a
new and powerful tool for the quantitative analysis of point
defects in amorphous oxides. The qualitative interpretation of
our observations makes it clear that the defects we observe are
not charged, while quantitative analysis through simpliﬁed
diffusion and stain theory provides the ﬁrst direct observation
of properties such as migration activation energy, diffusion
coefﬁcient, and magnitude of interaction energy between
two defects. Certainly, there is much more to be done, both
in terms of improving the experimental methodology
and providing a more solid theoretical treatment of our
observations. These combined efforts can close a wide gap
of knowledge that currently exists for the properties of
point defects in amorphous oxides, which are of signiﬁcant
importance to modern semiconductor and optical applications.
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