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Abstract—A first multilevel vertical-channel silicon-oxide-ni- mode sequence and retention characteristics are measured be-
tride-oxide-silicon (MLVC-SONOS) memory cell is proposed and fore and after the endurance stress.
fabricated using 0.12um silicon-on-insulator (SOI) standard
logic process for Flash memory cell with ultrahigh density. If
NAND array structure is used, the unit cell size of MLVC-SONOS Il. FABRICATION OF THE MEMORY CELL

is 4F2. Further reduction of cell size is possible by using the . . .
multilevel concept which is originated from the steady states by Fig. 1 illustrates the key process flow and TEM images on

two carrier transports from both the substrate and the gate. The MLVC-SONOS. The starting material is p-type (100) SOl
program threshold voltages and their windows are uniform and wafer. The SOI layer on top of 25-nm thick buried oxide layer
controllable depending on the negative gate bias conditions. In (BOX) was thinned to the thickness of 57 nm. Then, 100-nm
addition, we propose a new endurance measurement method for thick LPCVD oxide is deposited to suppress the top channel
mgmlgr\;efpzrgﬁgipon the retention characteristics for multilevel o, . rant 19 the level of less than 0.01% of the vertical-channel
' (VC) current at the bias of 12 V. This thickness is decided by
Index Te_llr_ms—MuI_tilevlelt (Mlé),OIneg;?tive pr%grar_?,_dposit_i(\j/e device simulation (MEDICI). As shown in Fig. 1(a), the active
girl(i)c%r?Té ()S'l\llg%qlzrt‘el;lg; stgtre,(verti)c':ailclﬁ(;?l I’(l)e)‘(|I (\%1)'. nde-oxide- - yegion is patterned with the conventional lithography and one
step etch for CVD oxide and the crystalline silicon (c-Si).
Next, oxide-nitride-oxide (ONO) layers are formed with A5
. INTRODUCTION thermal oxide, 508 LPCVD nitride, and 404 LPCVD oxide
E are facing a barrier in the shrinkage of floatingconsecutively. After deposition, RTA was done for LPCVD
gate-type Flash memories into the sub-ri-regime dielectric denS|f|cat|.c_>n at _100‘03 in N2 ambient. On top ofthls
because it is hard to reduce unit cell area, spacing betwedfAck: 2,000}& polysilicon is deposited and patterned with the
neighboring memory cells, overlap margins for active regioff@nventional lithography in the step of Fig. 1(b). The memory’s
and floating polysilicon, contact hole size, and source lin@a€ length is about 0.1am. In Fig. 1(c), the thick CVD
AdvancedNanD-type Flash memories were proposed [1], [2fX/de ¢~ 100 nm) over source/drain (S/D) region is etched by
to overcome some of the difficulties and noweinD Flash Using the polysilicon as a mask. After the oxide is removed,
memory structures such as S-SGT were also proposed [3{P junctions can be formed by S/D implantation on top and
In the other direction, an asymmetrically programmed Z_b\(prt!cal gctlvg region at the same time. Thereforg, a stable S/D
silicon-oxide-nitride-oxide-silicon (SONOS), namely, NROMYertical junction and connection between W-Si contact and
was evolved to increase memory density [4], [5]. S/D ve_rt|cal ]unc_tlon is made. In Flg. 1(d), Ilghtly dopgd drain
In this letter, we introduce two novel concepts in mul(LDD) implantation, spacer formatlon,. S/D |mplantat|(_)n, and
tilevel  vertical-channel silicon-oxide-nitride-oxide-siliconP@Cck-end metal processes are done with a standard Si process.
(MLVC-SONOS) for memory density increase. The first is F19: 1(9_) ShQWS t.he erss—;ect!ongl TEM mlcrogra}ph.along
reducing active pitch by using vertical silicon channel offt® word-line directiong-direction in Fig. 1(d)] on monitoring
silicon-on-insulator (SOI), so that unit cell size can be reducé’@ttems- Latergl dimensions are different from the a_ctl_JaI device
to 4F2 (2F x 2F in aNAND array structure). The second is &2€S- Tvyo vert|ca! channels were fprme_d on the c_-S| s_|de.edges.
multilevel operation originated from the steady states by twig9- 1(f) is @ TEM image along bit-line direction{direction in
carrier transports from both the substrate and the gate. Fig. 1(d)].
In terms of reliability, endurance and retention of MLVC-
SONOS for multilevel are measured. For reasonable endurance lll. RESULTS AND DISCUSSION

stress, combination theory is adopted in the selection of stresgjg. 2 shows the single-level characteristics. Program and

erase are done by a Fowler—Nordheim (FN) tunneling method
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this letter was arranged by Editor S. Kawamura. threshold voltage was decided by reading the gate voltage at the
Y.K.Lee, J. S.Sim, S.K. Sung, C.J.Lee, T.H.Kim,J. D. Lee,and B. G. Park . f1nA 0.5 V drain bi The drai .
are with the Inter-university Semiconductor Research Center, School of El ain current o nA at 0. rain bias. e rain Cum_ant 1S
trical Engineering, Seoul National University, Seoul 151-742, Korea (e-malbw because of the VC roughness and the high S/D resistance

yklee3@snu.ac.kr). due to no-silicidation and c-Si thinning during oxide overetch.

D. H.Leeand Y. W. Kim are with the TD PJT, System LSI Division, Samsunq.h hold | hifts i d 1.4V d
Electronics Industries Co. Ltd., Kyunggi-do 449-711, Korea. reshold voltage shifts in program and erase are 1. an
Digital Object Identifier 10.1109/LED.2002.805001 |1.6] Vat+8V/—8V bias and 3 ms each. For the erase voltage

0741-3106/02$17.00 © 2002 IEEE



LEE et al. MULTILEVEL VERTICAL-CHANNEL SONOS NONVOLATILE MEMORY ON SOI 665

// Wy |
2;/%/ p ?
|Oxide Box : 250 nm

(a)

LDD IIP.> Spacer > S/D IIP.

Gate 200nm

120
R2C011226 00124

Fig. 1. (a)—(d) Key fabrication process flow of the MLVC-SONOS memory cell and (e) TEM images along the word-line direction. Two vertical chaomels are
both c-Si's edges and top-channel suppression CVD oxide and (f) image along the bit-line directions.

or . . Fig. 3(a) shows the comparison of the positive programming
Vg 6/7/8V | and negative programming. Negative programming maintains
.o"""'"::: a steady state for a long time range. Generally speaking, there

_mH ':A A A> ] are always initial threshold voltage distributions and program

speed distributions. If the same threshold voltage is maintained
g -6/-7/-8V with time and the program time target is set in that range, the
program speed distribution can be excluded and good program
uniformity can be obtained. This characteristic is very useful

Vi (V)

08F . 1 for multilevel operation in high-density memories. Assuming
10M0° 107 10" that major carriers are the holes from the p-substrate and elec-
Write / Erase Time (sec) trons from then™ gate, we have calculated FN tunneling cur-

rent for electrons and direct tunneling current for holes. The
electric field is calculated from electrical ONO thickness. Cal-
8Ulation results are summarized in Fig. 3(b) to explain the
steady state and the threshold voltage increase as a function of
the erase bias voltage abdve| V. Voltage difference between
above| - 8| V, there is erase level saturation. This phenomengimulation and measured data comes from not considering the
is very useful in removing the over-erase problemsd®-type three-dimensional effect. In low-negative gate voltage, there is
Flash memory cells [6]. only hole current from the substrate. However, as the bias in-

In the conventional SONOS memory, top oxide is considreases, electron current starts to flow from the gate and the
ered only as a blocking oxide for carrier transport from the gatdope is higher, so that a cross point appears. This balance gen-
However, in the range of highly scaled ONO thickness with trerates a steady state. If the negative gate bias increases further,
high field, we cannot exclude the carrier transport from the gate;new steady state can be generated by the threshold voltage
and it used to be considered as a bad effect in erase mode. Hmwerease 4 < B < C), so that this change reduces the electric
ever, in terms of multilevel programming, this characteristic cdield for electrons from the gate and increases the electric field
be used to obtain stable multilevels. for holes from the substrate.

Fig. 2. Single-level operation characteristics with (a) positive bias progr
and (b) negative bias erase.
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Fig. 3. Multilevel operation characteristics for MLVC-SONOS memoryFig. 4. Retention characteristics with multilevel states before and after
(@) Comparison of the positive and negative programming. Negatiemdurance cycling. One endurance cycle is 10 ms and the total stress number is
programming has a long steady state. (b) Calculation summary for th@0. For four levels, one endurance cycle is made up of 12 occasions, so that
explanation of the multilevel steady states and threshold voltage increas€ras- 1)th stress is different from theth one and retention is measured until
negative gate bias increase. 7200 s.

Fig. 4 is the single cell’s retention characteristics at roof@nsports in negative programming reduces the unit cell
temperature for four levels before and after 100 endurance &jze by one-half or one-third, and so on. By the combination
cles. An endurance cycle is planned to make stress balanc@¢§asioned endurance stress and retention test, the reliability of
among the four levels. Considering the fact that the conveMLVC-SONOS has been shown.
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