
carbonate groups have been reported at temperatures ranging from 150-250
“C. The structural consequences of the thermal treatments were determined
by solid state 13Cand 29SiNMR. The physical changes were determined by
porosimetry, scanning electron microscopy, and volumetric studies on
monolithic gels.
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Introduction
Bridged polysilsesquioxanes (BPS) are a family of hybrid

organic–inorganic materials prepared by sol-gel polymerization of molecular
building blocks that contain a variable organic component and at least two
trifrrnctional silyl groups”z.The resulting xerogels and aerogeIs have physical
and mechanical properties that are strongIy influenced by the organic bridging
group. This talk focuses on the synthesis of functional bridged
polysilsesquioxanes. Incorporation of fimctiona[ groups that respond to
chemical, photochemical, or thermal stimuli can provide handles for
modifying bulk morphology and/or provide function. These materials can fmd
use as ion exchange media, chromatographic stationary phases, photoresists
and high capacity selective chemical absorbents.

o 100 200 300 400 500 600

sampletemperature(C)

. . .
Figure 1. Thermal gravimetric analysis traces for dipropy[ene camonate ana
isobutylene carbonate-bridged gels.

First, thermal gravimetric analysis (TGA) was used to establish the onset
temperature for the rearrangement and loss of carbon dioxide. The TGA of
both dipropylene carbonate and isobutylene carbonate-bridged gels show two
distinct transitions (Figure 1). The onset for decarbo~lation occurred
between near 300 ‘C for the dipropylene carbonate-bridged gels and near 340
‘C for the isobutylene carbonate-bridged gels. The mass loss at the initial
transition ranges from 20-24%. This range is close to the expected mass loss
dueto decarboxylation.

Theoretically, a fully condensed gel of monomer 1 that completely
decarboxylated would loose 18.6% of its mass and a gel of monomer 2 would -
loose 16.6V0of its mass. Since these gels are not completely condensed, the
observation of a mass 10SSgreater than 19°%might be attributed in part to the
Ioss of water and ethanol from firrther condensation events. This is supported
by the observation that a few of the dipropylene carbonate-bridgedmaterials
began losing mass at 275 “C with evolution of ethanol detected by TGA-mass
spectrometry. Analogous mass losses beginning at 275 “C and 450 “C, but
none between 300-350 “C, were also observed for polysilsesquioxanes
prepared from monomers that bear no carbonate functionality. The second
transition at 500 “C in the dialkylene carbonate-bridged materials is
accompanied by mass 10SSconsistent with the degradation of the remaining
organic timctionalities in the gels.

Conclusions
Dipropylene and diisobutylene carbonate-bridging groups were

successfully used as masked hydroxyalkyl and allylic substituents in
polysiIsesquioxane gels and the nature of the substitaents could be controlled
through surface modification of the gels prior to heat treatment.
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Experimental
Sol-Gel Polymerizations. All polysilsesquioxane gels were made from

0.4 M solutions of monomers in dry ethanol (distilled from magnesium
turnings) with six equivalents H20 and 10.8 mol % catalyst (HCl or NaOI-f).
A typicaI formulation is as follows. A monomer solution was made of 1 or 2
(2.0 MMO1)in dry ethanol (1.0 ML). A catalyst solution was made by adding
1.0 M HC1(aqueous) or 1.0 M NaOH (aqueous) (0.215 g, 12 mmol H20) to

dry ethanol (1.0 mL). The catalyst and monomer solutions were combined
and the total vohrme of the solution was brought to 5.00 ML by the addition of
dry ethanol. Gelation time was determined by the time it took for the
combined solutions to cease to flow. Gels were allowed to age for 2 weeks
before processing, Xerogels were made by crushing the wet gel under
distilled water. The crushed gels were washed with 200 mL of distilled water
followed by 100 ML of diethyl ether. The resulting powders were dried under
vacuum at 100 ‘C for 12 h. Aerogels were made by submitting the wet gels to
supercrhical C02 extraction. Polymers are denoted (vide injtz) as X (xerogel)

or A (aerogel), the type of catalyst used in the gels’ preparation (H for
aqueous HCI; OH for aqueous NaOH) and the thermolysis temperature (300)
where appropriate.

Results and Discussion
In one example that will be discussed we describe a new class of

polysilsesquioxanes bridged with dipropylene- or diisobrrtylene-carbonate
groups that protect or mask hydroxyalkyl- and oletinic groups (Scheme 1).
Dialkylcarbonates with ~-hydrogens nndergo a thermal decarboxylation
reaction to quantitatively afford an oletin and an aIcoho13. Ideally, thermal
decarboxylation of the carbonate in the polysilsesquioxane gels would lead to
cleavage of the bridging group while generating a new polysilsesquioxane
material functiona[ized with hydroxyalkyl and olefinic groups in close
proximity.
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In practice, the hydroxyalkyl and oletinic substitutents were discovered
to undergo reactions with residual silanols or each other under the thermolysis
conditions.

Thermally-Induced Decarboxylation. Samples of the dipropylene
carbonate and diisobutylene carbonate-bridged polysilsesquioxanes were
heated to determine if and when thermal decarboxylation would occur.
Thermally induced decarboxylation of polymers containing dialkylene
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Introduction

Commercial focused ion beam (FIB) systems are
commonly used to image integrated circuits (ICS) af-
ter device processing, especially in failure analysis
applications [1,2]. FIB systems are also often em-
ployed to repair faults in metal lines for otherwise
functioning ICS [3,4], and are being evaluated for ap-
plications in film deposition [5,6] and nanofabrication
[7]. A problem that is often seen in FIB imaging and
repair is that ICS can be darnaged during the exposure
process. This can result in degraded response or out-
right circuit failure. Because FIB processes typically
require the surface of an IC to be exposed to an in-
tense beam of 30-50 keV Ga+ ions, both charging and
secondary radiation darnage are potential concerns. In
previous studies, both types of effects have been sug-
gested as possible causes of device degradation [8-
12], depending on the type of device examined and/or
the bias conditions. Understanding the causes of this
damage is important for ICS that are imaged or re-
paired by a FIB between manufacture and operation,
since the performance and reliability of a given IC is
otherwise at risk in subsequent system application.

In this summary, we discuss the relative roles of
radiation damage and charging effects during FIB im-
aging. Data from exposures of packaged parts under
controlled bias indicate the possibility for secondary
radiation damage during FIB exposure. On the other
hand, FIB exposure of unbiased wafers (a more com-
mon application) typically results in darnage caused
by high-voltage stress or electrostatic discharge. Imp-
lications for FIB exposure and subsequent IC use are
discussed.

Experimental Results

A schematic cross-section of a device being ex-
posed by a FIB is shown in Fig. 1. This illustration
depicts a 30-keV Ga+ ion beam from a Micrion 9000
system; we have also employed a Micrion 9500 sys-
tem with a 50-keV Ga+ system with similar results
[12]. Thus, the specific beam energy in common
commercial systems does not seem to be a critical
variable in these experiments. During the FIB scan
high-energy Ga+ ions bombard the passivated surface
of an IC. Because of the relatively high mass and low
energy of these ions, the 30-keV incident ion beam is
stopped within the first - 30 nm of the passivation
layer [8]. Much of the beam energy is converted into
surface heating, with any secondary emission of high

energy electrons or x rays considered to be improb-
able. Nevertheless, such effects may be observed in
some cases [8], as discussed below. In addition, each
ion impact causes local surface damage to the passi-
vation layer due to ion sputtering.

30keV Ga+ Ions
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Fig. 1. Schematic illustration showing the interaction of a focused
ion beam (FIB) with a MOS transistor. FIB exposure directly
leads to surface charging and Ga ion implantation into the passi-
vation region, and may indirectly cause damage to the gate oxide
via the generation of high internal electric fields and/or secondary
radiation. (After Ref. [8].)

In the absence of external biasing (aside from
standard wafer grounding), the bombardment of the
chip by a positive ion beam will cause the chip’s sur-
face to charge up. This leads to the possible genera-
tion of high electric fields across the gate insulator,
given a suitable coupling path from the surface to the
gate. These high fields can lead to oxide and inter-
face-trap generation in the thin gate oxide [13,14].
(Electric fields across the thicker field oxide are not
nearly high enough that damage to the isolation layer
becomes an issue.) Thus, under typical wafer expo-
sure conditions, where only the backside of the wafer
is grounded, charging damage is certainly an issue if
precautions are not taken to avoid it [8-12]. In fact,
under extreme exposure conditions, IC failure due to
electrostatic discharge can occur.

As a result of these considerations, commercial
FIB systems are typically supplied with an electron
flood-gun, which supplies a counter-flow of low-
energy electrons to the surface in an effort to mini-
mize charging effects. Unfortunately, the secondary
ion imaging mode, which has poorer signal-to-noise
than the commonly used secondary electron mode
imaging, must be used during the time that the flood-



gun is in use. Thus, there is a tradeoff between maxi-

mizing the imaging capability of the FIB, while mini-
mizing charging damage.

A. Secondary Radiation Dainage.

The presence of possible radiation damage in an
initial study of FIB effects on MOS capacitors was
quite surprising. A few key results of this early work
are summarized in Table 1, which shows a compari-
son of net oxide-trap charge density zhVOt(the primary
damage effect for these devices) for several types of
FIB exposures of capacitors of known trapping densi-
ties [15] under controlled bias conditions. With direct
control over the gate, drain, source, and substrate bi-
ases, during the experiments where the parts were
grounded or at +5 V gate bias, charging damage is not
expected to be a factor in these experiments. Moreo-
ver, for the 50 nm oxides, voltages would have to ex-
ceed 25-30 V to observe any charging damage to the
oxide, even for unbiased exposure.

Table I. Summary of FIB irradiations of packaged 3 ~m x 16 ~m
p-substrate capacitors with hardened 32 nm or soft 50 nm gate
oxides. Values of ZtJVO1were estimated from 1 MHz capacitance-
voltage measurements. (After Ref. [8])

two cases (- 0.09) is virtually identical to the ex-
pected damage ratio for the expected net trapping ef-
ficiencies (4570 for the soft 50 nm oxide and 5.5% for

the hard 32 nm oxide), after scaling for differences in
oxide thickness (- 0.08) [8]. Hence, while the results
of Table I do not require that radiation damage play a
role in FIB radiation damage, they are certainly con-
sistent with that interpretation. For example, the
similarity in response between floating and +5 V ex-
posures at 4 mC/cm2 is difficult to understand other-
wise.

B. Charging Danzage.

A different type of
sisters built in Sandia’s

damage is observed in tran-
0.5 pm process, as shown in

Fig. 2. Here packaged test devices that are 1 pm long
by 20 pm wide, with 12 nm gate oxides, were exposed
to an ion fluence of 0.5 mC/cm2 with all pins floating.
In this case, instead of oxide-trap charge being the
dominant damage mechanism, as is the case for the
capacitors of Table I, the post-FIB exposure stretch-
out of the current-voltage (I-V) characteristics and
negligible midgap voltage shift for these devices [16]
makes it clear that interface traps are primarily being

Ion Ftuence Biasing Charge ANo,
generated during these FIB exposures. One significant

(mC/cmz) Neutrali- (1011cm-z) difference between these devices and those of Table 1

zation is the oxide thickness, since a voltage of only -7-8 V
50 run GOX on the gate of these devices can cause damage to the

1 pins floating no 1.02 oxide due to high current stress, in contrast to the
1 pins floating yes 0.38 much greater biases required in Table 1. However, the
4 pins floating no 2.59
4 pins grounded no 0.82

quality of the oxides and the nature of the surrounding

4 +5 v yes 2.20 materials are also different in the two cases, all of

4 +5 v no 2.03 which can affect the nature of the FIB damage.

32 mu GOX
4 pins grounded no 0.22
4 +5 v no 0.19

Looking at the results in Table I, note first that
charge neutralization (i.e., use of an electron flood
gun) leads to reduced damage for the 1 mC/cm2
floating exposure for the 50 nm oxides, but not for the
4 mC/cm2 biased exposure. Thus, as expected, miti-
gation of surface charging is more useful for floating
bias exposures than for controlled bias conditions.
Second, note that the value of zhVOfincreases as the
ion fluence is increased from 1 to 4 mC/cm2 for the
floating exposures, as expected for defect creation due
to either radiation damage or high-current stress. Fi-
nally, when the response of the soft 50 nm oxides is
compared to that of the hardened 32 nm oxides for the
5 V bias case, the ratios of the damage observed in the
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Fig. 2. Saturated (higher initial current at positive V~s in each
pair) and linear I-V traces before after after FIB exposure for 1 pm
x 20 pm n-channel MOS transistors with 12 nm gate oxides.

A third class of damage will be discussed in the
full paper – this is the case where devices show dam-
age that does not increase monotonically with in-
creasing FIB fluence. Instead, devices can show er-
ratic, non-monotonic changes in darnage with in-
creasing beam fluence, likely associated with internal,
time-dependent charging and discharging events. That
is, the voltage on the gate builds up to an unsustain-
able high level for a short time, leading to a discharge
event which can darnage or destroy the oxide. The
question is – why does FIB damage show entirely dif-
ferent characteristics for different devices and/or dif-
ferent bias conditions?

Discussion

Factors that influence the nature of the damage to
the device include the gate oxide thickness, the qual-
ity of the oxide and interface, and the nature of the
surrounding structures. In particular, different devices
appear to be more or less sensitive to FIB damage,
likely due to the efficiency by which charging effects
at the surface of the passivation layer are coupled to
the device gates, and to the resistance of the gate ox-
ides to radiation and/or charging damage. This is
analogous to varying sensitivities of different devices
to plasma damaging during etching processes, or
charging damage during ion implantation.

The internal bias that builds up on the gate during
FIB exposure is a critical factor in determining the
nature of the charging damage. For example, the gate
oxide thickness will determine the bias threshold at
which charging damage becomes significant. Every-
thing else being equal, the thinner the gate oxide, the
more sensitive the device will be to charging damage
due to the buildup of high voltages on the gate. Miti-
gating this is the fact that the effects of oxide traps
and interface traps on the device threshold voltage
decrease as the oxide is thinned, due to the well-
known moment arm effect [17]. A more subtle effect
of thinning the oxide is to change the character of
charging damage, as illustrated possibly by the differ-
ent character of the responses in Table I and Fig. 2. In
SiOz, voltages must exceed 8 V before any charging
damage can occur due to electron-hole pair generation
due to impact ionization in the gate oxide [13]. This
can cause trapped-hole creation in proportion to the
stressing current, and can appear similar in nature to

radiation damage to an oxide [14]. For thick oxides, it
is easier to sustain large enough biases across the in-
sulator to cause electron-hole pair generation without
rupturing the insulator than for thin oxides. Signifi-
cant stressing damage can also occur at internal volt-
ages less than - 8 V, as long as the voltage is still
high enough to cause Fowler-Nordheim charge injec-
tion. Damage buildup at lower biases but high cur-
rents can occur either because of the release of hydro-
gen-related species that cause interface-trap buildup,
or to anode hole injection [13,18]. Of course, ex-
tremely high electric fields across the gate insulator
(e.g., >10 MV/cm) simply lead to gate oxide rupture.

We should also point out that, if the doping of the
substrate is of the wrong type to support a sustained
electron current across the oxide in response to FIB
exposure (e.g., it is difficult to establish a controlled
electron current through an oxide over a p type region
with positive bias on the gate), the device becomes
highly susceptible to catastrophic breakdown due to
the buildup of extremely high electric fields in re-
sponse to the FIB current. Hence, the type of device
being examined can also affect the nature of the dama-
ge observed. Silicon-on-insulator devices are espe-
cially susceptible to this sort of darnage due to the
layer of insulation below the device Si.

The data of Fig. 2 are consistent with the genera-
tion of interface traps due to stressing currents at in-
ternal biases below 8 V, while the floating-bias data
of Table I could be consistent with stressing currents
at voltages much greater than 8 V. On the other hand,
the results of the +5 V exposures are difficult to ex-
plain with any other mechanism than secondary ra-
diation darnage, due to the limited size of the electric
field across the oxide. For example, either the genera-
tion of UV photons during the ion bombardment or
the creation of only one high-energy electron per 105
incident ions could account for the damage to the 50
nm devices for the +5 V bias exposures in Table 1, if
that electron created just one electron-hole pair in the
gate oxide [8]. Hence, a role for secondary radiation
darnage in FIB irradiations also seems plausible. We
should emphasize that the behavior in Table I and Fig.
2 is not universally observed in other devices with
comparable oxide thicknesses. Again, the nature of
the surrounding materials and the specific device
processing also play important roles in determining
the nature of the FIB damage. In the full paper, we
will also discuss the consequences of combined ra-
diation and charging effects, as well as the relative
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stability of each type of damage in a potential com-
bined-effects environment.



Summary and Conclusions [4]

Focused ion beam (FIB) exposures can signifi-
cantly degrade the performance and reliability of [5]

MOS devices and ICS. The dominant type of damage
depends on the thickness of the gate oxide, the nature ~~1
of the surrounding materials, the oxide quality and
reliability, and the type of device being exposed. Net
positive oxide-trap charge can be observed, especially
for thick oxides during controlled-bias exposure, but
interface-trap generation and electrostatic discharge

[7]
effects often dominate the response of thin oxides.
Although charging effects may account for many of
the observed phenomena, especially for unbiased ex- [8]
posures at the wafer level, a role for secondary radia-
tion damage also is possible in some cases.

In the full paper, we will show data from other [91
technologies that further illustrate the wide range of
darnage effects that can be observed during FIB expo-
sure, and report on additional experiments to attempt
to understand the underlying darnage mechanisms.
We will also discuss mitigation techniques design to
minimize the risk of overt or latent damage to ICS im-
aged or repaired via FIB systems.
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