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Based on first-principles density-functional calculations, we show that F interstitials in SiO, behave as
negative fixed charges or as charge traps, depending on their positions relative to the Si/SiO, interface. By
contrast, they deactivate O vacancies, which are the dominant charge traps in SiO,, by forming F-pair com-
plexes at O sites, while a defect complex of an O vacancy and a F atom is still a electrically active negative-U
center. Our model successfully explains the controversial points in earlier experimental analyses and suggests
that a proper thermal annealing process under a moderate F doping level will lead to the improved electrical
properties for SiO, by effectively deactivating the O vacancies and the F interstitials into the F-pair complexes.
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The control of defects in SiO, is one of the critical issues
in manufacturing metal-oxide-semiconductor (MOS) transis-
tors with minimum feature sizes smaller than 100 nm. Fluo-
rine, one of the most important extrinsic impurities in SiO,,
affects the performance of the transistors. A number of pro-
cesses, including the W-related process involving WEFq
decomposition,'? fluorine-based plasma etching,* and BF,
source-drain implant,>® unavoidably incorporate F into the
gate oxide, and it has been shown that fluorine improves
electrical properties related to the Si/SiO, interface, such as
negative bias temperature instability (NBTI) and hot carrier
immunity.”~'? The theoretical explanation for these effects is
that Si dangling bonds at the interface are effectively deacti-
vated by fluorine atoms into Si-F bonds.!!

The effects of fluorine incorporation into the bulk region
of SiO, have also been extensively studied. It has been re-
ported, for instance, that the electrical characteristics of the
bulk region of SiO, can be improved,'? changed very little,’
or degraded'?® by the incorporation of F, with the results be-
ing based on analyses such as stress-induced leakage current
(SILC), charge to breakdown (Qgp), and oxide breakdown
voltage. Although Sugizaki et al.'* showed that the electrical
properties of the bulk region vary, depending the F concen-
tration, there is not yet a good understanding of the various
experimental features. Moreover, an understanding of the
role of fluorine at the atomic scale is necessary in order to
determine the optimum growth conditions for F-doped SiO,.

In this paper, we present an atomic model for how F is
incorporated into SiO,, based on first-principles pseudopo-
tential calculations. We find that the F interstitials act as
negative fixed charges or charge traps, while they deactivate
O vacancies, which are dominant charge traps in SiO,, by
forming F-pair complexes at O sites. Thus, the electrical
properties of SiO, are expected to be strongly dependent on
the degree of mutual deactivation of F interstitials and O
vacancies through the formation of the inactive F pairs. Our
results are in good agreement with the previously reported
experimental features and indicate the optimum conditions
for obtaining high-quality SiO, with F impurities.

We calculate the total energies of F-related defects in SiO,
using first-principles density-functional theory (DFT), as
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implemented in the VASP code,'>"!® within the generalized

gradient approximation (GGA)."” We use ultrasoft
pseudopotentials®®?! with a kinetic-energy cutoff of 430 eV
and a supercell containing 72 host atoms in the a-quartz
structure. The I" point is used for sampling the Brillouin
zone. For charged defects, we corrected the errors from the
spurious monopole-monopole interaction between the back-
ground and defect charges;?? these errors are estimated to be
0.5, 2.1, and 4.8 eV for singly, doubly, and triply charged
states, respectively. The top of SiO, valence band is set as
zero reference energy to describe defect levels in the SiO,
band gap.

The first result from our investigation of the atomic and
electronic structures of F interstitials (F,) is that there are two
dominant classes, F(1); and Fy-O;, of these interstitials. The
former involves a monovalent F atom which does not break
any Si-O bonds and which is bonded to a fivefold-
coordinated Si atom [see Fig. 1(a)]. In the latter, the positions
of the F and the O; atoms are exchanged relative to their
relationship in F(1);, resulting in the breaking of the bond

(b)

FIG. 1. (Color online) (a) Atomic structure of F(1); for the neu-
tral charge state. The atomic structures of F-O; are shown for the
(b) 1+, (c) neutral, and (d) 1- charge states.
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FIG. 2. (Color online) Charge densities for the half-filled defect
levels of the neutral (a) F(1); and (b) Fo-O; defects for an isosurface
of 0.015 a.u.

between the O; and the Sij; atoms. As shown in Figs.
1(b)-1(d), the local bonding configurations around the Oy
atom are different for the 1+, neutral, and 1— charge states.
F(1); has a half-filled defect level at 0.30 eV, which is char-
acterized by a ppo™ coupling between the F atom and the
neighboring O atoms [see Fig. 2(a)]. In contrast to the situ-
ation with Fy-0;, the structures of F(1); in the negatively and
positively charged states are similar to the structure in the
neutral state.

The stable geometries of Fy-O; are different for the dif-
ferent charge states, as noted above. In the case of the neutral
charge state, the O; atom is only bonded to the Si; atom,
forming a nonbridging Si;-O; radical [Fig. 1(c)], while the
lowest energy configuration O; in SiO, is a peroxy linkage
structure with the O interstitial incorporated in the Si-O-Si
bond.?*?>* We find that the F,-O; complex has a binding en-
ergy of 4.00 eV against dissociation to Fy and a remote
interstitial O. This complex has defects levels at 0.56 and
1.30 eV, which are characterized, respectively, by pp7* and
ppo” interactions between the Oy and neighboring O atoms.
The higher ppo™, which is shown in Fig. 2(b), is half filled in
the neutral charge state. The fact that the ppo™ level in the
1- charge state is fully occupied leads to a stronger repulsion
between the Oy and Oy; atoms and the relaxation of these two
O atoms creates an additional Sij;-O; bond, as shown in Fig.
1(d). For the 1+, 2+, and 3+ states, where the pp7™* level is
empty, an O;-Oy; bond is formed because the repulsion be-
tween these two O atoms is mostly reduced [Fig. 1(b)].

Based on the formation energies of the F interstitials in
Fig. 3, F(1); is found to be stable for the wide range of
Fermi levels above 1.62 eV. F(1); and (Fy-O;)™ are stabilized
for all Fermi levels at 1.32-1.62 and at 0-1.32 eV, respec-
tively. We align the experimental Si band gap with our SiO,
band gap using the position of the Si band estimated by
Blochl and Stathis;? the defect level of atomic hydrogen was
shown to be at 0.2 eV above the Si midgap.?® Together with
the measured Si band gap (1.1 eV) and the calculated H level
in the DFT band gap of SiO, (4.1 eV), this finding deter-
mines the Si band gap to be at 3.3-4.4 eV in the DFT band
gap of Si0,,” as depicted in Fig. 3. Since, under thermal
equilibrium conditions, the Fermi level of SiO, should lie
within the Si band gap (the shaded region in Fig. 3), F(1); is
expected to be the most abundant F interstitial. We check if
our conclusions are affected by the higher-order errors of the
charged supercells vanishing as 1/L°?* where L is the linear
dimension of the supercell. The test calculations are per-
formed in a 576-atom cell, which is generated by doubling
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FIG. 3. Formation energies of F interstitials as a function of the
Fermi level. Shaded region indicates the band gap of Si aligned to
that of SiO,.

the lattice constants of the 72-atom cell, for two dominant
F-related defects around the interface, i.e., F(1); and
(Fy-O,)™. It is found that the formation energies of the de-
fects slightly increase by the same amount of 30 meV and
thus the relative energy difference remains unchanged within
1 meV. Therefore, the monopole corrections used here are
sufficiently accurate to draw our results.

The defect transition levels indicate that an F interstitial
acts as a negative fixed charge near the Si/SiO, interface.
The defect transition level between two different charge
states is at the Fermi level where the defect formation energy
curves for the two charge states intersect. As shown in Fig. 3,
the (1+/0) and (0/1-) transition levels for F(1); lie at 0.23
and 1.62 eV, respectively. Similar to the case discussed
above, F(1); should be in the 1— charge state in the equilib-
rium states because the (0/1-) level is below the Si band
gap. At the interface or its adjacent region, because of free
exchange of excess or deficient electrons with the adjacent
Si, F(1); can maintain the 1— charge state even for nonequi-
librium charge injections. Thus, we suggest that F(1); at the
interface is the origin of the F-induced negative fixed charge
that has been observed in experiments.?’ This negative fixed
charge can shift the threshold voltage and degrade the carrier
mobility through the Coulomb scattering, which degrades the
performance of a MOS device. Away from the interface,
F(1); behaves like a charge trap instead of a negative fixed
charge because it cannot freely exchange charges with Si.
Since the (1+/0) and (0/1-) transition levels are closer to
the valence-band maximum (VBM) of SiO, (see Fig. 3),
F(1); easily captures electrons and thus may act as a electron
trap over a wide range of the Fermi level, explaining the
F-induced electron traps observed in experiments.”® When a
gate bias is applied high enough to make the defect appear
between the Fermi levels of the anode and cathode, trap-
assisted electron tunneling can occur through this defect,
which leads to a gate leakage current. We find that the
(1+/1-) transition level for Fy-O; is at 1.89 eV. F5-O; acts
as a negative fixed charge or a charge trap just as F(1); does,
but it is less stable than F(1); under the equilibrium growth
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FIG. 4. (Color online) Atomic structures of the (a) (F,)q and (b)
F;-Hp complexes.

condition where the Fermi level lies within the Si band-gap
region. We note that our calculations with the crystalline
quartz supercell do not take into account the disorder of
atomic positions in the amorphous phase. Since amorphous
Si0O, has a local atomic ordering that is very similar to that of
a quartz, our results based on the a-quartz structure may
also remain valid in most regions of the amorphous matrix.
However, we cannot rule out the possibility that, in some
regions with large disorder-induced strain, (Fo-O;)~ is locally
more stabilized than F(1); because (Fy-O;)” can effectively
reduce the strain by breaking the strained Si-O bond [see the
Siy-Oy bond rupture in Fig. 1(d)].

On the other hand, F interstitials also improve the electri-
cal properties of SiO,. It was reported that, at the interface, a
single F interstitial is effective for deactivating the interface
trap with one Si dangling bond.!! However, we find that a
single F interstitial cannot passivate the dominant charge trap
in the bulk region, i.e., an O vacancy (V,); instead, a defect
complex of an O vacancy and a F atom (Fg) is a negative-U
defect with the (1+/1-) transition level at 4.44 eV. We do
find, however, that a pair of F interstitials at an O site
[(F1)0l, as shown in Fig. 4(a), effectively removes the elec-
trical activity of the O vacancy without leaving any defect
level in the SiO, band gap. (F,) is energetically very stable
because the reaction 2F(1);+Vy—(F,)q is exothermic by
9.42 eV. For (F,)q, the adsorption energy of one F atom on
the O vacancy is 4.71 eV, which is 1.84 eV higher than for
Fo, because two F atoms share the energy cost of breaking
the dimerized Si-Si bond in the O vacancy. Thus, two F
interstitials energetically prefer to be adsorbed on the same O
vacancy, forming the (F,)q defect, rather than being ad-
sorbed on two different O vacancies.

We also calculate the vibration frequency of the F-Si
stretch mode for (F,), which is 840 cm™'. This is about
10.6% lower than the 940 cm™' peak from infrared adsorp-
tion spectroscopy measurements on F-doped silica
glasses.??73! Since errors of about 10% in the calculations of
vibration frequencies are not unusual®’ we suggest that
(F,)o-like defects are responsible for the peak at 940 cm™.
For F(1);, it is found that the vibrational frequency is
706 cm~!, lower than that of (F,)q; the reason for the differ-
ence is that, for F(1);, the F atom is bonded to the overco-
ordinated Si atom, as shown in Fig. 1(a), which results in a
weaker Si-F bond. This peak did not appear clearly in
experiments,”®=3! but this might be due to the fact that the
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concentrations of F(1); were not high enough for the rel-
evant peaks to be visible against other strong peaks in this
wave-number range. Evidence for this explanation comes
from the fact that even 940 cm™' peaks were not detected in
F-incorporated SiO, gate dielectrics grown by oxidation,333*
where the F concentrations are much lower than those in
F-doped silica glasses.

On the other hand, a single F interstitial can deactivate a
H atom at an O site (Hg) which is responsible for the stress-
induced leakage current;?> as shown in Fig. 4(b), Hy, is de-
activated into a F-Hg complex with an exothermic reaction
energy of 6.33 eV.

The combination of the positive and negative effects of F
can explain why different experiments observe the improved,
almost unchanged, or degraded electrical characteristics after
the introduction of F. The electrical properties may strongly
depend on the degree of mutual deactivation of electrically
active F interstitials and O vacancies as they form the inac-
tive F pairs. Our results can provide optimum conditions to
improve the electrical properties of SiO, with F incorpo-
rated. The first requirement is to maintain the F concentration
within a moderate range, as previously reported.!'* If the con-
centration of F is much lower than that of the O vacancies,
the effect of deactivating O vacancies can be negligible. Ex-
cessive F incorporation is similarly unfavorable for the elec-
trical properties because any extra fluorine interstitials after
the O vacancies have been deactivated will act as fixed
charges or charge traps. We note, however, that a moderate
doping level of F does not guarantee electrical improvement.
The nonequilibrium F interstitials can be frozen in meta-
stable states, whereas the deactivation of O vacancies caused
by F pairing is energetically favorable. Thus, the second step
in maximizing the electrical improvement is to include a
suitable thermal annealing process if the concentration of F
defects incorporated through nonequilibrium processes is
high. Finally, we suggest that, in addition to differences in
the F concentration, another cause for the diversity in the
experimental results be the various thermal budgets after F
incorporation.

In conclusion, we find that fluorine has both a beneficial
and an adverse effect on the electrical properties of SiO,. F
interstitials act as negative fixed charges or charge traps,
while the dominant charge traps such as O vacancies and
H-bridge defects can be deactivated via the formation of
(F,)o and F;-Hg, respectively. Thus, the competition between
these positive and negative effects may determine the elec-
trical properties, leading to the different oxide qualities, in
good agreement with experiments. We suggest that, in a
MOS process, the F concentration and the thermal budget
after the incorporation of F play a key role in obtaining elec-
trically optimized SiO,.
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