Journal of The Electrochemical Socigtys1 (12) G805-G808(2004) G805
0013-4651/2004/1512)/G805/4/$7.00 © The Electrochemical Society, Inc.

Quasi-Superlattice Storage
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In this work, a novel concept of quasi-superlattice stor@) 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.
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Recently, portable electronic devices, such as digital camerasgapacitance-voltagéC-V) measurements were performed to inves-
laptops, smart cards, mp3 players, USB FLASH, have receivedigate the memory effects of the quasi-superlattice stor@)
much attention in the market place and have significantly impactednemory device.
the semiconductor industries. All the above mentioned products are ) )
based on the device of FLASH nonvolatile memory. The commer- Results and Discussion
cially available FLASI_—l memory contains the structure of a poly-Si  Figure 1 shows the device structure in this work. The quasi-
floating gate(FG), which serves as a charge-trapping ldySince  superlattice of SN, and a-Si, sandwiched between the tunnel oxide
the difficulties of consecutive scaling have been addre$tieelcan-  and the control oxide, is utilized as a charge storage element for a
didate, silicon-oxide-nitride-silicolSONOS) nonvolatile memory  memory device instead of poly-Si FG or8j, single layer. Figure 2
device, is now in the position to become an important part of theshows the ideal energy band diagram of the? @@mory device at
industry>® SONOS possesses a structure similar to the FG memory, — o The quasi-superlattice of S, and a-Si clearly shows the
device but silicon nitride rather than poly-Si is adopted as thepang offsets that can easily trap electrons as the storage elements.
charge-trapping layer® The SONOS structure has a great potential The undoped a-Si layers are with a wider bandgap than that of the Si
of scaling the thickness of the tunnel oxide down to 1.6 nm andgypstrate. To write the memory device, a positive gate voltage has to
reducing the programming voltage below §¥/That, hence, im- e applied to make electrons directly tunnel through the tunnel oxide
proves the speed of performance of the memory de¥ida.this by F-N tunneling. The tunneling electrons may be trapped in the trap
study, both Si and silicon nitride are utilized as the charge-trappingstates of the nitride layers, the interface states betweg, $ind
layers and a Si/silicon nitride quasi-superlattice structure is proposed-s;j |ayers, or the quantum wells of the a-Si layers. The trapped
as the multilevel charge storage for the first time. A 2-bit per cell gjectrons cause a threshold voltage shifv/g), memory window, of
Fowler-Nordheim(F-N) tunneling operation has been proposed for he memory device, which can be defined as 1 or 0, according to the
the electrical measurements. The leakage behavior of the quasifferent threshold voltages. To erase the memory device, negative
superlattice stack for the multilevel charge storage has also beefate polarity is applied to make the trapped electrons tunnel back to
demonstrated and a concise model is proposed to derive and explatie channel. The control oxide is utilized to prevent the carriers of

the leakage behavior of the quasi-superlattice gate stack. the gate electrode from injecting into the charge trapping sites by
F-N tunneling.
Figure 3 exhibits C-V hysteresis after the bidirectional voltage
Experimental sweeping. The voltage is swept between 4 @nd) V or 7 and(—7)

. . . . . V. The erasing voltage is fixed at7 V. Under the programming
Single-crystal, 6 in. diam(100) oriented p-type silicon wafers q\ta0e of 4 and 7 V, the memory window is 0.1 and 0.93 V, respec-
were used in the present study. The wafers were chemically cleaneﬁk,dy’ and increases with the programming voltage. It is worth not-

by a standard RCA cleaning, followed by a dry oxidation in an g that the hysteresis is counterclockwise which is due to substrate
atmospheric pressure chemical vapor depositiRCVD) furnace — jniaction from the electrons of the deep inversion layer and holes of
at 925°C to form a 3 nm tunnel oxide. Subsequently, silicon nitride ¢ deep accumulation layer of the Si substfate.
(SisN,) and amorphous Sia-Si) quasi-superlattice of two periods Under varied programming voltages and fixed erasing voltage,
were deposited by low pressure chemical vapor depositionthe relationship between the threshold voltage shift and program-
(LPCVD) at 780 and 550°C, respectively. Each of the four LPCVD ming voltage is of special interest. Figure 4 exhibits the gate voltage
layers was controlled to be about 2 nm. A 10 nm thick tetraethyl- gependence of the memory window. The threshold voltage shift is
orthosilicate(TEOS) oxide was deposited on the @8s the control  increased with the gate voltage. However, two sudden rises of the
oxide layer. To densify the control oxide layer, a steam densificationthreshold voltage shift are observed, which take place around 5 and
was performed at 982°€'° Via the TEOS oxide deposition and 9.5 V., As the memory device is written with different programming
steam densification, the two a-Si layers were crystallized into micro-yoltages, the tunneling electrons will be captured at the trap states of
crystals or polycrystals, which depends on the grain size of the Sthe SyN, layer, the interface states betweenNj and a-Si layers,
layers. After the Al electrodes were patterned and sintered,gnd/or the quantum well of a-Si. During low-voltage programming,
the electrons are captured at the charge-trapping sites of trap states
of the SEN, layer and the interface states betweegNgiand a-Si
2 E-mail: tcchang@mail.phys.nsgu.edu.tw layers. The sudden rise implies the charge storage of the a-Si quan-
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Figure 1. The cross-sectional figure of the quasi-superlattice structure. 0
-4
tum well. Figure 5 shows the programmed band diagram of the Gate voltage (V)

memory device. The first sudden rise in Fig. 4 is attributed to the

charge storage in the a-Si quantum well between two nitride layersrigure 3. C-V hysteresis after the bidirectional voltage sweep. The erasing
The second sudden rise is deduced to be that occurring under highvoltage is fixed at—7) V.

voltage programming when the electrons may be written in to the

a-Si quantum well between nitride and control oxide layers. Itis also

observed that in Fig. 4 the increments of the two sudden rises arg,s. andc.  the capacitance of the insulafdrin this study, the

; . . ; i )
obviously different from each other. The increment of the Secondthreshold voltage shiftAV,, is mainly determined by the flatband
sudden rise is smaller than that of the first one. The threshold VOlt'&oltage shift, AVeg. AV, ~ AVeg = Q,/C.. where O, is the
age shift is due to the electrons trapped in the gate dielectrics, an P U FB- A L t .
the trapped electrons away from the channel influence the threshol ha_r gfe tragp_edFm thf CtI[L:aStI supe(rjlatﬂce strgct_ure after dpro_gt:;r:atwmmg.
voltage less. Therefore, a larger threshold voltage shift is observe rsolr:zfr:riinmvoﬁé . Ui d;?ﬁg\?v-vgltzr% 'fo'”r(;rri?nsiﬁ \kl)welow S v
among the first low-voltage charge storage in the a-Si quantum Weultoheginjectinggcharg%s. can tunnel thrOL?ghpthg tunnel £c]>xide and Be

The threshol I f |-oxide- i - . . h o ;
pagitf)rrsssdgsdcr\i/t?etggaes of a metal-oxide-semicondu€dos) ca trapped in the fc_erldden gap of the first nitride layer and the inter-
face between Si and sh,. It is not easy for the electrons to cross

V4eqNa(2p)
Vi= Vg + 2Ug + % [1]
' 15
whereVg is the flatband voltage shiftyg, the potential difference
between the Fermi leveEg, and the intrinsic Fermi leveE;; e, 14 L
the permittivity of the semiconductoN, , the density of the accep-
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) ) ) ) Figure 4. Gate voltage dependence on the memory window. There are two
Figure 2. The ideal energy band diagram of the Q®emory device at  sudden rises of the threshold voltage shift observed, which take place at
V = 0. around 5 and 9.5 V.
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Figure 5. The band diagram of the memory device under programming. 101

Under suitable operating voltages, two apparent states of charge storage ce

be distinguished. 0 2 4 B 8 10

Gate voltage (V)

. . . Figure 6. The current]-V characteristics for both room temperature and 50
the barrier height of 3.1 eV between the Si channel and the tunnek The inset shows the local amplification of theV curve at 50 K.

oxide via Schottky emission under low-voltage programming. As
the programming voltage reaches 5-7 V, the first sudden rise of the
threshold voltage shift occurs, which contributes the memory win-
dow from 0.2 to 0.93 V. The injecting electrons occupy the energy confinement effect®! Consider the resonant tunneling between the
levels of the Si quantum well during the first sudden rise of the two a-Si layers under biases applied. As can be seen in Fig. 8a, after
threshold voltage shift. Beyond the programming voltage of 7 V, thethe electrons tunnel from the channel, it is not easy for the electrons
increased memory window is attributed to the charge storage in thdo surmount the energy barriers of the nitride and the control oxide
forbidden gap of the second nitride layer, overcoming the barrierat 50 K. Therefore tunneling effects dominate the leakage mecha-
height of ~2.0 eV between Si and the nitride. The programming hism. As the applied voltage is around 2 V, the resonant tunneling of
voltage of 9.5 V and above is needed to lead to the second rise of th&; occurs between the two a-Si quantum wells. The first resonant
threshold voltage shift. In this work, the quasi-superlattice storagetunneling contributes the peak current density at 2 VV as shown in the
implies a 2-bit-per-cell operation by F-N tunnelitgin the design  inset of Fig. 6. As the voltage is applied between 2 and 5.2 V as in
of the multilevel storage, bit-1 can be operated in the a-Si quantuntig. 8b, no energy level exists in the a-Si quantum well for the
well between the nitride layers at a low voltage of about 5-7 V. Bit-2 electrons to resonantly tunnel through. A sudden decrease of the
can be operated in the a-Si quantum well between the nitride andeakage current occurs, followed by the gradual increase of the leak-
control oxide layers at around 10 V. The 2-bit-per-cell operation isage current, and the second resonant tunneling,ofs reached at
performed by F-N tunneling instead of the conventional channel hotaround 5.2 V. The peak current density at 7 V in Fig. 6 is inferred to
electron injection. Also, the dual read operation of the source sidepe the resonant tunneling B, between the two a-Si quantum wells.
and the drain side for conventional SONOS 2-bit/cell device is notDuring the temperature operation, the leakage behavior is dominated
necessary, which simplifies the circuit design engineering. by the tunneling effects which can be described ds

To investigate the leakage behavior of the quasi-superlattice .. \/2 exf—C/V], whereV is the programming voltage ar@is a
stack strupture, currgnt-voltage electrlcall Measurements are pef,qi,ngo Considering the quantum confinement of the Si quantum
for_m(_ed. Figure 6 exhibits the current densny—voltage\() charac- wells, the energy levels are definedBs= n2mw2:2/2m* L2, where
teristics for both room temperature and at 50 K. It is clearly shown 123 mis the effecti f the elect i th .
the leakage current at 50 K is lower than that at room temperaturtg| 4,5, 1S e efiective mass of the electrons in the quasi
by a factor of two orders due to the alleviation of thermionic
emissiont* The leakage current at room temperature, dominated by
thermionic emission and trap-assisted tunneling, remains low wher
10 V gate voltage is applied. Additionally, there is negative differ-
ential resistance observed at different gate biases for the measure
ments at 50 K. The inset shows the local amplification of ihe
curve at 50 K. The negative differential resistance occurs at arounc
2,5.2, and 7 V. It is inferred that the current-voltage characteristics
behave like those of the resonant tunneling didBdD) at low
temperaturé>Y’ To clarify the similarity between RTD and our
quasi-superlattice stack of insulators, a model is proposed based o
the energy band diagrams of tunneling. Figure 7 shows the ideal

Tunnel
oxide

SiN,

energy band diagram of the quasi-superlattice stack under zero bia
with split energy levels. The quasi-superlattice ofN&i and a-Si
clearly shows the band offsets that can easily trap electrons as th

gate

memory elements. The undoped a-Si layers have a wider bandgap
than those of the Si substrate. In the a-Si quantum wells, discretgigure 7. The ideal energy band diagram of the quasi-superlattice stack

energy levelsg,, E,,..

E,
Control E,
oxide

., andE,, are formed due to the quantum under zero bias with split energy levels.

a-Si

a-Si
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superlattice stack will help the multilevel charge storage develop the
considerations of operating voltage for the 2-bit-per-cell nonvolatile
memory device. Further study about the reliability characteristics is
being taken into account and is currently under investigation.
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Conclusions

In this study, a novel quasi-superlattice storage has been demon-
strated for the concept of multilevel charge storage. In the relation-
ship between threshold voltage shift and gate programming voltage,
two sudden rises were observed. The obvious memory effects from
the measurements of C-V hysteresis exhibited two distinguishable
charge storages, which can be utilized as a memory device of 2-bit-
per cell. The study on the leakage behavior of the quasi-superlattice
stack has also been demonstrated for room temperature and low
temperature. The current-voltage characteristics of the quasi-
superlattice structure behave like those of the resonant tunneling
diode at low temperatures. The negative differential resistance oc-
curs at around 2, 5.2, and 7 V. A concise model is proposed to
understand the leakage behavior of the quasi-superlattice stack.
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