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Electron trapping near the Si/SiO2 interface plays 
a crucial role in mitigating the response ofMOS de- 
vices to ionizing radiation or high-field stress [l-51. 
These electrons offset positive charge due to trapped 
holes, and can be present at densities exceeding 1012 
cm-2 in the presence of a similar density of trapped 
positive charge [4,5]. The nature of the defects that 
serve as hosts for trapped electrons in the near- 
interfacial Si02 is presently unknown, although there 
is compelling evidence that these defects are often 
intimately associated with trapped holes [3-71. This 
association is depicted most directly in the model of 
Lelis et al., which suggests that trapped electrons and 
holes occupy opposite sides of a “compensated” E’ 
center in Si02 [4,8]. Charge exchange between elec- 
tron traps and the Si can occur over a wide range of 
time scales, depending on the trap depth and location 
relative to the Si/SiO2 interface [6-111. 

Here we report a detailed study of the stability of 
electron traps associated with trapped holes near the 
Si/SiO2 interface. Capacitors with 45-nm radiation- 
hardened oxides were irradiated at 22°C to 2.0 
Mrad(SiO2) at 1100 rad(Si02)/s and 10 V bias with 
1 O-keV x rays. Effective densities of shallow electron 
traps were estimated via high-frequency (1 MHz) ca- 
pacitance-voltage (C-V) hysteresis measurements [5] 
at a ramp rate of - 0.5 V/s. Densities of deeper elec- 
tron traps ANe were estimated from combined ther- 
mally stimulated current (TSC) and high frequency C- 
V measurements via the expression [4,5]: 

(1) AqLW, = AQh - CoXAVmg. 
Here AQh is the trapped hole charge obtained by inte- 
grating the TSC after correcting for parasitic leakage, 
COX is the oxide capacitance, A is the area, and AVmg 
is the midgap voltage shift [4]. For the devices and 
irradiation conditions in this study, radiation-induced 
charge trapping occurs primarily near the Si/SiO2 in- 
terface [4,5]. So, TSC measurements under negative 
bias provide accurate estimates of trapped hole densi- 
ties. Between irradiation and TSC measurement, 
these devices were annealed for 15 min at 10 V, -10 
V or 0 V at temperatures from 25°C to 200°C. 

Figure 1 shows TSC measurements versus anneal 
temperature for devices irradiated at 10 V and an- 
nealed at 0 V. As expected, trapped-hole charge was 

most efficiently reduced at or below the annealing 
temperature. However, some reduction in charge at 
the high-temperature peak is also observed. Similar 
trends are observed for * 10 V anneals. 

Figure 2 plots the trapped positive charge density 
ANh = AQh/q for different annealing temperatures 
and biases. This illustrates that positive-bias anneal- 
ing is less effective at removing trapped holes than 
negative or zero bias anneal [10,12]. This stabiliza- 
tion is most likely due to deeply trapped electrons in 
the near-interfacial region of the Si02, which combine 
with trapped holes to form a more stable dipole com- 
plex [3-5,131. 

The density of deeply trapped electrons is shown 
in Fig. 3. Here ANe increases for positive anneal bias, 
consistent with additional electron injection into the 
oxide. However, during 0 V or -10 V anneal, M e  is 
nearly constant to - lOO”C, showing most compen- 
sating electrons are quite resistant to thermal anneal- 
ing, even at negative bias. This unexpected result re- 
flects the remarkable stability of most dipoles in the 
near-interfacial Si02. Above - 100°C, 0 V and -10 V 
anneals remove compensating electrons. 

The effective density of shallow electron traps is 
shown in Fig. 4. The annealing response of the shal- 
low electrons differs significantly in many respects 
from the deeply trapped electrons in Fig. 3. First, un- 
der positive bias, the deeply trapped electrons increase 
in density at all annealing temperatures. In Fig. 4, the 
shallow electron traps decrease dramatically above 
100°C for 10 V annealing. In Fig. 3, deep electron 
traps are stable up to - 100°C for 0 V and -10 V an- 
neals. In contrast, shallow electron traps decrease in 
density at all temperatures for these annealing biases. 

We conclude from the results above (and others to 
be shown at the SISC) that a large density of trapped 
electrons do not exchange charge with the Si at tem- 
peratures typical of device operation (< 125°C). Be- 
cause a border trap is defined as a near-interfacial 
oxide trap that exchanges charge with the Si [ 1 11, this 
illustrates that most compensating electrons in these 
devices do not lie in border traps. This contrasts with 
the shallow electron traps, which are border traps. 
Moreover, the difference in annealing response be- 
tween the two types of defects suggests either that 
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they have different microstructures, or that local 
variations in the near-interfacial Si02 leads to signifi- 
cantly different effective energy levels for electron 
traps associated with trapped holes in these devices. 

At the SISC, we will show additional evidence 
from annealing studies which suggests it is unlikely 
that the model of Lelis et al. [3,8] can account for the 
response of the deep electron traps that are the domi- 
nant compensating electron traps in this work. On the 
other hand, the model of Lelis et al., or a suitable 
variation, may apply to the shallow traps in this study. 
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Figure 1. TSC vs. anneal temperature for n-substrate capacitors 
with areas of 0.005 cm2 irradiated to 2.0 Mrad(SiO2) at 10 V and 
annealed for 15 min at 0 V prior to TSC measurement. 
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Figure 2. Trapped positive charge from TSC measurements vs. 
isochronal anneal temperature and bias for n-substrate capacitors 
with areas of 0.005 cm2 that were irradiated to 2.0 Mrad(SiO2) 
with 1 0-keV x rays at 10 V before isochronal annealing. 
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Figure 3. Estimates of deeply trapped electron density from com- 
bined TSC/C-V measurements for the devices of Fig. 2. 
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Figure 4. Estimates of shallow trapped electron density from C-V 
hysteresis measurements for the devices of Figs. 2 and 3. 
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