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FIG. 3. (Color online) (a) C—V hysteresis loops of MOS cells fabricated with Nb implantation to a fluence of 10" Nb cm™2. (b) Memory window as a function

of sweep voltage for various Nb fluences.

Figure 4(a) shows I-V characteristics of MOS cells
with various Nb fluences under a sweep voltage of =13 V.
The I-V curves show clockwise hysteresis loops while the
bias is swept from O to positive and back into negative
voltages. The cell with Nb ions of 10'> cm ™2 fluence
shows clear current peaks both in forward and backward
scans. The positive and negative current peaks are known
to result from the charging/discharging of electrons into/
from charge traps, respectively.”’18 In contrast, the I-V
curves show much broader current peaks at nn,= 10"
cm 2 and no peaks at nyp = 10" ¢cm ™ in both scans. For
nnp = 10" em™2, no peaks were found even for various
sweep voltages of =7 to =13 V, consistent with the fact
that no memory window in the C-V hysteresis is observed
at nnp > 10" cm ™2 These results suggest that there is an
optimum fluence range for achieving devices by this
means. The unimplanted sample shows a very small cur-
rent peak in the forward scan and a significant current
peak in the backward scan. The current peaks in this case
are attributed to interface defect states because no memory
window is found in the C-V scans, as explained in Si-NC
NVMs. '

Figure 4(b) shows the I-V characteristics of MOS cells
with Ta-implanted HfO,. Cells implanted with different
Ta fluences show dielectric breakdowns during the I-V
sweeps between 5 and 11 V. Clearly, Ta implantation pro-

duces leakage paths through the HfO, matrix, possibly in the
form of shallow defect levels. Significantly, the Ta does not
appear to play a role in forming charge traps in the bandgap
of HfO,, consistent with calculations and the measured C-V
results. As shown in Fig. 1, simulation of the Ta and Nb
implants shows that the ion-range and damage distributions
extend beyond the dielectric layers and into the Si substrate
and that the ion and damage distributions exhibit important
differences. The Ta concentration is higher in the dielectric
films and lower in the Si substrate than for Nb, while the
damage distribution produced by Ta is higher in both the
dielectric films and the Si substrate. The defect density for
Ta is 30% higher at the SiO,/Si interface and 60% higher at
the HfO,/Si0, interface, which likely accounts for the higher
leakage current observed in Ta-implanted samples.

Figure 5 shows retention characteristics of a Nb-implanted
cell (nny, = 10" em™2) measured at RT and 85°C. The pro-
gramming and erasing states are defined as those programmed
by a pulse of (+13 V, 1 s) and erased by a pulse of (—13 V,
1 s), respectively. The flat-band voltage at the programmed/
erased states of the cell remains almost unchanged with time,
showing very little charge loss during the retention measure-
ments. The charge losses after 10* s are ~9.8% and ~25.5%
at RT and 85°C, respectively, and the expected charge loss
after 10 years is ~34% at RT, very promising for commercial
NVMs.
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FIG. 4. (Color online) I-V characteristics of MOS cells with (a) Nb- and (b) Ta-implanted HfO, for various fluences.
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FIG. 5. (Color online) Retention characteristics of programming (P)/erasing
(E) states at RT and 85°C for MOS cells fabricated with Nb implantation to
a fluence of 10" Nb cm 2.

IV. CONCLUSION

NVM MOS cells were fabricated using deep-energy trap
levels formed in HfO, by metal ion implantation. Photocur-
rent spectroscopy exhibited characteristics consistent with
one of the trap levels in the bandgap of Nb-implanted HfO,
predicted by calculations. The MOS cells with Nb-implanted
HfO, showed NVM effects in C—V curves for nyy, from 10'?
to 10" cm ™2 but no such effects for nxp > 10 cm ™2, fur-
ther confirmed by the existence of current peaks in -V
curves. In contrast, MOS cells with Ta-implanted HfO,
showed no well-defined response during the C—V sweeps
and only dielectric breakdowns during I-V sweeps, indicat-
ing no NVM effects, consistent with the calculations. The
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MOS cell fabricated with Nb implantation to a fluence of
10"® Nb cm 2 showed charge losses of ~9.8 and ~25.5% at
RT and 85°C, respectively, after 10* s and the expected
charge loss after 10 years was ~34% at RT, very promising
for commercial NVMs.
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