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Abstract—This paper proposes a modified engineered-potential-
well (MW) for NAND flash memory application. The MW was
formed by using a transitional SiO,/SiO,N,-TiO,N,, tunnel
barrier, a trap-rich TiO; trapping layer, and an abrupt SiO,
block barrier. The transitional tunnel barrier shrinks to enhance
the tunneling of carriers during programming/erasing (P/E) and
extends to suppress charge loss during data retention. Deep-level
transient spectroscopy suggests that this tunnel barrier has few
shallow traps after a N5 + O, thermal treatment, and the TiO
trapping layer has deep electron traps. With the variable tunnel
barrier and deep electron traps, the MW device showed promising
performance in fast programming (< us) at low-voltage opera-
tion (7-10 MV/cm), good P/E endurance (> 10° P/E cycles), large
threshold voltage window (AV;, =~6 V), as well as improved
data retention at 125 °C.

Index Terms—Flash memory, modified engineered-potential-
well MW), TiO- trapping layer.

I. INTRODUCTION

N THE development of a flash memory, operating speed,

memory window, and data retention are the important
parameters. Various designs, such as polysilicon-oxide-nitride-
oxide-semiconductor (SONOS) devices using a high-dielectric-
permittivity (k) trapping layer [1], a high-%k block barrier and
metal gate [2], a band-engineered (BE) tunnel barrier [3]-
[5], and metal nanocrystal trapping layers [6]—[8], have been
proposed to demonstrate fast speed and good data retention.
Recently, an engineered-potential-well (EW) has also been
proposed for the flash memory application [9]. Memory de-
vices with an EW have transitional boundaries between the
tunnel/block barriers and deep traps at the bottom of the EW.
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During programming/erasing (P/E), the EW is bent by a gate
electric field (Foy), and the direct tunneling (DT) of carriers
via the shrunk tunnel barrier is induced to enable fast P/E.
However, under the retention mode, the EW is transformed due
to charge trapping, i.e., the trapped electrons raise the bottom of
the EW, and the enlarged tunnel barrier suppresses the reverse
tunneling of the detrapped electrons, resulting in good data
retention. The EW switches the retention and the P/E modes
effectively, and it is insensitive to the P/E cycling-induced
tunnel barrier degradation. Therefore, the EW accomplishes
promising memory performance with fast speed at low-voltage
operation with excellent endurance [9]. Nevertheless, the EW
formed by the intermixing of TiN and the tunnel/block oxide
(SiO3) during rapid thermal process (RTP) suffers from a small
AV;, due to the finite trap density, a large V4, dispersion
(~1V), and the degradation of data retention due to the shallow
traps at the transitional tunnel barrier.

In this paper, a modified-EW (MW) was proposed to im-
prove the electrical performance. The MW was formed using
a transitional SiOs/SiO,N,-TiO,N, tunnel barrier, a trap-rich
TiO, trapping layer, and an abrupt SiO» block barrier, as shown
in Fig. 1(a). The transitional tunnel barrier was preformed by
the intermixing of SiO2 and TiN during 900 °C RTP, followed
by a low-pressure thermal treatment at 550 °C in a Na +
O, ambient. Deep-level transient spectroscopy (DLTS) results
suggested that the thermal treatment effectively removes the
shallow traps at the boundary of the tunnel barrier, and that the
TiO, trapping layer has very deep electron traps. On the other
hand, the TiO» trapping layer has proper conduction (A¢,.) and
valence (Ay, ) band offsets to Si of 1.2 eV for both, to form
the symmetric band structure of a MW [10]. The MW adopts
the promising performance of EW in fast programming (< us)
at low-voltage operation (7-10 MV/cm) and good endurance
(> 10% P/E cycles). Moreover, the MW shows an enlarged
AVin (~6 V) and improved 10-year data retention at 125 °C.
The experimental results suggested that the MW with a 3-nm-
thick tunnel SiO5 exhibits optimum performance, and the AV;y,
of the MW can be further enlarged using a thicker TiO4 trapping
layer.

II. DEVICE DESIGN AND FABRICATION

The transitional tunnel barrier of a MW was formed using
the same process as for an EW formation [9]. Memory devices
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with a Si/SiO3/TiN/TiO2 /SiOy/TaN (SOTTOT: —/2-5/3/6/9/
150-nm) gate stack were fabricated. An approximately 2—5-nm-
thick (D,y) tunnel oxide was grown thermally at 875 °C on a
p-type silicon wafer, and a ~3-nm-thick TiN layer was then
deposited on SiOy by electron-beam evaporation using a TiN
target at 600 °C, followed by RTP at 900 °C under vacuum for
10 s. The thin TiN film deposited at low temperature is
structurally irregular and thermodynamically not in equilib-
rium [11]. It interacts with SiO5 [12] to form ~3-nm-thick
TiO;N, and ~1-nm-thick SiO,N, transition layers during
900 °C RTP [9]. Accordingly, the remaining SiOz thick-
nesses would be ~1-4 nm after the formation of the MW,
as shown in Fig. 1(a). Note that this thin TiN film was
only exposed to Oy during RTP, and this eliminates the pos-
sibility of oxidation. A thermal treatment at 550 °C in an
85%Ns + 15%0, ambient at 130 mTorr was performed for
110 s. The preformed SiOy/SiO,N,-TiO,N,, tunnel barrier
was then capped with a 6-nm-thick TiO» trapping layer formed
by sputtering using a Ti target in an Ar 4+ O atmosphere, and a
9-nm-thick block oxide (SiO3) was formed by low-pressure
chemical vapor deposition. A ~150-nm-thick TaN layer was
deposited and patterned as the gate electrode. Postdeposition
annealing was then performed at 900 °C under vacuum for
10 s, followed by forming gas annealing at 420 °C for 30 min.
The reference devices with a SOTTOT: —/2/3/6/9/150-nm gate
stack were fabricated using the same process, but on an n-type
Si substrate, and with/without a 550 °C thermal treatment in
the N + Oz ambient for an electron trap investigation. The
equivalent oxide thickness (EOT) of the memory capacitor with
a SOTTOT: —/3/3/6/9/150-nm gate stack was found to be about
13 nm by using the capacitance—voltage (C-V') method, and
the AVi, was extracted by monitoring the C-V hysteresis
during P/E.

It was expected that the low-pressure 550 °C thermal treat-
ment in the Ny + O2 ambient could reduce the oxygen and
nitrogen vacancies in the SiO,N, and TiO,N, intermixing
layers [12] so as to remove the SiO,N, shallow traps and
certain TiO,N,, traps in the transitional SiOs/SiO;N,-TiO;N,
tunnel barrier [9]. The loosely bound TiN was converted to the
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Band diagrams of a MW (a) under flatband, (b) during erasing, (c¢) during programming, and (d) during data retention.

oxidized states of Ti** and Ti**. The generated oxides carry a
high density of oxygen vacancies, which act as deep traps [10].
The reaction of TiN + Oy — TiOg + 1/2Nj is thermodynami-
cally favorable with a Gibb’s free energy of —138.7 kcal/mole
[12]. Although the traps of TiN and TiO,N,, in the EW are the
desired trapping sites that result in good data retention [9], the
ultrathin TiO,N,, film formed by the intermixing of TiN and
SiOs is unlikely to provide sufficient charge traps to produce
to a large AV;y, i.e., a typical AV}, of the EW saturates at
~3 V [9]. In order to enhance the charge-trapping capacity of
the MW, a trap-rich TiO, trapping layer was adopted. TiO5 has
a high-k value of 80-100, a good vertical scalability, a proper
band structure with respect to Si, and a high density of traps
[10]. The flatband diagram of a MW was estimated, as shown
in Fig. 1(a) [10].

The electron traps of the MW were examined by DLTS. In
the extraction of electron traps using DLTS, a pulse bias was
applied to the reference samples to induce the capacitance-
time (C' — t) transients. By analyzing the C' — ¢ transients, the
activation energy of the deep traps can be estimated [13]. First,
a quiescent bias (—1.5 V) was applied for 180 s to retain the qui-
escent condition of the substrate and the DLTS scan region, as
shown in (dashed arrow) Fig. 1(b). Deep traps in the DLTS scan
region were discharged to eliminate the disturbances induced
by the precharged traps. Subsequently, a majority carrier (elec-
tron) driven bias (1.7 V) was applied for 90 s to drive the n-type
Si substrate into accumulation, and the deep traps in the DLTS
scan region were filled with electrons, as shown in (dashed
arrow) Fig. 1(c). An emptying bias (—2.0— — 0.5 V) was then
applied to empty the deep traps. The discharging of the deep
traps at (T') = —200 °C—350 °C induces the C' — ¢ transients,
as shown in (dashed arrow) Fig. 1(b) [13]. It shall be noted that
the ultrathin SiO5 (~1-nm-thick) in the reference device is de-
signed to be a buffer layer rather than a tunnel barrier. Thus, the
principle of DLTS is applicable to the reference sample, despite
the disturbance induced by the DT and the Fowler—Nordheim
(F-N) tunneling of the detrapped electrons [14]. Fig. 2(a) and
(b) show the DLTS signals [S = (Cyy — Ct2)/AC,] obtained
for the reference devices before and after the 550 °C thermal
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Fig. 2. DLTS signals obtained for the reference MW devices (a) before and
(b) after the low-pressure thermal treatment and (c) Arrhenius plots of the
electron thermal emission rates versus the reversed temperature.

treatment, respectively, where AC), is the change in total ca-
pacitance induced by the majority carrier driven bias, and the
thermal emission rate e(7') is obtained by In(¢; /t2)/(t1 — t2)
at a temperature that yields the S peaks [13]. Two S peaks were
obtained at ~230 K (S,1) and ~430 K (S,2) before the thermal
treatment. In contrast, only Spz was observed at ~420-440 K
after the thermal treatment. Fig. 2(c) presents the Arrhenius
plots of e(T") versus 1000/7", and the slopes of the In[e(T") /7]
versus 1/T plots indicated an activation energy of ~0.43 and
~0.87 eV for S, and Spe, respectively [13]. A comparison of
Fig. 2(a) and (b) indicates that shallow traps have been removed
by the thermal treatment. S),; was obtained at emptying biases
of —0.5— — 1.0V, whereas S,» was observed at emptying
biases of —1.0— — 2.0 V. This suggested that the traps at .S},
were discharged without being negatively biased due to the
rapid retention decay at 75 °C—150 °C [9]. In contrast, the
traps at Sp» were discharged only when they were negatively
biased. The traps at Sy, were attributed to steady data storage.
However, the density and spatial distributions of the traps at S,
and S,» were difficult to be extracted using the DLTS method
due to the low accuracy [14]. On the other hand, the hole traps
were not investigated in this paper because holes play a minor
role in the programming and data retention properties of the
MW device.
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Fig. 3. (a) AV}, transients of the MW devices with a 2—-5-nm-thick tunnel
SiOo programmed under a gate electric field of 4-10 MV/cm for 1073 s,
(b) AV4y, transients of memory devices with a MW, an EW, and a ONO/OZO
gate stack programmed under a gate electric field of 4-10 MV/cm for 1072 s,
and (c) AV4y, transients of these memory devices during programming under a
gate electric field of 8 MV/cm.

III. ELECTRICAL PERFORMANCE
A. P/E Property

Fig. 1(c) presents the band diagram of the MW during
programming (solid arrow). The DT of electrons via the shrunk
tunnel barrier occurs during programming. The enhanced tun-
neling of electrons enables rapid programming at low-voltage
operation for memory devices with a MW compared to the
SONOS device, which has F-N tunneling of electrons dur-
ing programming [1]. Fig. 3(a) shows the AV, transients
of the MW with various tunnel SiO, thicknesses (Doy =
2—5nm) under E,x =4—10MV/cm at 1073 s. Program-
ming was enabled at Fox = 5—6 MV/cm when Doy = 2 nm,
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TABLE 1
COMPARISON OF THIS WORK TO OTHER WORKS
References This work [9] IEDM 2009 | [4] IEDM 2007 | [5]1IEDM2005 | [2] IEDM 2005 | [6] IEDM 2005
pp. 835-838 pp. 75-78 pp. 547-550 pp. 327-330 pp. 177-180
Device structure SOTTOT SOTOT SOSONOS SONONOS TANOS W nanocrystals
Layer Thicknesses (nm) -/3/3/6/9/- -/3/6/9/- -/1/1.2/1/4/16.5/- | -/1.5/2/1.8/7/9/- -/15/6.5/4/- -
P/E electrical filed (MV/cm) 7-10 6-8 6.9-7.7 10-12 - -
Prog. durations for AV;=2V|  ~7x10%s 3x107s ~2x10%s ~7x10733 ~2x1070% ~2x1071s
Erase durations for AVjp=2V ~1x10%s ~2x104s ~2x10%s ~102s ~1x10%s ~1s
AV (V) ~6 ~3 ~1.8 6 >6 ~2
Endurance (P/E cycles) >]100* >107 >10° >104 >10% >107
0 ~35% at 125°C | 52% at 125°C 50% at 125°C | ~25% at 150°C | (~0.6V after 1 ~50% at 25°C
10-year AVip decay (%) (post IOf’cycles) (post 107cycles) (before cycling) | (post 104cycles) hour @ 200°C) | (before cycling)
* Obtained from capacitors
under which condition the conduction band (¢.) of the TiOq 7.5
. —a— 8.0MV/cm ———-8.0MV/cm
trapping layer was lowered by Fox X Doy =~ 1.2eV. On the 6.0 —e— 7.0MVicm —o— -7.0MV/em
other hand, Ay, between the Si substrate and the TiO5 trapping —A—6.0Mv/iem —+—-6.0MV/em
layer was 1.2 eV, as shown in Fig. 1(a). When .. of the TiOq 4.5
trapping layer was lowered than ¢. of Si, the DT of the Si S 304
substrate electrons via a ~2-nm-thick tunnel barrier occurred £
to enable programming. Similarly, programming was enabled g 157
at B, =7—-8MV/cm when D, = 3 nm. It is understood 0.0
that modified F-N tunneling dominates the programming at
E. —5-6MV/ . -1.54 Referred to the initial V,
ox = 39— cm due to the enlarged tunnel barrier (> 3 nm) th
near the bottom of the MW [3], and the DT is due to the rapid .1 & Ry ASEE———

programming at FEox = 7—8 MV/cm when the MW is signifi-
cantly bent, as shown in Fig. 1(c). In contrast, it is difficult to
achieve rapid programming when D, = 4—5 nm, because DT
via such a thick SiOy is disabled, while F-N tunneling occurs
when the MW is significantly bent. Fig. 3(b) shows the AV},
transients of the memory devices with a MW (D, = 3 nm)
and an EW (SOTOT: -/3/6/9/150 nm) [9] and the SONOS
devices (ONO/OZO) with a 3-nm-thick tunnel SiO, and a
SizNy or ZrOs trapping layer under Eo,x = 4—10 MV/cm at
1072 s. The AV, of the MW, EW, ONO, and OZO devices
were 4.65, 2.72, 1.92, and 1.87 V at 1073 s under FEo =
10 MV/cm at 1072 s, respectively. Programming was enabled
by Eox = 7—10MV/cm for the MW devices, while it was
enabled by E,x > 10 MV/cm for the ONO and OZO devices.
Therefore, the MW device shows promising capability for low-
voltage operation. Fig. 3(c) presents the AV}, transients of
the various devices under E,, = 8 MV/cm for 107°—1072 s,
where AVi, = 3.82, 2.35, 0.06, and 0.31 V at 1076 s for the
MW, EW, ONO, and OZO devices, respectively. The AVjy,
of the MW and EW devices saturates at 4.65 and 2.72 V
under F,y = 8 MV/cm at 107 s, respectively. In contrast, the
ONO and OZO devices were underprogrammed under the same
condition. It is understood that the enlarged AV}, for the MW
device is attributed from the additional TiO, trapping layer and
the abrupt block barrier that enhances the blocking effect of the
MW compared to that of the EW device that has a transitional
block barrier, as shown in (dotted arrow and line) Fig. 1(c). As
a result, the MW device shows promising P/E properties, as
shown in Fig. 3(b) and (c), and listed in Table I.

Fig. 4 shows the AV, transients of a fresh MW
device (Dox =3nm) P/E by FEox = (+£)6—8MV/cm for
10791073 s, where AV;y, = 1.14,3.33, and 4.54 V at 102 s
when E,, =6, 7, and 8 MV/cm were applied for program-

o 10% 107 10® 10° 10* 10° 102 107
Pulse Width (s)

Fig. 4. AV, transients of the MW device with a 3-nm-thick tunnel SiO2 P/E
by Eox = (£)6—8 MV/cm for 1077 —1073 5.

ming, respectively, and AV, = —0.32, —0.70,and — 1.18 V
at 102 s when Eo = —6, —7,and — 8 MV/cm were applied
for erasing, respectively. The DLTS results suggest that the
discharging of the TiO, traps occurs at ~125 °C. Thus, the
detrapping of electrons is unlikely to occur at room temperature
during erasing. On the other hand, the tunneling of holes via
the shrunk tunnel barrier shall be responsible for erasing [8],
as shown in (solid arrow) Fig. 1(b). Note that the MW has
a symmetric band structure, where the Ay, between the Si
substrate and the TiOs trapping layer is also 1.2 eV. Erasing
was performed at the same |E,x| as programming. However,
the erasing speed under |E,x| = 6—8 MV/cm was less than the
programming speed. For example, AV, = 3.82 and —0.84 V
at 107% s when E,, = +8 MV/cm were applied for P/E. This
may be due to larger Ay, (4.7 eV) than Ap, (3.1 eV) between
the Si substrate and the tunnel SiO,. The programmed AVjy,
tends to saturate at about 4.5 V for 107*—10"" s under Eox =
6—8 MV/cm. This indicates that the trap density in TiO, may
be on the order of 107 —10'® cm~3 when extracted by using the
C-V method [1]. This trap density is consistent with the results
(10'"—10" ¢m~3) reported for memory application [14]. In
contrast, overerasure occurred over 107*—10""! s, resulting in
the erased AV}, of —6.36 V larger than the programmed AV,
of 458 V at 107! s, as shown in Fig. 4. It is understood
that hole traps also exist in the TiOg trapping layer. Hole
trapping occurred during erasing so as to induce overerasure. In
NAND architecture, overerasure may be employed to enlarge
the total memory window. Fig. 5 shows the AV}, transients of
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the same MW device P/E by E,, = (+)8 MV/cm for 1072 s
over the 10° P/E cycles. The programmed AVjy, at the first
and 10%th P/E cycle were 4.54 and 4.47 V, respectively, and
the erased AV, at the first and 105th P/E cycle were —1.13
and —0.94 V, respectively. The endurance reliability of the MW
device was well maintained throughout the 10° P/E cycles.
Fig. 6 presents the cumulative distribution of AV}, before
and after a 10° P/E cycling for the MW devices with Dy, =
3nm. The AV, dispersions were ~0.42 and ~0.30 V at
the programmed/erased states, and the sensing window was
~5.51 V at the first P/E cycle, as shown in Fig. 6(a). After
the 10° P/E cycles, the AV}, dispersions were ~0.45 and
~0.40 V at the programmed/erased states, respectively, and
the sensing window was ~4.90 V, as shown in Fig. 6(b). The
AV, dispersions for the MW devices were suppressed com-
pared to those of the EW devices before (~0.94 V) and after
(~1.13 V) 107 P/E cycles [9]. It is believed that the 550 °C
thermal treatment improves the quality of the tunnel barrier by
removing the oxygen and nitrogen vacancies (shallow traps),
giving rise to uniform performance of the MW devices. In con-
trast, the EW devices suffer from the large V;;, dispersions due
to its trap-rich tunnel barrier. The AV}, dispersions were well
controlled throughout the 10° P/E cycles. This suggests that the
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Fig. 7. AV} transients of the MW devices with a 3-nm-thick tunnel SiO2
at the programmed/erased states disturbed by Fox < £5MV/cm over the
10 P/E cycles at 75 °C.

tunnel barrier is degraded insignificantly during 10° P/E cycling
by Eox = £8 MV/cm for 1073 s. On the other hand, the read
disturbance was negligible for the MW devices with D, =
3 nm at the erased/programmed states when they were stressed
by V, — Vin = £4.8 V (Eox < £5MV/cm) at 75 °C for 107 s,
with the drain and source (Vyz = V;) grounded, as shown in
Fig. 7. The AV}, degradation between the programmed/erased
states was < 0.02 V during the electric stress. The immunity to
a read disturbance ensures the reliable circuit implementation
of the MW device.

B. Data Retention

Fig. 1(d) shows the enlarged tunnel barrier of the MW under
the retention mode, which was interpreted using the F-N model
[9]. The trapped electrons stored in the deep electron traps of
TiOs raise the bottom of the MW, enlarging the tunnel barrier.
The experimental and calculation results showed that the tunnel
barrier thickness of MW could be enlarged by ~0.7-1.3 nm
[9]. The enlarged tunnel barrier and deep electron traps of
TiO4 suppress the electron loss. Meanwhile, the internal Foy
across the tunnel barrier which is induced by electron trapping
is less than AV;),/EOT =& 4.6 MV/cm[1], which is too small
to induce F-N tunneling of holes from the Si substrate to the
TiO, trapping layer. Thus, the MW enables good data retention.
Fig. 8(a) presents the AV4y, transients of the MW devices with
various D,y of 2-5 nm at 75 °C. The programmed AV}, decays
by 0.41, 0.10, 0.06, and 0.05 V, and the erased AV}, decays
by 0.28, 0.20, 0.16, and 0.09 V when D, = 2—5 nm after
retention for 10° s. The extrapolated 10-year data retention
suggests that Dy, = 3—5 nm ensures good data retention at
75 °C. In contrast, D, = 2 nm is too thin to retain good data
retention, and the MW devices with Dy, = 2 nm suffer from
~50% AViy, decay at 75 °C. Recall that rapid programming at
low voltage is achievable when D,y < 3 nm. It is thus believed
that the optimum performance of MW can be obtained when
Dox = 3 nm when a single tunnel SiOs is employed. Fig. 8(b)
shows the AV4y, transients of the MW devices with D, = 3 nm
at 25 °C-150 °C. The programmed AV;y, decays by 0.04,
0.10, 0.34, and 0.42 V, and the erased AV}, decays by 0.15,
0.20, 0.27, and 0.28 V at 25 °C-150 °C after retention for
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Fig. 8. (a) Data retention of the MW devices with a 2—5-nm-thick tunnel SiO2
at 75 °C, (b) data retention of the MW device with a 3-nm-thick tunnel SiOs at
25 °C-150 °C, and (c) data retention of this device at 125 °C before and after
10° P/E cycling.

10° s. The extrapolated 10-year data retention suggests that
the MW devices suffer from <10%, ~19%, and ~50% Vi
decay at <75, 125 °C, and 150 °C, respectively. Significant
electron detrapping occurs at ~ 150 °C, which is consistent
with the DLTS results. Therefore, the deep traps of TiO2 shall
be responsible for the good data retention. The good data reten-
tion was maintained throughout the 10° P/E cycles at 125 °C,
as shown in Fig. 8(c). The programmed and erased AV}, of
the cycled device decayed by 0.44 and 0.23 V, respectively,
after 10° s, and the extrapolated 10-year data retention retained
~65% of the AV;, window. The insignificant electric stress
on the tunnel barrier of the MW devices does not result in
the development of defects. Thus, the MW devices show good
endurance and data retention [9].
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It should be noted that the activation energy of the electron
traps in TiO4 (~0.87 eV) is larger than that of the electron traps
in bulk SigNy (0.25-0.45 eV) [14] when the TiOy and SigNy
devices are investigated by using the same DLTS method. It
is understood that the larger activation energy suppresses the
electron emission more effectively, especially during the high-
temperature baking. Thus, it is reasonable to assume that the
larger activation energy is associated with deeper electron traps,
although the correlation between the activation energy and the
trap depth is complicated. In this regard, we think that the
TiO, trapping layer in the MW device has deeper electron
traps than the SigNy trapping layer in the SONOS devices. As
a consequence, the data retention of the MW devices can be
superior to that of the SONOS devices, as shown in Table I.
Similar results have been reported by the other group [15].
Recall the diminishing DLTS spectra Sp; (which indicate the
activation energy of ~0.43 eV) during the thermal treatment
in Fig. 2. We think that the shallow traps have been removed
from the MW stack, and only the deep traps determine the
data retention of the MW devices. Moreover, it is believed
that BE technology can be used to engineer the SiOs in the
SiO4/SiO;N,-TiO,N,, tunnel barrier of the MW to further
enhance the vertical scalability of the MW device.

IV. CONCLUSION

A MW has been proposed for the NAND Flash memory. The
MW has a transitional tunnel barrier, a trap-rich TiO, trapping
layer with deep electron traps, and an abrupt block barrier.
The MW devices exhibited promising performance with rapid
programming at low-voltage operation, a large AV}, window,
good endurance, and improved data retention at 125 °C.
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