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program-inhibited cell is investigated for the first time in NAND 2l ® WL;“(?"'@@@@V"”S
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The other is proportional to 7 times 20 and occurs only when the Mg Pattern 1 ... 25 26 27 28
(N-1)th cell is programmed in a highV, level and the other cells 5
are in the erased state. A 3-D TCAD simulation reveals that the ABest case 0 Vo =6V T
former case is attributed to Fowler—Nordheim (FN) tunneling et ]
from the insufficiently boosting channel, and the latter is [ ]
explained by hot-electron injection (HCI) owing to the strong B
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. attern
AS NAND Flash memory devices have r.ecently.be_e.Fig.l.(a) Bias conditions for the monitorgtding and the neighboring strin
shrunk to the deca-nanometer scale, various reliabiliib) Various string patterns for program-inhibited test. Ex)perimente

issues, such as threshold-voltagl, ) distribution spread, comparispn of program disturb characteristics_based on the gattegns i _
. . L . . (b). The inset in Fig. 1(c) reveals that the NOP is evaluated when the cell’s tail

associated with electron-injection statistics (EIS), and progray, ", , 4quantile shifts to greater than 0V.

disturbance have become serious problems [1]-[5]. In

programing operation of NAND Flash memory, the cells on thgarrier lowering (DIBL) that is caused by the large potential
selected word-line (WL) are either programmed or prograngifference in the channel [8]. In the GSB method, the HCI
inhibited depending on the operating schemes. An increasegffect occurs at the cell that is adjacent to the select-gate (SG)
V, of the program-inhibited cell is referred to as a progragind is caused by gate-induced drain leakage (GIDL) [10].
disturbance. To prevent electron injection in program-inhibitedowever, a practical assessment of the impact of the
cells, the channel potential of the unselected bit-line (BL) §ependence of the HCI effect on the program-inhibited
boosted by either the local self-boosting (LSB) method @peration is still lacking. Most relevant studies focus on the
global self-boosting (GSB) method [6], [7]. The carriers camean V, of the program-inhibited cell, and provide no
reportedly be heated by the boosting channel potential and gf®rmation on its statistics.
then injeCted into the floating-gate (FG) In the LSB methOd, This paper elucidates the anoma|yyspread of program-
hot-carrier injection (HCI) is caused mainly by drain-induceghhibited cells in a NAND Flash memory array that is caused by
the HCI effect. This letter is organized as follows. Section I
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Fig. 2. Measured program disturb characteristics for worst patternn Z8J. Channel Direction [pm] Channel Direction [pum]

1. (a) Program disturbance of target cell (when WL27 state = E (sjuares wL27 WL28 wL27 WL28

when WL27 = P1 (triangles); when WL27 = P2 (circles)). (b) Meastued 101

i 1ex10s). —— Cell W27 state =P1(V,, =6V) [ _ —a— Cell W27 state = P1 (V,,, = 6 V)

as a function ofav.. o aaorl o ColW27state=P2 (v, =6V) | § | o Cell W27 state = P2 (V,,,, =6 V)

iz ok T CeltWTstate = P2 (V. =8 V) 1 o cellwzrstate= P2V, =8V)

cell string is composed 32 unit cells, a source select lir 3 ol : Sl i1 im

transistor and a drain select line transistdn the g e E S - A T

program-inhibited test, the channel potential of either th §° =Rl S S B S
; ; ; : : : o : 5 P H H

monitored string or neighboring strings is boosted by GSI Sl i fl}%

method, as shown in Fig. 1(affor the monitored string, 045 050 055 060 YT ———

specific patterns were obtained by selective progriagrof .  Channel Direction fpm] Channel Direction [um]

the cells, as presented in Fig. 1(b), in which “E” denotes tt79: 3. Simulated (a) seffeosting channel potential, (b) elect
i concentration, (c) electric field, and (d) hot-electron injection (HCI) cuafent

erased state of the cell and “P denotgs the.progrgmmed Steell WL27 in the P1 and P2 states.

(V, = 3 V). Furthermore, cells on the neighboring strings dre a

in E state.Then, the program-inhibited pulse was repeatedI~

i 1.2 0.6
applled to the cell connected to WL28 (CeII WL28) H%m - 2 m::z :zﬂaﬁ z; WL27 (P1) . meas :xngm WL27 (P2)
; — simu. (v, wi 0.5 | 0 Feas: Wows =21
(20V) andV,,, (6 V) are applied to control-gate (CG) and pas: = S S0V win e = A et IV
Vpass =6V E —— Simu. (Vyass = 8.0 V) with FN

cells, respectively. Since significant cell-to-cell differences-;o'8

\ pass

>
exist, a statistical method in which approximatzly 10* cells 5 °° @ 2 |£“°'3
were monitored in each pattern was utilized. Fig. 1(c) shows tt 04 " ey 0.2
string pattern dependence of program disturbahice. number 0.2 01f ¢
of allowable programming cycles (NOP) was evaluated whe 1 . . . I
the target cell'd;, at the+4o shifted to more than 0V, as ' vopmamun ¢ ' vopmamun ¢

shown in the inset of Fig. 1(c). The program disturbance of tfrig. 4. Measured (symbols) and simulated (lif88)of programinhibitec
pattern 28 is significantly worse than that of other patterns. cell with cell W27 in (a) P1 and (b) P2 state. Simulatiunge been perform
To clarity this result, thUt of all program-inhibited cells in inclu_ding FN'tunne.Iing or H.CI gffect. Dott@ines represent siradlegsult
WL28 was initially set to 0.5V and thelf, shifts were obtained by including contribution of HCI 7.
monitored. Then, th&, shift (AV;) spread regarding the “28”
pattern whose characteristics are greatly affected by the stat
cell WL27 (-3 V, 1.5V, and 3V, denoted states E, P1, and P
respectively) were monitored and presented in Fig. 2(a). TR
standard deviations oAV, ) of AV, spread under program-
inhibited stress was proportional to the square-root of its
average valueA,), as presented in Fig. 2(b). THespread is To investigate the origin of the EIS, a comprehensive 3-D
strictly related to the standard deviation of the number GICAD simulation that is based on the fabrication of 46-nm
injected electrong, as follows. NAND Flash devices is performed. The channel potential,
electric field, electron concentration, and HCI current of cell

remains constant as the celsvaries. Thes2 /7 ratio in all
es is approximately 10, except when cell WL27 is in the P2
ate and/,,, is 6V, when the ratio equals 20.

[1l. SIMULATION RESULTS ANDDISSCUSSINOS

_q 3 1) WL27 in the P1 are compared with those in the P2 state, as
oAV, ~C VO shown in Fig. 3. The figure reveals that thdevel of cell
PP WL27 significantly affects on the potential of target c&le

. . , boosting potential of cell WL28 increases with theof cell
whereq is the electronic charge aj, is the CG-10-FG \y| 57 pecause the potential barrier of cell WL27 suppresses
capacitanceThe value ofAV; is obtained with the classical glectrons to drift or diffuse to cell WL28. In the case of cell
formula of memory devicesV, = qii/C,p. Accordingly, the w127 in state P1 af,,,; = 6V, a locally strong electric field
relation betweea AV, andAV, is given by is therefore established by the potential difference between the

WL27 and WL28 space regioi.he channel electrons are
accelerated by the high electric field and the lucky electrons [11]
() arethus injected into the FG of cell WL28.
To verify the dependencé of cell WL27 on program
disturb characteristics, the measunl transients of the target
wherefi is the mean value of. Accordingly, thes? /7 ratio  cell are compared with the simulated values for the cell WL27

2168-6734 (c) 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See

http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JEDS.2016.2565820, IEEE
Journal of the Electron Devices Society

_ efore stress wherey is the gate coupling ratio. As a result, the FN-induced

A dbod it program disturbance becomes more serious. In the worst case,

0 as theVl, of cell WL27 increases, the potential difference
between the WL27 and WL28 increases. Consequently, the

enhanced electric field results in a largéf.

o ©
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Bit counts [#]

Channel Potential [V]
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L —=— Best case (pattern 1)
—e— Worst case (pattern 28)
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IV. STATISTICS CONCERNINGINJECTIONELECTRONS

O 0 e 0 This section focuses on the EIS and HCI spreachdrcase

anne irection |um . . .

Fig. 5. (a) Simulated boosting potential andipdlistribution of the worst at of FN-induced pr_ogram disturbanch, is the num_ber of

best case in Fig. 1(c). channel electrons in cell WL28 that can be injected into FG, as
shown in Fig. 6(a). In the case of HCI-induced program

disturbancel is the number of electrons that are accelerated

WLO WL26 WL27 ‘WL28
@ Vo B Vo N Vo by the strong lateral electric field, as shown in Fig. 6 (b). Since
o \_/u 7 Q_/ thes? /i ratio remains constant as time escape, the probability
== function of injection events(n, N) can be treated as mutually
T T Nk independent and their statistics follow a binominal distribution,
described by
WLO WL 26 WL27 WL28
®) o A M =
= N -
N A A b(n,N):(n]P(t)”[l—P(t)]N " (4)

\N\/‘%_/ whereP(t) is the probability of the injected electrons at time

Fig. 6. Schematics for the electron-injection events in prognaibited string ~ Therefore, the resulting and the corresponding? can be

of cell W27 in (a) P1 and (b) P2 states. expressed as
in P1 and P2 states, as presented in Fig. 4. The simulatiBrr N IZP(t) ®)
involves basic FN tunneling and the HCI effect that i%zzﬁ[l—P(t)] (6)

associated with the boosting channel. The simulations agreé

closely with experimental data and reveal the mechanisms that

dominate the program disturb characteristics. In the case of cEll take into account the statistical dispersiot/p{5) and (6)
W27 in P1 state [Fig. 4(a)], the program disturbance is mainb@an be written as (see calculation in Appendix)

dominated by the Fowler—Nordheim (FN) tunneling. In the case

of cell W27 in P2 state [Fig. 4(b)], the simulations without HCl, = [p(t) (7
component does not match the experimental data when _ L ,

Voass = 6 V. However, the HCI effect becomes negligible ag; = n+(02N - N)P(t) ®
theVj,.s level increases owing to the decrease in the potential

difference between the WL27 and WL28. Comparing thghereN ands} are the mean and varianceMfrespectively.

results in Fig. 2(b) and Fig. 4 reveals thatdfi¢n ratios of 10 By comparing the results of: obtained from measurements, it

and 20 correspond to FN- and HCl-induced programyeals thas? is significantly larger thaW. During program-

disturbance Note that the_experlmental results show that thghipited stress, the dispersion Mfis strictly related to the

Voass level should be kept in the range of 8 to 10 V to supprefi§ctuation of boosting potential owing to the variation of the

the V45 and HCl-induced disturbance. electrons flow from the source side cells to cell WL28. This
To elucidate the dependence of string pattern opribgram effect is obvious when many WLs are boosted together.

disturbance, the boosting potential of the worst and best caséitiditionally, in the case of HCI-induced program disturbance,

Fig. 1(c) are shown in Fig. 5(a). However, it is clearly seen the¢ll WL27 forms a barrier for electrons in the source side cells

the boosting potential in the best case is lower than that in tioedrift to cell WL28, which may widen the dispersioniof

worst case. This can be explained as follows: In the best caseThe above results suggest that there are two methods for

the program disturbance is mainly caused by FN tunneling. Teppressing the program disturbance. One is to increase the

V. distribution tail of the best case is more negative than thatigbosting potential and hence reduch(@), e.g., source/drain

the worst pattern because the EIS is smaller compared with fgction engineering [12]. The other is to decrebisat the

HCI spread, as depicted in Fig. 5(b). Furthermore, if therogram-inhibited cell, e.g., programming disturb-free scheme

selected cell is programed to haghigher than 3V (P3 state), (PDFS) [4].

the boosting potential transitioAl(.;) in the best case can be

estimated as [1] V. CONCLUSION
)8 A detailed investigation of th&, spread of program-
AV, = —7\/[\/t (P3)—\/t (pz)] (3) inhibited cell due to FN tunneling and HCI effect has been
32 presented. Both the previous leakage currents result into a

broadening of th&, spread, but the statistical dispersion of
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injected electrons was greater for the HCI-induced than for the
FN-induced program disturbance. Therefore, the HCI effe
that is caused by the NAND string pattern is a new issue that
needs to be managed in a program-inhibited operation.
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APPENDIX

Then [9]

n=3 nm(n)=>n> b(n,N)b(N)

can be express as

-0 n=0 N=0 [10]
:éb(N)%”b(”'N)zéb(N)mp(t) [11]
=NP(t)

where theb(n) andb(N) are the probability density function [12]
of n andN, respectively. The? can be calculated as

(n—ﬁ)zm(n):i(n—ﬁ)zéb(n,N)m(N)

3

DY

:éb(w)qi()(nZ-znn+nz)m(n,N)
= ib(N)[ﬁNP(t)(l—P(t))+ N2P(t)*

-2NNP (1) + NP (1)’ |

:n+(o§ —N)P(t)z-
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