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Defects and Nanocrystals Generated by Si
Implantation into a-SiO2

C. J. Nicklaw, M. P. Pagey, S. T. Pantelides, D. M. Fleetwood, R. D. Schrimpf, K. F. Galloway, J. E. Wittig,
B. M. Howard, E. Taw, W. H. McNeil, and J. F. Conley, Jr.

Abstract—Electrical charge-trapping characteristics have been
studied in thermal oxides that were implanted with Si, experi-
mentally using electron spin resonance (ESR), capacitance versus
voltage (CV) measurements, transmission electron microscopy
(TEM), atomic force microscopy (AFM), and theoretically with
Density Functional Theory (DFT) using plane waves. Our study
examines possible defect structures associated with excess Si in
thermal oxides.

I. INTRODUCTION

SILICON dioxide (SiO ) has useful optical and electrical
properties enabling many diverse scientific and technolog-

ical applications from optical wave-guides to semiconductor
devices. The use of SiOas isolation layer for device manufac-
turing and as the buried isolation layer for silicon-on-insulator
(SOI) technology has led to the need to understand defects and
their precursors [1], [2] and their relationship to processing
[3]. Buried SiO layers formed by oxygen ion implantation
have been examined structurally [4], [5], by varying process
conditions [6], resulting in novel manufacturing techniques [2].
The micro-characterization of the defect structure of SiOis
essential as many advanced technological applications operate
in harsh external environments. Knowledge of the microscopic
defect structure influencing the optical and electronic properties
of SiO allows optimization of the manufacturing, design and
operation of the applications. In addition, investigation of the
defect structure of amorphous SiOand the effect of manu-
facturing processes on these properties provides insight into
the fundamental interactions between electrons and holes in
wide band gap materials. In an attempt to better understand the
charge characteristics of oxygen deficient centers and excess Si
within an a-SiO matrix we implanted Si into thermally grown
oxide. Experimental work is examined physically (ESR, TEM,
AFM) and electrically (CV). Theoretical analysis has been
presented to explain the atomic structure of the defects created
by excess Si.
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II. EXPERIMENTAL DETAILS

A. Oxide Samples

The 5500 Å thick oxides used in this study were grown
in steam at 950C on 15–25 ohm-cm boron doped
silicon wafer substrates. The oxides were then implanted with

cm , cm , cm , and cm
Si at 180 keV and then subsequently annealed for 60 min in
N at either 900C or 1000C. An average Si-peak depth of
2700 Å in the oxide with a straggle of800 Å was calculated
by SRIM [7] software for these implants. The implants were
performed at the IC Implant Center, Sunnyvale, CA. The
average beam current during the implantation was 11.9 mA and
the wafers were placed on a chuck that was actively cooled with
10 C water. The estimated average temperature of the wafers
during the implant was 100–130C. A set of oxide samples was
neither implanted nor annealed and served as the control set.

B. Physical Characterization

ESR measurements were performed at room temperature on a
state of the art Bruker Instruments ESP300E-band spectrom-
eter. Estimates of spin density and-value were made by com-
parison with a calibrated “weak-pitch” spin standard. Absolute
accuracy of spin densities is estimated to be better than a factor
of two; relative accuracy is estimated to be approximately 10%.
TEM was performed on a Philips system while AFM was ac-
complished on a Digital Instruments, Dimension™ 3100AFM
in TappingMode™/Phase.

C. Electrical Characterization

The electrical behavior of defects in the oxides was charac-
terized by observing the trapping of electrons and holes in the
oxide. Electron-hole pairs were generated in the oxide through
exposure to ultraviolet light (10.2 eV photons from a deuterium
source in vacuum, VUV). The VUV exposure is expected to
generate electron-hole pairs only in a100 Å surface layer of
the oxide. In order to isolate the effect of electron trapping, a
negative corona bias was applied to the top of the oxide. Under
the applied negative corona bias, the photo-generated electrons
drift away from the surface of the oxide and interact with defects
throughout the bulk of the oxide while the holes are promptly
swept out of the oxide by recombination with electrons at the
surface of the oxide. This recombination results in a change in
the corona bias which can be used to estimate the total number
of electron-hole pairs generated in the oxide. This set of experi-
ments will be referred to as “electron-trapping phase” in the rest
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Fig. 1. The change inV as a function of electron fluence during the
first electron trapping phase of the carrier trapping experiments on a sample
implanted with5 � 10 =cm Si and annealed at 1000C. This figure
shows the saturation of available electron traps as early as a fluence of
�2 � 10 C/cm .

of the text. Similarly, experiments were performed with a posi-
tive corona bias in order to observe the effect of hole-trapping in
the oxide (hole-trapping phase). The effective density of trapped
charge in the oxide was calculated from the shift in midgap
voltage ( ) extracted from high-frequency (1 MHz) CV char-
acteristics of the samples using a HP 4284A CV meter and a
mercury probe. The accuracy of these measurements is expected
to be approximately 15%.

Each set of oxides was first subjected to the electron-trap-
ping phase to an electron fluence of approximately /cm
measured by monitoring the decay in the corona bias. The CV
characteristics of the oxides were measured periodically during
this phase. The CV curves stopped changing appreciably at this
maximum fluence, indicating that almost all the available traps
were filled at the end of this trapping phase (Fig. 1). This was
followed by a hole-trapping phase to the same fluence and, fi-
nally, another identical electron-trapping phase.

III. COMPUTATIONAL DETAILS

The study of defects produced by Siimplantation into amor-
phous SiO is addressed byab initio calculations using DFT
[8]. Unlike conventional quantum theory, where the system’s
ground state energy is calculated as a function of many elec-
tron wave functions, DFT calculates the system energy as a
function of the electron density. The significance of this ground
state energy calculation is that nearly all physical properties of
a system can be related to its total energy and systems can be
compared through the difference between their total energies.
The use of electron density to describe the system’s properties
in DFT allows one to separate the Schröinger equation for a
many-electron system with interacting electrons into a set of in-
dependent one-electron Schrödinger equations. The details of
the DFT-based approach can be found in the Appendix.

The geometry of the system is selected such that both long
and short range environments of the defects introduced can be
taken into account with the same level of accuracy. The com-
putational advantage in this approach is that the use of periodic

Fig. 2. Base structure used for simulation. This structure represents an
amorphous SiOcell.

boundary conditions allows the electron wavefunctions to be ex-
panded in terms of plane waves.

Our theoretical work was done using a base amorphous SiO
(a-SiO ) structure shown in Fig. 2. This structure,, a base
72 atom unit cell, with a volume of 1122.79 Åand a density
of 2.13 g/cm, was confirmed to be a valid representation of
the a-SiO molecular structure by comparing it with the results
reported by M. Boeroet al. [9]. The theoretical bandgap was
calculated for and used as the baseline to compare the gener-
ated defect structures’ energy state. Four variations based on
were generated in an attempt to examine possible defects in Si
implanted a-SiO. No attempt was made in this work to model
the implantation process. The structures generated were:

: with an oxygen vacancy and an excess Si atom in
the unit cell,

: with an oxygen vacancy, an excess Si atom near the
vacancy, and an oxygen atom at a distance of approxi-
mately 3 Å from the vacancy,

: , an oxygen vacancy with an excess Si atom near the
vacancy, and an oxygen atom at a distance of approxi-
mately 2 Å from the vacancy, and

: with an excess Si atom placed within the cell.
These four starting structures were chosen as possible con-

ditions that could exist in a-SiOafter Si implantation. The
structure represents an implanted Si atom interacting with
an oxygen vacancy which is known to be present in as-grown
as well as implanted thermal oxides [10]. Structuresand

represent results of collisions between implanted Si and
oxygen in a-SiO during the implantation. Finally, structure
represents an implanted Si atom coming to rest or diffusing into
a region with no pre-existing defects. The bandgap of the base

structure was calculated to be 5.74 eV. This is smaller than
the experimental value of a-SiOof 8.9 eV. The difference
of 3.14 eV can be attributed to the approximations involved
in using the DFT approach. Using this theoretically calculated
bandgap value means our calculated defect energy states are
accurate within this framework but provide only a relative
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Fig. 3. TEM photomicrograph of a SiOsample implanted with5�10 =cm
Si and annealed at 1000showing Si nanocrystal formation.

picture of the positions of their energy states within as-pro-
cessed a-SiO. Once the theoretical bandgap was established
for possible defect structures, ground state energy, , and
energy in the first excited state, , were calculated.

IV. RESULTS AND DISCUSSION

A. Physical Analysis

Physical analysis of silicon implanted a-SiOwas done after
annealing at 900 and 1000C and compared to the as-grown
control oxide. The above anneal temperatures and implant pa-
rameters were chosen for comparison with published work on
photoluminescence of Si-nanocrystals grown by Siimplan-
tation into a-SiO. SiO nodules were seen at all doses (

cm , cm , cm , and cm ) after
the anneals at 900 and 1000C. Fig. 3 shows a TEM analysis of
the Si-nanocrystals within a SiOmatrix after a cm
implant and 1000C anneal. Similar results are also reported in
[4], [11].

AFM analysis of the excess Si structures also showed SiO
nodule growth at all doses (Fig. 4). After cm implant
and 1000C anneal the AFM was able to delineate grain bound-
aries and difference in material. This helps confirm current re-
search pointing to Si-nanocrystal formation at 1000C [4], [11].
The series of AFM phase images shown in Fig. 4 show that SiO
nodule size increases with Sidose and annealing temperature.
This evidence, as well as an increase in SiOsize with annealing
time, agrees with work done in [12].

In our ESR analysis, we build upon the previous work re-
lating various paramagnetic defects created by VUV,Co, or
X-ray irradiation [2], [3], [5], [6], [10]. The defects seen in the
Si implanted and annealed thermal oxides are the classic,
amorphous Si D-centers (Si Si ), and -centers at the
Si–SiO interfaces [2], [3], [5], [6], [10], [13], [14]. In Fig. 5,
we grouped our ESR spectra for the control and implanted sam-
ples ( cm dose, 900C anneal) before and after the
electron trapping phase described in Section II-C. The value of

Fig. 4. A series of AFM phase images showing increased SiOnodule
formation with implant dose and anneal temperature. A spin-on glass (SOG)
layer was used on top of the oxides as part of the sample preparation for AFM
measurements.

Fig. 5. ESR traces with threeg-values mapped to corresponding defects in the
implanted (1 � 10 =cm and annealed at 900C) and control samples after
electron trapping.

ESR is seen in the traces for the implanted samples. In partic-
ular, as seen in Fig. 5, three-values stand out—at
the classic signal, associated with -centers,
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Fig. 6. The density of trapped charge in the oxide during carrier trapping
experiments. The figure shows the trapped charge density at the end of each
phase of the experiment.

and finally one at . This last -value has been as-
sociated with various defects in Si-rich oxides [10], [13], [14].
Defect structures for this center have recently been proposed by
Bratuset al. [14] and Karnaet al. [13] such as OSi Si and
O Si Si . The occurrence of Si dangling bond defects in non-
stoichiometric regions has been shown in our theoretical work
as well as others [13]. These defects are possibly the precursors
to silicon nanocrystals in an a-SiOmatrix.

B. Electrical Characterization

The variation in the midgap voltage of the control samples
during the carrier trapping experiments described in Sec-
tion II-C is compared with those of the implanted samples in
Fig. 6. The results for samples implanted with cm
dose of Si and anneal at 900C and 1000C are shown in this
figure. The data points indicate the midgap voltage at the end
of each carrier-trapping phase.

As seen from the values at the end of the first electron-
trapping phase, the implanted oxides show significantly more
electron trapping (increase in ) as compared to the control
samples, which show negligible shift in during this phase.
This confirms that the silicon implant results in generation of
electron traps in the oxide which are not present in the control
samples. The value of at the end of the hole-trapping phase
indicates that these electron traps can be neutralized (through
compensation or annihilation) by hole trapping in the oxide [1].
Furthermore, a net negative value of after this phase im-
plies the presence of trapped holes in the oxide. The values of

after the hole-trapping phase are almost identical in the im-
planted and control devices. This indicates that the Siimplan-
tation does not result in a significant change in the density of
hole traps in these oxides. Finally, the second electron trapping
phase brings the very close to its value after the first elec-
tron trapping phase, indicating that most of the electron and hole
traps present in the implanted oxides as well as the control ox-
ides are reversible.

The average density of interface traps was also extracted from
the CV characteristics during these experiments. No significant
change in the interface trap density was observed during any of
the carrier trapping phases in any of the oxides.

Fig. 7. The shift in midgap voltage in the implanted samples after
VUV-exposure for 30 min. without any bias.

Fig. 8. Ground state structure obtained from theS cell, the� Si�Si�Si�
defect.

In order to observe the behavior of the samples when both
electrons and holes are available for trapping, we subjected the
samples to VUV exposure without any corona bias. The change
in at the end of the VUV exposure is shown in Fig. 7. As
seen from this figure, the control samples accumulate a signif-
icant amount of positive charge during this experiment. How-
ever, the presence of both electron and hole traps in the im-
planted oxides results in almost no net change in in these
samples.

C. Theoretical Analysis

When structure, , was allowed to relax to ground state,
, the resulting defect structure is a doubly coordinated Si

atom, Si Si Si (also known as a double oxygen va-
cancy) as depicted in Fig. 8. From this structure the first excited
state energy, , was calculated.

The next series of defects we considered were oxygen atom
displacements near (2 Å) and far ( 3 Å) from their base
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Fig. 9. Ground state structure obtained from theS cell, the double defect
structure� Si� O� O� Si � and� Si� Si� Si �.

Fig. 10. Ground state structure obtained from theS cell, the� Si�O�Si�
Si � defect.

a-SiO position. Such displacement is expected in implanted
samples as a result of kinetic energy transfer from the implanted
Si atoms. An oxygen atom was displaced (far forand near
for ) and a Si atom added to the base a-SiOstructure. These
structures were allowed to relax to their respective ground
states, . The resulting configurations is a double defect
(far) a Si O O Si and a Si Si Si (starting
from ) and a defect structure of Si O Si Si (starting
from ) as shown in Figs. 9 and 10. These defect structures
were excited to and the state calculated for each
defect. Another situation that could arise is silicon diffusing
into a-SiO with no defects. When condition was allowed
to relax to ground state it produced the defect OSi Si, a

-center [13]. The results are shown in Fig. 11. was
also calculated for this structure.

Fig. 11. Ground state structure obtained from theS cell, the OSi � Si
defect.

Fig. 12. The calculated energy states of the various defects in the theoretical
SiO bandgap.

Examining the results shown in Fig. 12 that the doubly co-
ordinated Si atom is the most stable defect in its excited state.
This defect is also referred to as the double oxygen vacancy. The
double defect structure Si O O Si and Si Si Si
is probably produced by an Si atom colliding with an oxygen
and kinetically displacing it to a distance more than 3 Å. This
conclusion is supported by the ground state energy of this struc-
ture being 7 eV higher than the ground states ofand . The
7 eV difference is an energy barrier that must be overcome if
Si was to replace an oxygen atom by any other means besides
kinetic energy transfer. This possible defect structure like the
doubly coordinated Si atom (Si Si Si ) is very reactive
having an excited state well within the calculated bandgap.

The other defect structures, OSi Si and Si O Si
Si , have ground states within the bandgap, but their respective
excited states are very close the conduction band edge

0.50 eV making OSi Si and Si O Si Si shallow
states.

V. CONCLUSION

Physical analysis by TEM and AFM show that
samples implanted with excess Si at doses between
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cm – cm and then annealed at 900C
or 1000 C show SiO nodule growth. Si nanocrystals were
observed in the sample implanted with Si dose of cm
and annealed at 1000C (Fig. 3). This supports previously
published work [4], [11], [15]–[22] on the dependence of the
density of Si nanocrystals and their precursor SiOnodules on
the implantation dose, anneal temperature, and anneal time.
SiO nodules increase in size and eventually go to nanocrystal
Si as the implant dose increases and/or annealing temperature
and/or annealing time increases. This is an artifact of the
excess Si in an a-SiOmatrix. Theoretical work presented
here examines four possible defect structures that could exist
within a Si-rich amorphous SiOmatrix. The excess Si creates
defects that can capture electrons. These results are supported
by charge trapping experiments showing the ability of the
modified material to capture electrons without any increase in
the hole trap density. The structural defects introduced by Si
implant have ground and excited energy states that lie within
the energy gap of amorphous SiO. Theoretically we show the
formation of Si O Si Si , Si Si Si , a dual
defect complex, the Si O O Si with Si Si Si
and the OSi Si, -center [13]. These defect structures all
have ground and excited states within the bandgap of a-SiO.
These defects are some of the possible candidates for the charge
compensation seen in Fig. 7.

APPENDIX

The total energy of a system of interacting ions (nuclei of
atoms in the system) and electrons is written as:

(1)

where
represents the interaction energy of the ions with
other ions,
represents the potential energy of interaction be-
tween electrons and ions and
represents the kinetic energy of electrons and the
potential energy of their interactions with each
other.

The first term, is given by:

(2)

where
is the distance between two ionsand

located at and respectively,
and are the atomic masses of the two ions,

and
is the total number of ions in the system.

The second term, , is given by:

(3)

where
is the electron density,

is the volume of the system, and
is the electrostatic potential due to the ions as given
by:

(4)

where, is the position of the electron and’s are the positions
of the ions.

The final term, , in (1) describes the kinetic energy of
the electrons and the potential energy of their interactions with
each other. Kohn and Sham showed that it is possible to map
the many-body problem of an interacting electron gas in the
presence of an external potential to an exactly equivalent set
of self-consistent single electron equations. In their work, the
external potential is like that produced by an arrangement of
ion cores. The energy term is written in terms of a set of
single-particle electron states, , as:

(5)

and the electron density, , is given by:

(6)

where is the probability of electron orbital occupation (
).

The first term in (5) gives the kinetic energy of a noninter-
acting electron gas, the second term is the electrostatic potential
energy and the exchange-correlation energy.

The many-body wave function has to be antisymmetric under
the exchange of any two electrons because they are fermions.
This results in a spatial separation for electrons of identical spin
which reduces the Coulomb energy of the system. Spatially sep-
arating electrons with opposite spin reduces the Coulomb en-
ergy at the cost of increasing the kinetic energy, an effect known
as correlation. These effects make up the exchange-correlation
energy, , which is explicitly included in the total energy ex-
pression because electrons are treated as independent particles.
The exchange-correlation energy is given by:

(7)

where is the exchange-correlation energy per particle
for a homogeneous electron gas of density.

The energy of a system of electrons in an external field
produced by a collection of nuclei is given by minimizing the
energy function in (1). This is equivalent to solving a set of
Kohn–Sham equations comprising a one-particle Schrödinger
equation together with a so-called self-consistency condition.
The Schrödinger equation links the potential to the electron
density:

(8)
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The term is the electrostatic (Hartree) potential generated
by the charge distribution following the wave functions. This
potential is given by:

(9)

and, is the exchange-correlation potential given by:

(10)

When the Kohn–Sham equations are solved self-consistently,
such that the occupied states generate the same electron density
used to construct the potential, then the ground state density and
energy have been found. The total energy is then given by:

(11)
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