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Abstract— The triple-dielectric polysilicon-blocking oxide- for low voltage EEPROM'’s are television tuners, postage
silicon nitride-tunnel oxide-silicon (SONOS) structure is an meters, automobiles, neural networks, solid-state disks, elec-
attractive candidate for high density E’PROM'’s suitable tronic video and sound storage, and so-calkdart cards
for semiconductor disks and as a replacement for high-density M tiv 121 131 d 7! d "L
dynamic random access memories (DRAM's). Low programming ore recently [2], [3] ynamlc_ random access memories
voltages (5 V) and high endurance (greater thari0” cycles) are (DRAM) replacement has been discussed as SONOS cell areas
possible in this multidielectric technology as the intermediate of 6F? are possible with a simplified process technology,
SisN, layer is scaled to thicknesses of 5. The thin gate which reduces step-coverage problems and relaxes lithography
insulator and low programming voltage enable the scaling requirements. In this instance, long-term retention is not as

of the basic memory cell and associated complementary . . o
metal-oxide-semiconductor (CMOS) peripheral circuitry on important as in EEPROM and NVRAM applications.

the memory chip. A SONOS 1TC memory cell is proposed in  In the early period of EEPROM development, the MNOS
a NOR architecture with a cell area of &, where F' is the and SONOS technologies were not viewed as “mainstream

technology featgfe size. A 0.2Qum feature size permits a 1TC and criticism was levied by the technical community at the
area of 0.24um* for advanced 1-Gb nonvolatile semiconductor need to control the ultra-thin oxides employed in these tech-

memory chips. A physical model is presented to characterize . . L -
the erase/write, retention and endurance properties of the nologies. However, with the use and familiarity of nitride

nonvolatile semiconductor memory (NVSM) SONOS device. films in localized oxidation of silicon (LOCOS), interpoly-
dielectrics in polysilicon FLASH EEPROM'’s, and SiN cap

passivation combined with thin CMOS gate oxides of 3—4
nm for 100—200 nm channel lengths, the SONOS low-voltage
technology becomes an attractive alternative to “floating gate”
|. INTRODUCTION EEPROM'’s. In addition, the scaling of peripheral CMOS

N THE electrically erasable programmable read only merfircuitry necessitates strong consideration for reducing the
ory (EEPROM) semiconductor device area there have be@f-chip” programming and erase voltages, which are cur-

essentially two technologies which compete for an eveliently generated byharge pump4] circuit techniques. The

expanding world market: desirable features for EEPROM'’s are low cost (small cell size
1) floating gate EEPROM'S; and simple fabrication process), low programming voltage, fast
2) polysilicon-blocking oxide-silicon nitride-tunnel Oxide_erase/write times, good retention, high endurance and, in some

silicon (SONOS) [historically metal-nitride-oxide-inStances’ a wide operating temperature range with radiation

semiconductor (MNOS)] or floating-trap EEPROM's, hardness.

More recently, there has been renewed interest in ferroelectric
EEPROM'’s [1]; however, there are material technology prob- . _
lems which must be addressed to bring this promising technol-MNOS memories were invented nearly 30 years ago [5] and
ogy to a competitive level with the other two technologies. Iwere the first electrically-alterable nonvolatile semiconductor
this paper we will concentrate on the SONOS technology Biemory (EAROM) device. In the early 70's;channel MNOS
it is compatible with mainstream complementary metal-oxid&AROM'’s were fabricated with densities of 8 Kb in a tri-gate
semiconductor (CMOS) technology and offers advantagesifiplementation. These arrays employed a so-categin-
low voltage programming for scaled, high-density nonvolatilgource protectedDSP) transistor cell [6] in an early form
semiconductor memory (NVSM) memories. The applicatior® the flashEEPROM architecture. Early EAROM memories
used an aluminum gate technology (see Fig. 1) and required a
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M. H. White and Y. Yang are with the Sherman Fairchild Laboratory, pdechno Og_les restricted the penetration o s Into the
partment of Electrical Engineering and Computer Science, Lehigh Universisopmmercial marketplace.

Index Terms—EEPROM, nonvolatile semiconductor memory,
SONOS.

Il. PHYSICAL ELECTRONICS OFSONOS [EVICES

Bethlehem, PA 18015 USA. , _ The limitations in scaling the programming voltages of
A. Purwar and M. L. French are with Lucent Technologies, Bell Laboratc%—h dard dual diel . devi ib d
fies. Allentown, PA 18103 USA. e s_ta_n ard dual die .ectrllc MNOS device were attributed to
Publisher Item Identifier S 1070-9886(97)03617-2. the finite charge distribution of several 10's of nanometers

1070-9886/97$10.001 1997 IEEE

TSMC EX. 1016 Page 1 of 6

Authorized licensed use limited to: TSMC Taiwan Semiconductor Mfg Co.. Downloaded on September 14,2022 at 01:37:26 UTC from IEEE Xplore. Restrictions apply.



WHITE et al.: LOW VOLTAGE SONOS NONVOLATILE SEMICONDUCTOR MEMORY TECHNOLOGY 191

MNOS

Aluminum |
SONOS

B0 A 5005
8

SEEr
MM ShCS SLINCE
Fig. 1. Evolution of MNOS technology. n-type Si p-type Si
LIl Ll LLLLLLLLI L
within the nitride layer such that the latter could not be
reduced indefinitely. The triple-dielectric MONOS structure ®
was introduced in 1968 [7]. The advantages of the triple- @ )
dielectric SONOS structure [8], [9] were used to reduce
instabilities associated with the polysilicon gate-nitride inter- Tunnel Blocking
face where the blocking oxide m|n|r_n|zed charge |nJec.t.|on si S0, SigN Si0, Poly Si
from the gate electrode. In the ensuing years, a polysilicon Gate
gate technology [10] combined with the use of low pressure 1.05ev
chemical vapor deposition (LPCVD) silicon nitride technology 3.1ev 3.1ev
for uniform control of the nitride thickness provided 16-Kb |
SNOS EEPROM's. 11ey.| |5tev " 1ev
The reliability of the polysilicon gate combined with a pre- ]
metallization, high-temperature hydrogen anneal have been
important factors in the development of this multidielectric 3.8ev 3.8ev
nonvolatile technology. The control of the nitride thickness 1.85ev
was long realized to be a major limitation in the performance
of MNOS memory arrays [11] as electric field strengths in (©

the silicon nitride were required to be below 5.5 MV/CMgiy 5 (a) The conventional MNOS, (b) the scaled down SONOS, and (c)
to extend the endurance to erase/write cycling beyontl 160NOS ideal energy band diagram.

cycles. In addition, the control over the ultra-thin tunnel oxide

(UTO) (thicknesses of 1.5-2.5 nm) has been a major factor

in attracting commercial silicon device manufacturers [12] frogramming of a cell may be "inhibited" or “unselected” by

adopt the multidielectric NVSM technology. Fig. 2 illustrate$2'>"M9 the source termmfal to the programming voltage.iFhe

. . cr}annel SONOS can be integrated intp-aell, single voltage
the early MNOS device cross section and the more recellt. v CMOS process [13]. p-channel SONOS device has
scaled SONOS device cross section. PRI, b A

. : . ) been integrated into am-well, single power supply 410
The advantages of .the triple dlelt-ECtl’IC structurg are: V), CMOS process for advanced electronic memory systems
1) lower programming voltages since the blocking action ¢{ 41 and application specific integrated circuits (ASIC's). A
the top oxide removes any limitation on the reductiof)_cpannel SONOS device has been integrated ineveell,
of the n_|tr_|de_th|ckness; . .dual voltage supply-£4 V, +5 V), CMOS process for 1-Mb
2) charge injection from and to the gate electrode is migppRoM's with application for semiconductor disks [15]. In
imized for both gate polarities, particularly for holeis naner we present a scaleechannel SONOS device in
!njectlon(;j on since there is minimal 1odh€ form of a one transistor cell (1TC) as shown in Fig. 3. The
3) |mprhove merﬂory retenltlon scljn(.:e there is minimal 1033, may be used in a dual string NOR (DuSNOR) architecture
9f charge to the gate electrode; . . [16] which has a smaller reported cell area than the NAND
4) increased endurance to extended erase/write cycllng.ﬂash design
Fig. 4 illustrates an operational table for the SONOS 1TC
IIl. CHARGE TRANSPORT AND STORAGE configured in ap-well with appropriate use of a single pro-
IN SONOS MEMORY DEVICES gramming voltageVp, a read voltageVz, and ground. If
The analysis of therase/writecharge transport and storager-channel operation is required withpetype starting substrate,
in SONOS devices is presented in this section faréhannel then negative charge pumps are needed to supphetthse
SONOS transistor with a negative gate potenteahée) and voltage. These voltages are applied to the device terminals
a positive gate potentialwfite). The latter is the program for the various operational modes of READ, WRITE, and
mode since this operation requires a channel to be formed ERASE. In the ERASE mode, it is important to remember
unneling of carriers through the ultra-thin, tunnel oxide. e evice must berasedover the entire length o
t li f iers th h the ultra-thin, t | oxide. Thihe SONOS devi t berased th tire length of

TSMC EX. 1016 Page 2 of 6

Authorized licensed use limited to: TSMC Taiwan Semiconductor Mfg Co.. Downloaded on September 14,2022 at 01:37:26 UTC from IEEE Xplore. Restrictions apply.



192 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING, AND MANUFACTURING TECHNOLOGY—PART A, VOL. 20, NO. 2, JUNE 1997

BT T T Operational | Drain | Gate | Source | Bulk

E + .- e . modes

= Erase Vp 0 Vp Vp

- _ Write  [float* | Vp | 0 0

| Inhibit  [float™ | Vp | Vp | 0
Read | Vp | Ve | 0 | 0

{8] Top view layaul

Word Line Puiycide Fig. 4. The terminal voltages applied to the scaleechannel SONOS
g memory device during the various programming modes. The gate is treated as
- TR e M_:’ a word line and the source as the bit line. The WRITE operation is inhibited
e F by floating the drain and raising the source of the unselected Bit Lifvg.tdf
Teerch G current drain from thé’p supply can be tolerated, the shared drain terminal
Iualatine can be raised td’p during writing*.
N =T ERLLR)

Dulk Puresti oo b S pper ,
ikl Crass Sacilon

Fig. 3. Scaled SONOS 1TC with 0.20m feature size and cell area of 0.24
um? for advanced 1-Gb nonvolatile semiconductor memory.

the channel. Thus, the gate is grounded and the remaining
terminals havelp applied. In the WRITE mode, the gate is
connected to the programming voltade, the selected Bit
Line is grounded and the drain is floated. If current drain from
the Vp supply can be tolerated, the drain terminal can be raised
to Vp during writing. The WRITE operation is inhibited by
floating or supplyingVp to the drain and raising the source |
of the unselected Bit Line t&». In the READ modeVk is ‘
applied to the gatelp is applied to the drain, and the source
is grounded. The READ voltaggr tends to write the erasedFig. 5. Erase operation for a scaleechannel SONOS device.
device and the duration dfz needs to be carefully chosen to
minimize this disturbance.

In addition, some electrons may back-tunnéh{) from the
traps in the nitride to the semiconductor conduction band. At
even lower voltage levels, charge transport occurs through a
There have been conflicting methods of describingettase trap-assisted tunneling mechanism [2].
andwrite states for a SONOS device. For a number of years,Injected holes may be captured by traps and/or enter the
theerasestate referred to the state of highest conduction, whifétride valence band where they will either 1) be captured by
the write state denoted the state of lowest conduction for deep-level, local traps, or 2) drift to the nitride-blocking oxide
specified read voltage. However, more recently, this methoderface due to the scaled-down nitride dimensiogis2Q0
has been replaced by the conceptedfetandprogram, where A) and the nitride field (3—6 MV/cm). The combination of the
eraseand write designations are used in an interchangealbdealed nitride thickness and the 1.85 eV energy barrier height
manner. In general, fdtashthe reset operation is performedwill cause some holes to accumulate at the nitride-blocking
for all the memory cells on the chip over a long period obxide interface. As the hole charge begins to accumulate in
time, historically referred to ablock erasein block oriented the silicon nitride, the electric field across the tunnel oxide
random access memories BORAM. Theprogramoperation will decrease with a concomitant decrease in the hole tunnel
is generally of shorter duration. These shorter programmiegrrent, Jor,. Concurrently, the blocking oxide field will
pulses, in the case ofi-channel SONOS devices, are théncrease with the possibility of hole tunneling currefggy,
positive applied voltages on the gate relative to the substraie,the gate electrode and a band-to-band electron tunneling
while the longer pulses perform therase or clearfunction. current, Jog,, from the Nt polysilicon gate electrode to
Fig. 5 illustrates theerasetunneling current components forthe conduction band of the silicon nitride. This process will
a n-channel SONOS device. For a large negative gase start out as a small contribution to the stored charge in the
voltage, band to bandirecttunneling (/oT,) will occur where  silicon nitride. But as time increases, this component becomes
holes leave the silicon valence band and tunnel in a “dired” limitation to the maximum shift in the device threshold
manner to the valence band of the silicon nitride. If the voltagmltage. The gate injection may be minimized with & P
levels are reduced, then the holes will not tunnel “directlypolysilicon gate process to reduce the supply of electrons.
into the valence band of the silicon nitride, but rather through a At high injection levels, the electron back-tunneling current,
second “trapezoidal” barrier into the nitride valence band. Thig1,, will be small compared to the hole forward-tunnel
process is referred to asodified Fowler Nordheintunneling current,Jor,, and trap-assisted tunneling [18] is less favorable
[17] and the holes thereby enter the nitride valence baatithe high electric fields in Fig 5. In a practicatite or erase
at a distance further from the tunnel oxide-nitride interfaceperation, the tunnel oxide fields decrease from an initial value
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Fig. 6. Simulated currents in the erase operation for-ehannel SONOS
device withXor = 20 A, Xy = 50 A, Xop = 35 A and an applied gate

voltage, Vs = —5 V. Fig. 7. Experimental erase-write characteristics for a scatechannel

SONOS device to illustrate the effect of tunnel oxide variation [21]. The
SONOS device has Ao = 20 A, Xy = 50 A, Xpg = 35 A and an

_ " - applied gate voltageV; = + 9 V. The initial conditions were set with
of =~ 10 MV/cm to a final sustaining value ef 6 MV/cm. Vi = 4 9 V for 10 s to reach saturation.

In ultra-thin tunnel oxides (i.e., less than 20 A), hole transport
by modified Fowler-Nordheintunneling to the nitride will be

the dominant injection mechanism under negative gate bias.
In general, the nitride traps can Isaturatedwith holes for
long erase times, in excess of 100 ms, in ultra-thin nitride (
50 A) which leads to a saturation in the threshold voltage of
the device, whereas in thicker nitride, the threshold voltage
is likely to saturate due to the balance of electron and hole
currents fot, = Joss). In ultra-thin nitride, trap saturation

ERASE/WRITE Measurement

'HP-9336 COMPUTER | .;;r_ﬁ

TEK TD3460
DIGITIZING
OSCILLOSCOPE

IRASE/WRIIL& READ ] PATIERN 1 -
CIRCUIT GENERATCOR 1
0 o o
. AN

occurs before the electric field increases to a point in the
blocking oxide so as to permit substantial gate current to be
injected into the nitride.

ERASE

en o v
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1

Fig. 8. Erase-write measurements on the SONOS device of Fig. 7. The
B. Scaled SONOS Devices SONOS device has dielectric thicknessesXfT = 20 A, Xn = 50 A,
. . . . Xop = 35 A with programming voltages dof; = £+ 10 V.
Fig. 6 shows the simulation of the current density com-

ponents associated with therase operation for a scaled o o
n-channel SONOS device. This simulation does not considgftial electric fields electron and hole injection. Consequently,

trap-assisted tunneling which can provide a significant cofft the case of electron injection, where reduced electric fields
tribution to the threshold voltage shift when the tunnel oxid@re electric fields involved, carrier transport is byodified
electric field falls below~6 MV/cm [2]. In the erasemode, Fowler-Nordheimtunneling which is relatively insensitive to
there will be very few electrons in the nitride conduction ban¥griations in tunnel oxide thickness because electrons must
since they will either be captured by the deep-level nitridéavel through a portion of the silicon nitride in addition to
traps or exit through the tunnel oxide as shown in Fig. 5. the tunnel oxide. In the case of hole injection, we hdirect

A reduction in the ultra-thin tunnel oxide thickness has @&inneling, which is very sensitive to tunnel oxide thickness
major effect on the erase speed af-hannel SONOS device Variations.
and the write speed of g-channel SONOS device. Under Fig. 8 illustrates erase/write measurements on the scaled
these conditions, a net positive charge will accumulate in tfRONOS device of Fig. 7 while the retention characteristics
nitride which shifts then-channel SONOS threshold voltageof a similar device is shown in Fig. 9 [20]. Therase-write
in a negative direction. Fig. 7 illustrates the effect of tunngharacteristics of a scaled version ofpachannel SONOS
oxide thickness reduction on tlease-writecharacteristics of device, suitable for high-density NVSM arrays, are shown
a scaledh-channel SONOS device. In this instance the tunn#él Fig. 10. Theerase and program voltages are—3, 1 ms
oxide was scaled from 20 A to 18 A with little improvement irand 45, 1 ms, respectively. The initial state is set with a
the 100us write speed of the device. However, the erase speggfjuence of 10 alternatingrase/write pulses to represent
of the device has been improved by an order of magnitudeccessive cycle times. The read operations begin withus 1
from 10 ms to 1 ms to achieve the same memory window pfilse, which slightly alters the initial state of the device. The
approximately 2.5 V. A positive gate bias will cause electroBONOS 1TC requires enhancement mode threshold voltages
transport to occur bymodified Fowler-Nordheintunneling for both the erase and write states of the device to ensure
from the silicon conduction band to the nitride conductiothat nonselected devices do not contribute sense current to
band. A reduction in the ultra-thin tunnel oxide thickness hadtlae bit line upon addressing the selected word line. Fig. 10
relatively minor effect on the write speed ohachannel device illustrates the possibility of obtaining threshold voltages of
and the erase speed of itschannel counterpart. The reasorr; (Write) = 0.65 V and Vpo(Erase = 0.05 V for a 1 ms
for this aspect of device operation is a consequence of these/writeprogramming sequence. The triple ONO dielectric
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0 .
] 0.7 Data retention test at 85°C
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Fig. 9. Retention measurement [20] of SONOS device with dielectric thickig. 11. Data retention measurement at®&with + 5 V, 1 ms erase/write
ness of Xop = 18 A, X = 50 A, XpB = 40 A given a programming pulses. The ONO dielectric for the scaled device has thickness&s,ef =
voltage ofVi; = £ 5 V and a 10-s erase and write time. 8A Xy =70A, Xop = 45 A

1 ' : IV. CONCLUSION

@ 08¢ The results of these studies on scaled SONOS nonvolatile
g semiconductor memory devices clearly indicate their potential
o 06 for a low-voltage, single transistor cell (1TC) in high-density
%’ 0.4 NVSM arrays. The data demonstrate théat5 V, 1 ms

> programming is possible with further improvements expected
G o2 with continued studies of the processes used to form the ONO
= ol sandwich. A 1TC is possible with/& (F = feature size)

= oz in contrast with present-day/8 DRAM cells. Thus, with

0.2 um feature sizes, we expect that a cell area of Q8%
should be possible, leading eventually to 1-Gb NVSM arrays
and possibly as a substitute for DRAM'’s. The use of these 1TC
JONOS cells in a DUSNOR architecture provides a maximum
packing density for SONOS arrays. The design of buried-
channel SONOS devices is an option for improved mobility,
and thus, higher sense current drive during a READ operation.

5 4 3
log (Programming Time [sec])

Fig. 10. Erase-write measurements of scaled SONOS device with 5
erase/program. The initial conditions were set with V, 1 ms erase/write
pulses. The ONO dielectric for the scaled devices have thicknesséspf=

8 A Xy =70 A, Xop = 45 A

for these scaled devices has thicknesses@f = 8 A, Xn
70 A, andX g = 45 A. This is not an optimum combination at
this point in the research, however the results clearly indicatﬁ]
the potential for the scaled SONOS device to operate &t

V at 1 ms program/erase times for high-density NVSM arrays/?]
The data retention measurement of the scaled device 3€85 (3
is shown in Fig. 11. At the present time these devices can be
employed in applications where the long term data retentiopl]
is not required.

C. Fabrication Considerations )
The scaled SONOS devices reported in this paper arg)
fabricated with a modified RCA clean to terminate the surface
in protons and prevent the initial growth of oxides prior to thel”
formation of the tunnel oxide in-situ within the LPCVD nitride [g]
chamber. The tunnel oxide thickness on these scaled deviceigif
estimated to be in the range of 0.8—-1.0 nm. The silicon nitrid
is 7.0 nm and is formed with a N}#SiCloH» ratio of 10:30
sccm at 680°C, which has been found by AFM measurements?
to provide the lowessurface roughness. The blocking oxidgzy]
is 4.5 nm and formed with a D deposited oxide at 650C
followed by a steam densification at 990 for 30 min. Future
process variations will consider high-temperature hydrogen
anneals [19] to reduce the interface trap density and the near-
interface oxide traps (NIOT’s) which influence the short terrhlg]
retention or memory properties of the SONOS device.
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