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Quasi-Superlattice Storage
A Concept of Multilevel Charge Storage
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In this work, a novel concept of quasi-superlattice storage~QS2! is demonstrated. Under a suitable operating voltage, two apparent
states of charge storage can be distinguished. The memory effects are due to the multilevel charge storage within the quasi-
superlattice. The multilevel charge storage provides a feasible design for the 2-bit-per-cell nonvolatile memory devices. Also, the
leakage behavior of the quasi-superlattice structure has also been characterized by current-voltage measurements at room tem-
perature and low temperatures. The resonant tunneling-like leakage characteristic is observed at low temperatures. A concise
physical model is proposed to characterize the leakage mechanism of tunneling for the quasi-superlattice structure, and this
suggests that consideration of the operating voltage for the 2-bit-per-cell nonvolatile memory device needs to be taken into
account.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1808634# All rights reserved.
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Recently, portable electronic devices, such as digital cam
laptops, smart cards, mp3 players, USB FLASH, have rece
much attention in the market place and have significantly impa
the semiconductor industries. All the above mentioned produc
based on the device of FLASH nonvolatile memory. The com
cially available FLASH memory contains the structure of a pol
floating gate~FG!, which serves as a charge-trapping layer.1 Since
the difficulties of consecutive scaling have been addressed,2 the can
didate, silicon-oxide-nitride-silicon~SONOS! nonvolatile memor
device, is now in the position to become an important part o
industry.3-6 SONOS possesses a structure similar to the FG me
device but silicon nitride rather than poly-Si is adopted as
charge-trapping layer.7,8 The SONOS structure has a great poten
of scaling the thickness of the tunnel oxide down to 1.6 nm
reducing the programming voltage below 5 V.7,9 That, hence, im
proves the speed of performance of the memory device.10 In this
study, both Si and silicon nitride are utilized as the charge-trap
layers and a Si/silicon nitride quasi-superlattice structure is prop
as the multilevel charge storage for the first time. A 2-bit per
Fowler-Nordheim~F-N! tunneling operation has been proposed
the electrical measurements. The leakage behavior of the
superlattice stack for the multilevel charge storage has also
demonstrated and a concise model is proposed to derive and e
the leakage behavior of the quasi-superlattice gate stack.

Experimental

Single-crystal, 6 in. diam,~100! oriented p-type silicon wafe
were used in the present study. The wafers were chemically cle
by a standard RCA cleaning, followed by a dry oxidation in
atmospheric pressure chemical vapor deposition~APCVD! furnace
at 925°C to form a 3 nm tunnel oxide. Subsequently, silicon ni
(Si3N4) and amorphous Si~a-Si! quasi-superlattice of two perio
were deposited by low pressure chemical vapor depos
~LPCVD! at 780 and 550°C, respectively. Each of the four LPC
layers was controlled to be about 2 nm. A 10 nm thick tetrae
orthosilicate~TEOS!oxide was deposited on the QS2 as the contro
oxide layer. To densify the control oxide layer, a steam densific
was performed at 982°C.6,10 Via the TEOS oxide deposition a
steam densification, the two a-Si layers were crystallized into m
crystals or polycrystals, which depends on the grain size of th
layers. After the Al electrodes were patterned and sinte
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capacitance-voltage~C-V! measurements were performed to inv
tigate the memory effects of the quasi-superlattice storage~QS2!
memory device.

Results and Discussion

Figure 1 shows the device structure in this work. The qu
superlattice of Si3N4 and a-Si, sandwiched between the tunnel o
and the control oxide, is utilized as a charge storage element
memory device instead of poly-Si FG or Si3N4 single layer. Figure
shows the ideal energy band diagram of the QS2 memory device a
V 5 0. The quasi-superlattice of Si3N4 and a-Si clearly shows th
band offsets that can easily trap electrons as the storage ele
The undoped a-Si layers are with a wider bandgap than that of
substrate. To write the memory device, a positive gate voltage h
be applied to make electrons directly tunnel through the tunnel
by F-N tunneling. The tunneling electrons may be trapped in the
states of the nitride layers, the interface states between Si3N4 and
a-Si layers, or the quantum wells of the a-Si layers. The tra
electrons cause a threshold voltage shift (DVt), memory window, o
the memory device, which can be defined as 1 or 0, according
different threshold voltages. To erase the memory device, neg
gate polarity is applied to make the trapped electrons tunnel ba
the channel. The control oxide is utilized to prevent the carrie
the gate electrode from injecting into the charge trapping site
F-N tunneling.

Figure 3 exhibits C-V hysteresis after the bidirectional vol
sweeping. The voltage is swept between 4 and~27! V or 7 and~27!
V. The erasing voltage is fixed at27 V. Under the programmin
voltage of 4 and 7 V, the memory window is 0.1 and 0.93 V, res
tively, and increases with the programming voltage. It is worth
ing that the hysteresis is counterclockwise which is due to sub
injection from the electrons of the deep inversion layer and hol
the deep accumulation layer of the Si substrate.11

Under varied programming voltages and fixed erasing vol
the relationship between the threshold voltage shift and prog
ming voltage is of special interest. Figure 4 exhibits the gate vo
dependence of the memory window. The threshold voltage sh
increased with the gate voltage. However, two sudden rises o
threshold voltage shift are observed, which take place around
9.5 V. As the memory device is written with different programm
voltages, the tunneling electrons will be captured at the trap sta
the Si3N4 layer, the interface states between Si3N4 and a-Si layers
and/or the quantum well of a-Si. During low-voltage programm
the electrons are captured at the charge-trapping sites of trap
of the Si3N4 layer and the interface states between Si3N4 and a-S
layers. The sudden rise implies the charge storage of the a-Si
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use of use (see 
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tum well. Figure 5 shows the programmed band diagram o
memory device. The first sudden rise in Fig. 4 is attributed to
charge storage in the a-Si quantum well between two nitride la
The second sudden rise is deduced to be that occurring under
voltage programming when the electrons may be written in to
a-Si quantum well between nitride and control oxide layers. It is
observed that in Fig. 4 the increments of the two sudden rise
obviously different from each other. The increment of the sec
sudden rise is smaller than that of the first one. The threshold
age shift is due to the electrons trapped in the gate dielectrics
the trapped electrons away from the channel influence the thre
voltage less. Therefore, a larger threshold voltage shift is obs
among the first low-voltage charge storage in the a-Si quantum
The threshold voltage of a metal-oxide-semiconductor~MOS! ca-
pacitor is described as

Vt 5 VFB 1 2cB 1
A4esqNA~2cB!

Ci
@1#

whereVFB is the flatband voltage shift;fB , the potential differenc
between the Fermi level,EF , and the intrinsic Fermi level,Ei ; es,
the permittivity of the semiconductor;NA , the density of the acce

Figure 1. The cross-sectional figure of the quasi-superlattice structure

Figure 2. The ideal energy band diagram of the QS2 memory device a
V 5 0.
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tors; andCi , the capacitance of the insulator.12 In this study, the
threshold voltage shift,DVt , is mainly determined by the flatba
voltage shift, DVFB . DVt ' DVFB 5 Qt /Ci , where Qt is the
charge trapped in the quasi-superlattice structure after program
As inferred in Fig. 4, the trapped chargeQt is increased with th
programming voltage. Under low-voltage programming below
the injecting charges can tunnel through the tunnel oxide an
trapped in the forbidden gap of the first nitride layer and the i
face between Si and Si3N4 . It is not easy for the electrons to cro

Figure 3. C-V hysteresis after the bidirectional voltage sweep. The er
voltage is fixed at~27! V.

Figure 4. Gate voltage dependence on the memory window. There ar
sudden rises of the threshold voltage shift observed, which take pla
around 5 and 9.5 V.
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the barrier height of 3.1 eV between the Si channel and the t
oxide via Schottky emission under low-voltage programming
the programming voltage reaches 5-7 V, the first sudden rise o
threshold voltage shift occurs, which contributes the memory
dow from 0.2 to 0.93 V. The injecting electrons occupy the en
levels of the Si quantum well during the first sudden rise of
threshold voltage shift. Beyond the programming voltage of 7 V
increased memory window is attributed to the charge storage
forbidden gap of the second nitride layer, overcoming the ba
height of ;2.0 eV between Si and the nitride. The programm
voltage of 9.5 V and above is needed to lead to the second rise
threshold voltage shift. In this work, the quasi-superlattice sto
implies a 2-bit-per-cell operation by F-N tunneling.13 In the design
of the multilevel storage, bit-1 can be operated in the a-Si qua
well between the nitride layers at a low voltage of about 5-7 V. B
can be operated in the a-Si quantum well between the nitride
control oxide layers at around 10 V. The 2-bit-per-cell operatio
performed by F-N tunneling instead of the conventional channe
electron injection. Also, the dual read operation of the source
and the drain side for conventional SONOS 2-bit/cell device is
necessary, which simplifies the circuit design engineering.

To investigate the leakage behavior of the quasi-superla
stack structure, current-voltage electrical measurements are
formed. Figure 6 exhibits the current density-voltage (J-V) charac
teristics for both room temperature and at 50 K. It is clearly sh
the leakage current at 50 K is lower than that at room temper
by a factor of two orders due to the alleviation of thermio
emission.14 The leakage current at room temperature, dominate
thermionic emission and trap-assisted tunneling, remains low
10 V gate voltage is applied. Additionally, there is negative di
ential resistance observed at different gate biases for the me
ments at 50 K. The inset shows the local amplification of theJ-V
curve at 50 K. The negative differential resistance occurs at ar
2, 5.2, and 7 V. It is inferred that the current-voltage character
behave like those of the resonant tunneling diode~RTD! at low
temperature.15-17 To clarify the similarity between RTD and o
quasi-superlattice stack of insulators, a model is proposed bas
the energy band diagrams of tunneling. Figure 7 shows the
energy band diagram of the quasi-superlattice stack under zer
with split energy levels. The quasi-superlattice of Si3N4 and a-S
clearly shows the band offsets that can easily trap electrons a
memory elements. The undoped a-Si layers have a wider ba
than those of the Si substrate. In the a-Si quantum wells, dis
energy levels,E , E ,..., andE , are formed due to the quantu

Figure 5. The band diagram of the memory device under programm
Under suitable operating voltages, two apparent states of charge stora
be distinguished.
1 2 n
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confinement effect.18,19Consider the resonant tunneling between
two a-Si layers under biases applied. As can be seen in Fig. 8a
the electrons tunnel from the channel, it is not easy for the elec
to surmount the energy barriers of the nitride and the control o
at 50 K. Therefore tunneling effects dominate the leakage m
nism. As the applied voltage is around 2 V, the resonant tunneli
E1 occurs between the two a-Si quantum wells. The first reso
tunneling contributes the peak current density at 2 V as shown
inset of Fig. 6. As the voltage is applied between 2 and 5.2 V
Fig. 8b, no energy level exists in the a-Si quantum well for
electrons to resonantly tunnel through. A sudden decrease
leakage current occurs, followed by the gradual increase of the
age current, and the second resonant tunneling ofE2 is reached a
around 5.2 V. The peak current density at 7 V in Fig. 6 is inferre
be the resonant tunneling ofE3 between the two a-Si quantum we
During the temperature operation, the leakage behavior is dom
by the tunneling effects which can be described asJ
} V2 exp@2C/V#, whereV is the programming voltage andC is a

constant.20 Considering the quantum confinement of the Si quan
wells, the energy levels are defined asEn 5 n2p2\2/2m* L2, where
n 5 1,2,3,...,m* is the effective mass of the electrons in the qu

n

Figure 6. The currentJ-V characteristics for both room temperature and
K. The inset shows the local amplification of theJ-V curve at 50 K.

Figure 7. The ideal energy band diagram of the quasi-superlattice
under zero bias with split energy levels.
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superlattice structure, andL is the thickness,;2 nm, of the Si quan
tum wells. Asn 5 1, 2, and 3,E 5 E1 , E2 , andE3 , the resonan
tunneling occurs at the programming voltage of 2, 5.2, and
respectively. To calculate the resonant voltage drop of the Si q
tum wells, m* is estimated to be around 0.19m0 for the electron
transported in the Si layer. The first resonant tunneling voltage
V1r of the Si quantum wells can be calculated byV1r 5 2E1 /q
5 0.98 V, whereq 5 1.6 3 10219 C. Also, V2r and V3r can be
calculated asV2r 5 3.92 V andV3r 5 8.82 V. The first resona
tunneling is occurres when the programming voltage reached
2 V. Therefore, the voltage difference of 22 0.985 1.02 V is
dropped on the tunnel oxide, control oxide, and nitride layers
motivate the second resonant tunneling, additional voltag
dropped on the Si quantum wells,V2r 2 V1r , needs to be supplie
The additional voltage drop is calculated as 2.94 V, which is c
enough to the voltage difference, 3.2 V, of the programming vo
between first and second resonant tunneling. As the program
voltage is increased to 7 V to stimulate the third resonant tunne
it is deduced that the third resonant tunneling is due to the insta
of the two amorphous silicon layers where there should be at
8.82 V to motivate the third resonant tunneling between the Si q

Figure 8. ~a! The energy band diagram of resonant tunneling at ar
2 V between the two a-Si layers,~b! the band diagram for 2 V, applied gate
voltage,5.2 V.
tum wells. The investigation of the leakage mechanism of the quasi-
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superlattice stack will help the multilevel charge storage develo
considerations of operating voltage for the 2-bit-per-cell nonvo
memory device. Further study about the reliability characterist
being taken into account and is currently under investigation.

Conclusions

In this study, a novel quasi-superlattice storage has been de
strated for the concept of multilevel charge storage. In the rela
ship between threshold voltage shift and gate programming vo
two sudden rises were observed. The obvious memory effects
the measurements of C-V hysteresis exhibited two distinguis
charge storages, which can be utilized as a memory device of
per cell. The study on the leakage behavior of the quasi-super
stack has also been demonstrated for room temperature an
temperature. The current-voltage characteristics of the q
superlattice structure behave like those of the resonant tunn
diode at low temperatures. The negative differential resistanc
curs at around 2, 5.2, and 7 V. A concise model is propose
understand the leakage behavior of the quasi-superlattice stac
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