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This paper describes the two-bit characteristics of SONOS-type memories prepared using lanthanum oxide, a high-k dielectric
material, as the trapping layers. We used “channel hot-electron injection” for programming and “band-to-band hot-hole injection”
for erasing to perform the memory operations. We observed large memory windows, a relatively high P/E speed, and good
retention characteristics for these SONOS-type memories. It appears that La,O5 is an excellent candidate for use as the trapping

layer in SONOS-type memories.
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Silicon—oxide-nitride—oxide-silicon (SONOS) charge-trapping-
based nonvolatile memories have received a considerable amount of
interest recently.l'3 Obtaining nonvolatile, low-power, fast memories
with short dimensions remains a key challenge in the electronics
industry. According to the International Technology Roadmap for
Semiconductors (ITRS),” the key issue for floating-gate nonvolatile
semiconductor memories is the scaling of the tunneling oxide; the
stress-induced leakage current (SILC), which can discharge the
whole floating-gate memory with even one single defect, becomes a
severe problem at very thin tunneling oxide thicknesses. This scal-
ing issue remains a formidable challenge, especially for emerging
system-on-chip (SOC) integrated circuit designs in which the pro-
gramming voltage must be scaled for the nonvolatile memories to be
compatible with low-voltage logic circuits. High-k dielectric mate-
rials, such as hafnium oxide (HfO,) and lanthanum oxide (La,03),
are promising candidates to replace Si3Ny films as the charge trap-
ping layer of SONOS-type flash memories.” Such high-k dielectric
films are expected to exhibit better charge trapping characteristics
than are displayed by conventional Si;N, films; their sufficient den-
sities of trap states and deep trap energy levels should result in
longer retention times.®’ This feature suggests that HfO, will be
more practical for further scaling of the tunnel oxide to enhance the
performance and more suitable for the develogment of SONOS-type
memories that perform multibit operations.g’ Moreover, a greater
voltage drop at the tunnel oxide can be obtained when using the
high-k material as the trapping layer. Therefore, low-power, high-
speed operation at short dimensions is achievable for high-k
SONOS-type memories.

In this study, we prepared high-k SONOS-type memories incor-
porating lanthanum oxide (La,O3) as the trapping layer. These
memories exhibit good characteristics: considerably large memory
windows, high speed programming/erasing, good retention times,
high endurance, and low disturbance.

Device Fabrication

Figure 1 displays the structure and process flow for the prepara-
tion of the La,O5 high-k memories. The fabrication of the La,O3
memory devices involved the LOCOS isolation process on p-type,
5-10 Q cm, (100) 150 mm silicon substrates. First, a 2 nm thick
tunnel oxide was grown thermally at 1000°C in a vertical furnace
system. Next, a 4 nm thick lanthanum oxide layer was deposited
using the E-gun method with La,O; targets. Subsequently, the
samples were subjected to RTA treatment under an O, ambient at
900°C for 1 min. A blocking oxide (ca. 7 nm) was deposited using
high density plasma chemical vapor deposition (HDPCVD) fol-
lowed by a N, densification process at 900°C for 1 min. Poly-si
deposition, gate lithography, gate etching, source/drain (S/D) im-
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planting, substrate and contact patterning, followed by the rest of the
subsequent standard complementary metal oxide semiconductor
(CMOS) procedure, were then performed to complete the fabricat-
ing of the La,03-containing high-k SONOS-type memory devices.

Characterization Results and Discussion

Figure 2 displays cross-sectional high-resolution transmission
microscopy (HRTEM) images of the gate stacks of the La,O5 flash
memory. For this SONOS-type structure, the thicknesses of the tun-
nel oxide, La,O5 trapping, and blocking oxide layers were 2, 4, and
7 nm, respectively. To operate our La,O3-containing SONOS-type
memory, we employed channel hot-electron injection and band-to-
band hot-hole injection for programming and erasing, respectively.
By using these “hot” carrier injections, we can improve the

. 10,11 .
program/erase speed for our memory operation. All devices de-
scribed in this paper had dimensions (L/W) of 2/1 pm. Figure 3
demonstrates the feasibility of performing two-bit operation with
our La,Os-containing SONOS-type memory through a forward
read/reverse read scheme in a single cell. ” From the [4 — Vg
curves, it is clear that we could employ forward and reverse reads to
detect the information stored in the programmed bitl and bit2, re-
spectively. The read operation was achieved using a reverse read
scheme. Table I summarizes the bias conditions for two-bit opera-
tion.

Figure 4 presents the program characteristics as a function of the
pulse width under different operating conditions. Both the source
and substrate terminals were biased at 0 V. The “V, shift” is defined
as the change in the threshold voltage of a device between its pro-
grammed and erased states. With Vy and Vgboth set at 9 V, we
found that a relatively high speed (# = 100 ws) programming per-
formance was possible with a memory window of ca. 2.2 V. Mean-
while, Fig. 5 displays the erase characteristics as a function of the
operating voltage. Again, an excellent erase speed of the memory
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Figure 1. (Color online) Schematic representation of the La,Os-containing
SONOS-type flash memory cell structure and localized charge storage.
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Figure 2. HRTEM image (plan view) of the La,Os-containing SONOS-type
memory.

window (ca. 10 ms) was obtained. More importantly, we observed
only a very small degree of over-erasing; because we used band-to-
band hot-hole injection, the vertical electric field decreased upon
decreasing the number of trapped electrons in the trapping layer
during erasing, and hole injection into the trapping layer was re-
duced significantly.

Figure 6 illustrates the retention characteristics observed at tem-
peratures of 25, 85, and 125°C. At room temperature, the charge
loss of the memory incorporating the La,O5 trapping layer was be-
low 19%, which is an estimation based on an extrapolation at 108 s;
this behavior is probably related intimately to the trap energy level
in high-k dielectrics. 13 The retention behavior deteriorated, however,
as the temperature increased: we obtained 38 and 63% charge losses
at 85 and 125°C, respectively, after 108 s. We calculated the activa-
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Figure 3. (Color online) Iy — V, curves of the two-bit memory in a cell;
forward read and reverse read for programmed bitl and programmed bit2.

Table 1. Operating principles and bias conditions utilized during
the operation of the La,0;-containing SONOS-type memory cell.

Program Erase Read

Bit 1 Ve 9V -5V 4V
Vq 9V 9V oV

Vi oV ov >3V

Bit 2 Ve 9V -5V 4V
Va oV ov >3V

Vs 9V 9V oV
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Figure 4. (Color online) Program speeds of the La,O;-containing SONOS-
type memory.

tion energy of the traps in the La,O5 layer of a fresh device. Acti-
vation energy tracing is widely used to characterize the Arrhenius
relation extracted from the temperature dependence of charge loss in
a nonvolatile memory as a function of time. For a given charge-loss
threshold criterion (in our case, 20%), the failure rates obtained at
higher temperatures (125-200°C), with five measurements at each
temperature, were then extrapolated to the nominal operating condi-
tions. We obtained an extracted activation energy of 1.25 eV for the
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Figure 5. (Color online) Erase speeds of the La,05-containing SONOS-type
memory.
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Figure 6. (Color online) Retention of the La,0O; SONOS-type memory at
various temperatures. Charge losses of 22 and 40% occurred at 25 and
125°C, respectively, after 10% s.
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Figure 7. (Color online) Endurance characteristics of the La,Os-containing
SONOS-type memory up to 10° P/E cycle.

La,O5 trapping layer. Obviously, this value is higher than those
reported previously for conventional SONOS memories.'*'°

Figure 7 displays the endurance characteristics after 10> P/E
cycles (programming conditions: V, = V4 = 9 V for 100 ps; erasing
conditions: Vy = =5V, V4 =9V for I ms). A slight memory win-
dow narrowing occurred and individual threshold voltage shifts be-
come visible in the program and erase states after 10> cycles. This
finding suggests the formation of operation-induced trapped elec-
trons. Certainly, this feature is related intimately to the use of the
ultra-thin tunnel oxide and the minute amount of residual charge
remaining in the La,05 layer after cycling.

Figure 8 presents the programming drain disturbance of our
La,03-containing SONOS-type memory. Three different drain volt-
ages (V4=15,7, and 9 V) were applied in the programming drain
disturbance measurements at room temperature. We observed that a
sufficient programming drain disturb margin exists (AV, < 1 V),
even after programming at a value of V4 of 9 V under room tem-
perature and after stressing for 1000 s. Figure 9 displays the gate
disturbance characteristics in the erasing state. Gate disturbance may
occur during programming for cells sharing a common word-line
while one of the cells is being programmed. We observed a thresh-
old voltage shift of only 0.9 V under the following conditions:
Vo10 V3 Vi = Vy = Vg, = 0 V; stressed for 1000 s. Because of the
small voltage drop at the tunnel oxide when using the serial capaci-
tor voltage divider model, this memory exhibits good gate distur-
bance characteristics even with such a thin tunnel oxide.
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Figure 8. (Color online) Drain disturbance characteristics of the
La,O3-containing SONOS-type memory. After 1000 s at 25°C, a drain dis-
turb margin of only 1 V was observed.
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Figure 9. (Color online) Gate disturbance characteristics of the
La,O3-containing SONOS-type memory. A threshold voltage shift of only
1 V occurred after stressing at values of V, of 10 V and V,, Vg, and Vg, of
0V for 1000 s.

Figure 10 demonstrates the read disturbance-induced erase-state
threshold voltage instability in a localized La,O5 trapping storage
flash memory cell under several operation conditions. For two-bit
operation, the applied bit-line voltage in a reverse-read scheme must
be sufficiently large (>2 V) to permit “read through” of the trapped
charge in the neighboring bit. The read-disturb effect is the result of
two factors: the word-line and the bit-line. The word-line voltage
during reading may enhance the room-temperature drift in the
neighboring bit.'> On the other hand, a relatively large read bit-line
voltage may cause unwanted channel hot-electron injection and,
subsequently, result in a significant threshold voltage shift of the
neighboring bit. In our measurements, the gate and drain biases were
applied and the source was grounded. The results clearly demon-
strate that almost no read disturbance occurred in our La,O5 flash
memory under low-voltage reading (V, =3 V; V4 =2.5V). For a
larger memory window, we found that only a small read disturbance
(ca. 0.3 V) occurred after operation at a value of V; of 4 V for
1000 s at 25°C.

Conclusion

In this study, we investigated the memory effect during the per-
formance of La,O3 SONOS-type memories. These devices exhibited
good characteristics in terms of their large memory windows, high
programming/erasing speeds, good retention times, excellent endur-
ance, and two-bit operation. Hence, La,0Oj is an excellent candidate
for use in the trapping layers of SONOS-type memories.
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Figure 10. (Color online) Read disturbance characteristics of the
La,03-containing SONOS-type memory devices. No significant V, shift oc-
curred for values of V4 below 4 V, even after 1000 s at 25°C.
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