Chin. Phys. B Vol. 22, No. 11 (2013) 118501

Scaling effects of single-event gate rupture in thin oxides

Ding Li-Li( ] 2= )", Chen Wei([5 ), Guo Hong-Xia(¥F4#5), Yan Yi-Hua(|=i4E),
Guo Xiao-Qiang(¥M%5E), and Fan Ru-Yu(FE1E)

Northwest Institute of Nuclear Technology, Xi’an 710024, China

(Received 21 March 2013; revised manuscript received 18 April 2013)

The dynamics of the excess carriers generated by incident heavy ions are considered in both SiO, and Si substrate.
Influences of the initial radius of the charge track, surface potential decrease, external electric field, and the LET value of
the incident ion on internal electric field buildup are analyzed separately. Considering the mechanisms of recombination,
impact ionization, and bandgap tunneling, models are verified by using published experimental data. Moreover, the scaling
effects of single-event gate rupture in thin gate oxides are studied, with the feature size of the MOS device down to 90 nm.
The value of the total electric field decreases rapidly along with the decrease of oxide thickness in the first period (12 nm
to 3.3 nm), and then increases a little when the gate oxide becomes thinner and thinner (3.3 nm to 1.8 nm).
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1. Introduction

Single-event gate rupture (SEGR) has been studied for
years. It is well known that SEGR can initiate perma-
nent damage in power MOSFETs, MOS capacitors, anti-
fuse devices, etc.l'1 Meanwhile, simulation methods have
been used to help understand the underlying mechanism of
single-event effects or predict the vulnerability of specified
devices.[® These methods can also help to deal with sin-
gle event gate rupture.°~!! Empirical models were firstly de-
veloped. Wheatley and Titus introduced one based on power
MOSFETs, which reflected that 1/Ecg behaves a linear de-
pendence on LET.['213] Furthermore, to take into account the
physics resulting in the SEGR, Nicholas et al. suggested solv-
ing the simplified drift-diffusion equation and the Poisson

(141 Whereas, the influence of bandgap tun-

equation in SiO;.
neling and excess carriers pileup on Si—SiO; interface has not
been considered. Researchers from Padova University have
introduced a three-dimensional (3D) simulation tool to study
the SEGR effect in MOS capacitors. > Therefore, other re-
searchers have studied the SEGR effect in power MOSFETs

[6-8] However, they all focused on the

using simulation tools.
excess holes pileup on the Si—SiO, interface and neglected the
physical mechanisms within oxides.

In this paper, generation, recombination, transport, etc of
excess carriers are considered in both SiO, and Si substrate, to
better understand the underlying mechanisms and more accu-
rately predict the SEGR threshold. Firstly, the influence of the
initial radius of charge track, surface potential decrease, exter-
nal electric field, and the LET value of an incident ion to in-
ternal electric field buildup are analyzed separately. Secondly,
besides drift and diffusion, other mechanisms like recombina-

tion, impact ionization, and bandgap tunneling are considered
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too. Then, the models combining these mechanisms together
are verified by using experimental data from Ref. [13]. Finally,
the scaling effects of SEGR in thin gate oxides are studied,
with the feature size of MOS devices down to 90 nm.

2. Models and discussion

DESSIS is a device simulator allowing three-dimensional
simulation. Here, it is introduced to simulate the device re-
sponse of SEGR. Figure 1 presents the cross section of nMOS
device model used in this paper.

heavy ion ﬂ

gate electrode gate oxide

Fig. 1. (color online) Schematic of one nMOS device model.

As an ion strikes the MOS device, a thin passage of
electron—hole pairs is created within a short period on the
picosecond scale. Early in 1913, Jaffe postulated the initial

charge distribution as follows: !

N() —}”2
n(r,0) = e P (bz) ; ey
where Ny is the density of charge pairs (proportional to LET),
and b is the initial radius of the Gaussian distribution. Jaffe
postulated b ~ 5 nm for « in Si0,.1131 After that, Oldham

deeply studied the initial charge distribution of incident heavy
charged SiO; particles, and made the conclusion that b ~
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3.5 nm for protons in SiO,.['%] Several researchers have taken
the initial radius of single particle tracks in Si to be about
100 nm.!7)

The charge generation rate is assumed to be a Gaussian in
time, with the peak being at 6 ps (the strike time). The tempo-
ral standard deviation is taken to be 2 ps.

In Fig. 1, the width and length of the gate oxide are both
1 um, which are bigger than the size of the charge distribu-
tion (3.5-100 nm). Since the main purpose of this section is
to study the contributions of different mechanisms, the rule
or comparative value rather than the precise value would be
needed. To ascertain high enough precision, the size of each
grid should be sufficiently small compared to the size of the
charge track because of the high density of excess carriers in
this region. Therefore, the value of b should not be too small
in this section, and it is chosen to be 100 nm in calculation, as
shown in Figs. 3-7.

Considering the worst case that the ion traverses through
the gate region and the substrate (see Fig. 1), the electron—
hole pairs will be generated in both of the two regions. For
Si0,, the hole mobility is about 10~* cm?/V-s and the elec-
tron mobility is 20 cm?/V-s.['8191 When the gate electrode of
the MOS device is biased at positive voltage and the substrate
zero or negative voltage, the electron generated in the SiO,
will be collected by the gate electrode really fast.

First, let us just consider carriers drift and diffusion. Us-

ing the Poisson equation as follows:

d’y q
- r__ 7 2
e @)

where Q is the net charge density in the SiO; region. On a
time scale of picosecond, holes would stay almost immobile
in the place generated. Consequently, the value of b (initial
radius of charge track) would dramatically influence the maxi-
mum value of internal electrical field caused by excess carriers
in the dielectric (Eox). Figure 2 presents the Eox as a function
of b at 4 ps after the ion incidence, where LET = 0.3 pC/pm
and the oxide thickness 7ox = 2.58 nm.

Under this circumstance, since the net charge density is
mainly due to the pileup of holes, we can assume the value
of Eox would behave a linear relationship with #,x when the
LET is specified. Figure 3 presents Eyx as a function of 7.,
where the applied biases are chosen to make sure that the elec-
tric field before the ion incidence (E¢y) are equal to 5 MV/cm.
It can be seen that the relationship of Eyx and #,x do behave a

good linear dependence.
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Fig. 2. (color online) The maximum value of the internal electric field
caused by excess carriers in oxide (Eox) as a function of the initial radius
of charge track at 4 ps after the ion incidence, where LET = 0.3 pC/um
and 755 = 2.58 nm.
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Fig. 3. Eox as a function of 7,x at 4 ps after the ion incidence, where
b =100 nm and Eex = 5 MV/cm.

In the meantime, the potential on the SiO,/Si interface
(Vsi/sio,) would fall temporarily due to the electrons pileup at
the side of Si substrate. Figure 4 presents the surface potential
as a function of time. We can see that V5; 50, reaches its min-
imum at 2 ps before the peak of charge generation rate. When
the maximum value of electric field in the oxide region Eq
reaches its maximum, Vs;/si0, does not return to the the value
before ion strike. Thus, the decrease in Vg;/si0, would make
contribution to the maximum electric field in oxide.
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Fig. 4. (color online) Surface potential Vs; si0, and the maximum value
of internal electrical field caused by excess carriers in oxide (Eqx) as a
function of time. The ion incidence occurs at 6 ps.
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In the above discussion, only drift and diffusion of excess
carriers are considered. This is a simplified model to study the
influences of the initial radius of charge tracks, the LET value
of incident ions, and the decrease in surface potential on inter-
nal electric field buildup. Then, other mechanisms would be
introduced to better understand the whole physical process.

From former studies, recombination is much stronger in
Si0O; than in Si due to the smaller initial radius of charge tracks
and stronger interactions with the lattice.!'8! Figure 5 presents
Eox as a function of external electric field and SRH lifetime.
SRH lifetime is defined as the ratio of the excess carrier den-
sity to the net recombination rate. Then, let 7, be the SRH
lifetime of holes, 1/7, would represent the probability of re-
combination for each excess hole. When the SRH lifetime gets
smaller, the probability of recombination would be higher, or
rather recombination gets stronger, the internal electric field
will be weaker. Meantime, the fractional yield to escape re-
combination would be higher with stronger external electric
field, so the internal electric field would be stronger.
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Fig. 5. (color online) Eox as a function of external electric field, SRH
lifetimes, and #,x, where b = 100 nm.

Other than recombination, impact ionization due to high
fields and bandgap tunneling due to thin oxide should also be
considered. To study the comparative contribution of each
mechanism, we calculate them separately with only charge
generation, drift, and diffusion included. Figure 6 presents
the increment of E,x after the impact ionization is turned on
as a function of external electric field and LET. When the total
electric field of the SiO; gets stronger, due to either the exter-
nal electric field or the internal field resulting from ion inci-
dence, the contribution of impact ionization would get bigger.
Furthermore, when the oxide gets thicker, the probability of
impact ionization would be more obvious too.

Unlike impact ionization, increment due to bandgap tun-
neling does not show a clear tendency with #,x or external elec-
tric field (see Fig. 7), whereas this mechanism does contribute
more to the internal electric field when the value of LET is

bigger.
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Fig. 6. Increment of E,x when impact ionization is turned on as a func-
tion of external electric field, LET values, and f,x, where b = 100 nm.
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Fig. 7. (color online) Increment of E,x when the bandgap tunneling is
turned on as a function of external electric field, LET values, and 74,
where b = 100 nm.

3. Verification of our method by comparing with
experimental results

After discussing the contributions of several mechanisms
to internal electric field buildup, we need to combine them to-
gether and consider the whole contributions to SEGR effect.

The mechanisms considered in the gate oxide include
drift—diffusion transport model, Schottky—Read—Hall (SRH)
recombination, impact ionization, and bandgap narrowing.

Meantime, the mechanisms considered in other regions
include: 1) drift-diffusion transport model; 2) doping depen-
dence mobility; 3) mobility degradation in the channel; 4) high
field velocity saturation; 5) transverse field dependence mobil-
ity; 6) Schottky—Read—Hall (SRH) recombination; 7) impact
ionization; 8) Auger recombination; 9) bandgap narrowing.

First of all, there are a few parameters needed to be ver-
ified, like the initial radius of the charge track and the SRH
lifetime. To do this, we choose to calibrate them using experi-
mental results of Sexton et al.!'3] In this paper, they measured
the critical voltages for SEGR in capacitors with different ox-
ide thicknesses. Figure 8 presents the experimental data in
Ref. [13] and our simulation results for comparison. As can be
seen, the simulation curve fits well with the data points, where
b= 10 nm, SRH lifetime is 2 x 1077 s, and Ei; = 15 MV/cm
(the critical electric field for SiO, to breakdown).
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Fig. 8. (color online) Comparison between experimental data from Sex-
ton et al. and our simulation results, where » = 10 nm and the SRH
lifetime is 2 x 10717 s.

Using these parameters values, physical images of car-
riers distribution and corresponding electric field in oxide are
calculated. Figure 9 presents the hole density, electron density,
and electric field as functions of the distance above the Si/SiO»
interface, where Eexyy = 5 MV/cm and LET = 0.15 pC/um.
Since carrier recombination plays an important role in this pro-
cess, unlike the circumstance where only carriers drift and dif-
fusion are considered, the value of hole density is very high
only in the edge of oxide, other than almost equal along the
whole charge track. Otherwise, the distributions of electrons
are very similar for the two circumstances. Consequently,
electric field reaches its maximum near the Si/SiO; interface,
shows a trend of decrease close to the Si/PolySilicon interface,
and almost keep the same in the middle part of the oxide re-
gion.
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Fig. 9. (color online) Calculated hole density, electron density, and elec-

tric field in oxide at 4 ps after the ion incidence as a function of the
distance above the Si/SiO; interface, where fox = 12 nm.

4. Scaling effects of SEGR in thin oxides

As the density of integrated circuits increases, the thick-
ness of gate oxides shrinks continually. MOS devices with five
different feature sizes and corresponding thickness of oxides,
doping density in channel region are presented in Table 1.

From the discussion above, no all the related physical
mechanisms show the same trend with the decrease in oxide
thickness. Keeping the parameters’ value the same as the one
calibrated in Section 3, contributions of internal electric field
due to charge pileup in oxide (AEy) and decrease in surface
potential (AEg,,) are calculated according to oxide thickness
ranging from 1.8 nm to 12 nm. The real electric field Eyyy, in
oxide would be a combination of three factors, namely,

Eiotal = Eext + Eox + Egup- (3)

Once the value of Eyy, is bigger or equal to E.j due to
heavy ion incidence, we can tell that SEGR occurs.

Table 1. Information about MOS devices with five different feature
sizes.

Corresponding feature Doping density

fox/nm size of MOS device in channel region/cm—3
1.8 90 nm 4.0 x 1017
2.58 0.13 um 3.5 x 107
33 0.18 um 3.0 x 107
5 0.25 um 2.5 x 107
12 0.6 um 2.0 x 10"

With different values of Ec¢ and LET, the relationships of
Eox, Equp, and 1o are presented in Fig. 10. E,x would become
smaller with the decrease in oxide thickness when choosing
the same Ex and LET values. Otherwise, Eg,, would become
bigger with the decrease in oxide thickness since the value of
surface potential would be very similar to 7.4 in this range.
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Fig. 10. (color online) Calculated Ex and Egy, as functions of 7ox with
different external electric field and LET.

Considering the different trends of Eox and Eg, as func-
tions of 7., the value of Ey, would decrease rapidly along
with the decrease in 7,x when 7o is not very small (12 nm to
3.3 nm), then the trend will not continue and E, may even
increase a little bit with the decrease in 7,5 (3.3 nm to 1.8 nm),

as shown in Fig. 11.
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Fig. 11. (color online) Calculated Ei, as a function of 7, with differ-
ent external electric field and LET.

5. Conclusion

Dynamics of excess carriers generated by incident heavy
ion are considered using TCAD simulation in both SiO, and
Si substrate of nMOS devices. The influence of initial radius
of charge track, surface potential decrease, external electric
field, and LET value of incident ion to internal electric field
buildup are analyzed separately. To verify the method combin-
ing several mechanisms together and further predict the SEGR
threshold of nMOS devices with different oxide thicknesses,
experimental data from former literatures are used for refer-
ence. The simulation results show good agreement with the
measured data of t,x = 6 nm and #,x = 12 nm.

The scaling effects of single-event gate rupture in thin
gate oxides are investigated, with #,x ranging from 12 nm to
1.8 nm, the feature size of the MOS device from 0.6 pm to
90 nm correspondingly. Considering the different trend of Ey
and Eg, changing with 7.4, the value of Ey, would decrease
rapidly along with the decrease in 7,x When 74 is not very small

(12 nm to 3.3 nm), then the trends will not continue and Eq,
may even increase a little bit when the gate oxide becomes
thinner and thinner (3.3 nm to 1.8 nm).
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