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Role of Positive Trapped Charge in Stress-Induced
Leakage Current for Flash EEPROM Devices

Tahui Wang Senior Member, IEEENian-Kai Zous, and Chih-Chieh Yeh

Abstract—The transient behavior of hot hole (HH) stress-in- dence of SILC [9], thd/f noise of the tunneling current [10],
duced leakage current (SILC) in tunnel oxides is investigated. The and the energy-loss measurement [11]. On the other side, Ter-
dominant SILC mechanism is positive oxide charge-assisted tun- amotoet al. claimed that excess leakage current induced by FN

neling (PCAT). The transient effect of SILC is attributed to positive . . .. .
oxide charge detrapping and thus the reduction of PCAT current. stress is attributed to injected holes produced by high-energy

A correlation between SILC and stress-induced substrate current €lectrons [12]. Shutet al. found that hot hole (HH) injection
is observed. Our study shows that both SILC and stress-induced during source-side FN erase is the major cause for read-disturb

substrate current have power law time-dependence™" with the  degradation in Flash cells [13]. Matsukaetaal.further showed
power factor n about 0.7 and 1, respectively. Numerical analysis for that SILC caused by positive oxide charge can be reduced by

PCAT current incorporating a trapped charge caused Coulombic S . . L2
potential in the tunneling barrier is performed to evaluate the time- hot electron injection or ultraviolet irradiation [14]. The more

and field-dependence of SILC and the substrate current. Based on recent result of Meinertzhagest al. [15] has revealed that the
our model, the evolution of threshold voltage shift with read-dis- role of positive oxide charge in SILC changes with stress and
turb time in a Flash EEPROM cell is derived. Finally, the depen- measurement polarities.
dence of SILC on oxide thickness is explored. As OX|de_th|cI_<ness ' |n addition, Duminet al. found that FN SILC contains a dc
duces from 100 A to 53 A, the dominant SILC mechanism is found . .
to change from PCAT to neutral trap-assisted tunneling (TAT). component, as We!l as qtraHSIent component [16]. In th_'s work,
- the dc component is attributed to neutral TAT. The transient part
_Index Terms—Flash EEPROM, positive trapped charge, read- s yagjized due to oxide trap charging and discharging and can
disturb, stress-induced leakage current (SILC), substrate current, b . N .
transient behavior. e characterized hly/t time-dependence based on the tunneling
front model [16]. A threshold voltage shift of 1.0 V resulting
from the transient part of SILC in a Flash cell was reported by
. INTRODUCTION Kato et al.[17]. Although tremendous efforts have been made
IGH-FIELD stressing during program/erase (P/E) cyclé§ inyestigate _the SILC mechanisms and characteri_stics, _most pf
H in Flash EEPROM operation can lead to a significant irRrévious studies were conducted on a MOS capacitor with uni-
crease in low-level leakage current in tunnel oxide. Such stref&fm FN stress. In order to correlate with edge FN erase-induced
induced leakage current (SILC) has received a lot of attentiff§gradation in Flash EEPROM cells, the transient behavior of
because of its significance to endurance and data retention 6tthC Py band-to-band HH stress will be explored.
Flash memory cell. Several mechanisms have been proposed fdp this paper, various stacked gate Flash cells and conven-
SILC, including positive charge-assisted tunneling (PCAT) [11}1Onal gate NMOSFETs were used. To measure FN SILC and
[2], neutral trap-assisted tunneling (TAT) [3], and thermally-agiH SILC directly, nMOSFETSs with a long source/drain edge
sisted tunneling at weak spots of the Si/Si€irface due to a Were specially fabricated. The test delnces have a gate length of
barrier height lowering [4]. Despite extensive research on SILE:8 #M and a total gate area o0~ cm. The gate oxide
the role of positive trapped charge in SILC and related read-digickness ranges from 53 A to 100 A. In theoretical part, we
turb in a Flash cell is still not clear. DiMariet al. concluded develop a transient model to calculate the electron and hole
from their experimental result that positive oxide charge plajg2kage components in SILC. In our model, a Coulombic po-
no partin SILC conduction in oxides by Fowler—-Nordheim (,:Nﬁntlal.caused. by a positive trapped charge is included in the
stress [5]. Dumin [6] and Ricco [7] showed that neutral TAfUNneling barrier. Image force and surface quantization effects
is the original cause of SILC for oxide thickness from 40 &re taken into account. The Wentzel-Kramer—Brillouin (WKB)
to 130 A. The concept of inelastic TAT in SILC was proposeH‘ethOd is used to evaluate electrqn and h(_)le tu_nnellng rates.
by Takagiet al.[8] and is supported by the temperature-depef? Measurement, a charge separation technique is employed to
characterize individual electron and hole components in SILC.
The measured HH SILC will be analyzed with respect to time-,
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Fig. 1. Measured gate current transients in +FN stressed and HH stressed 107
NnMOSFETSs. The oxide field in measurement is about 6.5 MV/cm. The shaded A + FN stress
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error fit. The measurement condition is the same as in Fig. 1.

Fig. 2. Drain current versus gate bias in a nMOSFET before and after
band-to-band HH stress. After stress, GIDL current shifts to the left due igjve oxide charge detrapping [16]. Thu@g (FN) should not

positive oxide charge creation ai is unchanged. exceed the total trapped charge in the oxide. On the other side,
trap generation is almost saturated. The oxide trapped cha HH) > .Q‘”‘(HH) suggests that the HH .SILC f[r_an3|ent
suould contain another leakage component in addition to the

Qox in the two stressed devices is measured from a thresh . . . i
voltage method and a GIDL current method [18]. The reas%r'fpl?semem current resulting from oxide charge trapping/de
of using a GIDL method for the HH stressed device is that hF/)IFc))re%ver we plot the FN and HH SILCs orlag-log scale

threshold voltage in a NMOSFET is not sensitive to localized . . o

e - in Fig. 3. Both the SILCs follow a straight line, i.e., power law
positive trapped charge, as shown in Fig. 2. After HH stre%sme_de endence. However, a slight difference in the slope of
GIDL current shifts to the left due to positive oxide charge cre; P ) ' g P

ation and threshold voltage is nearly unchanged. In Fig. 1, t he transients is noticed. The FN SILC has a slope closelto

2 . ich is in agreement with previously published results [16].
HH SILC apparently exhibits a more pronounced transient éII{he HH SILg in Fig. 3 wasp measur}ég for three decadt[as Lf

Ifzfté:—?heag?r?sIflr;}\lmsellggn']l%ee ISShZ%OeL:jt ;Vrveoaoégﬁgig Efg;ltuﬁr%e. The measured slope significantly deviates from the theo-
g | retical value of-1 obtained from the tunneling front model [16].

and@, (HH) is an integral of the SILC transient in a measur This significant deviation provides another evidence that the HH

ment interval from 0.1 s to 300 s. The integral represents togll C transient cannot be explained simplv by oxide charge trap-
charge flowing to the gate carried by the transient component og' P Py by ¢ P

SILC. The measure@,x andQ, in the two devices are com- ping/detrapping.
pared in Table 1), and Q.. are normalized to stressed gate

areas. The HH st?ess region in the channel is assumed to be lil. HH SILC MECHANISM

0.2 pm [19]. It is interesting to note thad, is less than) To explain the observed differences between FN SILC and
in the +FN stressed device whi@, is about ten times larger HH SILC, a positive trapped charge-assisted tunneling model
than Q.. in the HH stressed device. If the transient compas proposed for the HH SILC, as illustrated in Fig. 4. Positive
nent is contributed completely by charge trapping/detrappingapped charges are created during HH stress. The HH SILC
Q,(FN/HH) should not exceed the total trapped charge in thimnsient in our model actually consists of two parts, namely,
oxide Qox(FN/HH)). The resuli),(FN) < Qox(FN) can be I, andl..: (see Fig. 4)I;, represents positive oxide charge de-
understood because the FN SILC transient is caused by neggpping current andl..; denotes positive oxide charge-assisted
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Fig. 4. lllustration of two major SILC transient components, namblyand
I..¢, at a positive measurement gate bias in an HH stressed n-MOSFET. Hig. 5. lllustration of a charge separation techniglie.represents positive
open circle represents holé81 andT2 are electron tunneling probability.  oxide detrapping current, flowing to the substrdte, flows to the source and
the drain..

electron tunneling current. Note that is a displacement cur-
rentandl... is a conduction current. F¢},(HH) > Q. (HH), — fresh

the HH SILC is dictated by...;. The transient behavior df..; 3 hot hole stress
arises from that the positive oxide charges helping electrons to
tunnel through the oxide are themselves tunneling out to the
Si substrate in measurement. An analytical model relating the
time-dependence df.,; to positive oxide charge tunnel detrap-
ping was derived in our previous publication [20]. The time-de-
pendence of..; is expressed as
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' Fig.6. Gate current and substrate current versus measurement gate bias before

1/2 . and after HH stress.

wherea;, = 47 (2my, E)'/?/h, Ny, represents an average oxide

charge volumetric concentratioh;in (1) denotes the Gamma

5
furjcti_on;me andro,} are electron and hole tunne_ling chara_lcter- 2 | ot hole siess N
istic times, respectively [21};®, andE; are effective tunneling a4}
barrier heights for electrons and holes, respectively; and other o A
variables have their usual definitions. Similarly, the expression g3 Eg=3MV/iem /" A
for I, is given as E| .
S2r
N, Z1F 4
I(t) = qgA=L ! ©) & (. =00A
Qap,
O 1 - L

where A is the area of the HH stress region. Detailed numer- 0 2 SILC%)AE); 1012

ical analysis for the time- and field-dependencd gf and 1},
including positive trapped charge enhanced tunneling will I®g. 7. Stress-induced substrate current versus SILC measured at different

discussed later. stress times and conditions. The oxide field in measurement is 3 MV/cm.
Sincel; is a hole current and.,; is an electron current, a
charge separation technique shown in Fig. 5 can be used to mon- IV. NUMERICAL SIMULATION OF HH SILC

itor I, at the substrate ankdy at the source and the drain, re- In our calculation, a Coulombic potential well caused by a

spectively. Fig. 6 shows the charge separation measurement re-... o ; ) )
sult for I, and, before and after HH stress. The pre-stréss positive trapped charge is included in the electron tunneling bar

is negligible untilV,, is above 8 V, where anode HH injection Jier (see Fig. 4). This Coulombic potential acts as a sequen-

appreciable [22]. After HH stress, remarkabj@nd!, (STLC) _t|aI tunneling center and can increase Ieakage currgnt at I_ocal-
are both observed in the low-field reqime. The strgss-'ndlli ed|zed spots. Although the actual problem is a three-dimensional

. ved| oWII gime. Indvlged, e, the purpose here is to understand the first-order behavior.
arises from the discharging of hole traps near the substrate E

n : .
. : . Thus, a one-dimensional treatment of the trapped charge effect
Fig. 7, we plotthe st_ress md_u_céych ersus HHSILC at_d|fferent is adopted as an approximation. The total potential enérgg
stress times and bias conditions. A linear correlation betweg . : . .
. . . . . . a function of distance is then given by
them is obtained. This correlation provides strong evidence tha

positive oxide charge plays an important role in HH SILC. Q(z) = Pg — Fy — Fox® — Pimage — Peout (4)
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and TABLE 1l
THE PARAMETERS USED IN SIMULATION . E, IS THE FIRST QUANTIZATION
P (z) = q l 1 + 1 (5) ENERGY IN THE CHANNEL. 7oy, IS HOLE TUNNELING CHARACTERISTIC TIME.
rmage T 16me \z tox+ X tox — T ®, IS THE SI/SiO, INTERFACE BARRIER HEIGHT. E; IS THE HOLE TRAP
q ENERGY. o IS THE CROSSSECTION OF THEPCAT CENTER m. AND m; ARE
Peoui(z) =——— (6) ELECTRON AND HOLE TUNNELING MASS, RESPECTIVELY, AND N}, IS
dme |x — wp) THE POSITIVE TRAPPED CHARGE DENSITY
where
. . . . . . _ —6 2
, Si/SiO, interfacial barrier height; E,=02eV | k=1.44x10"Amp/V
Ey first quantization level in the inversion layer [23];
Pimage POtential lowering due to tunnel electron image 7o, = 0.01ps o=10"cm?
force;
xh distance of the trapped positive charge from the D, =3.2eV m, =m, =0.5m,
Si/SiO, interface;
®..m Mmodification of the tunnel barrier by a positive B, =3.5eV | N,=50x10%cm>

trapped charge.
In Fig. 4, the electron tunneling probability from the conduc-

10710

tion band of the Si substrate to the site of the positive trapped 60NV
c_harge atch_ i_s denoted byl . The subsequ_ent electron transi- : Z S:OMV/EE
tion probability fromz;, to the SiGQ conduction band ig». By - ¢ 0 42MV/em
using the WKB approximatiori; andT5 can be evaluated as g0 — simulation
follows: <

) g

r=rn om &(x)\ 2 =
T1 = exp (—47{' / (T()> dx (7) 5 10
Jx=0

and 0.1 110 100

Time (sec)

h? band-to-band HH stress,, = 90 A. The oxide field is 6.0 MV/cm, 5.0

MV/cm, and 4.2 MV/cm. The symbols represent measurement data points and
. . . . the solid lines are from simulation. TH¢t dependence af, implies uniform
SinceT5 is larger tharll; in our measurement interval, we ne-¢)__ distribution in a tunnel detrapping distance.

glectT5 for simplification. Thus, the current flow through the

T=tox [ 2m ®(x) 1/2
Ty = exp —47r/ ( € ) dr | . (8) Fig. 8. Simulated and measurdgd and I, transients in an nMOSFET by

T=xp

modified potential barrier can be expressed as [23] N, volumetric positive oxide charge concentration;
) A area of the HH stress region.
J(@1) = kEGTi () (9)  The parameters used in our simulation are given in Table II.

The hole trap volume density\,) is extracted from the exper-

wherek = 1.44 x 10°° Amp/V? in (100) orientation [23]. imental data.
Since the trapped positive charge is tunneling out through aComparing (11) and (12), the, is expected to have a larger
trapezoid barrier, the tunneling time of the trapped hole to tfigld dependence thah,. The reason is that the electron effec-
valence band of the Si substrate is formulated according to g tunneling barrier is smaller and thus the electron tunneling
WKB approximation [21] probability 7y (z;,) exhibits a stronger field dependence than

hole tunneling probability, /7(z5). In addition, the supply
8 (2my,)/? Ef/2 — (B — qux:rh)3/2> function termF,,,.% of (9) that is contributed by the surface quan-

7(wh) = Ton exp ( 3qh Eox tization effect [23] is also a factor.

(10)
whereFE; is the hole trap energy. The transient behaviof .gf V. RESULTS AND DISCUSSION
and positive oxide charge detrapping current are then formy- Time- and Field-Dependence

lated as follows: .
The measured and calculated time-dependendg ahd /;,

tox —t at different oxide fields is shown in Fig. 8. The symbols repre-
Teat(t) :ANhU/O J(xn) exp <m> drn (11)  sentmeasurement data and the solid lines are from simulation. A
close look reveals that the HH SILC afgexhibit a slightly dif-
tor €XP (#f))

ferent slope, i.e., o<t~ andI, o< t~™ with n < 1. As shown
In(t) :qAN’L/O (zn) dzy, 12) i (2), the factorn is related gto electron and hole tunneling
masses and barriers. Ttie" dependence af;, was also noticed
where by other groupsi{ = 0.7) [15]. The field-dependence of the HH
T  positive oxide charge tunneling time; SILC andl, is plotted in Fig. 9. The SILC and stress-indudgd

o cross section of the PCAT center; are measured at= 0.2 s. Two distinguished features are noted.
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Fig.9. Field-dependence of electron tunneling currént f, substrate current Fig. 11.  SHE injection effect on HH SILG, = 100 A.
(1), and gate currentl{ = I... + I»). The symbols represent measurement
data att = 0.2 s and the lines are from simulation.

Fig. 10 as a reference. The Flash device is programmed by hot
electron injection aVys = 5V andV,, = 10V at the drain side
and erased by edge FN injectionlat = 6 VandV,, = -9V
at the source side. A linear relationship &V, versust in a
log-log scale is obtained with a slope of 0.3. It is not our in-
slope =0.25 tention to compar@ V; between measurement and calculation.
e — The calculated\V; is based on the measured SILC in a conven-
— J tional gate nMOSFET, which has a quite different stress con-
" dition from the P/E stress in a Flash cell. Thus, the calculated
dope=03 and measured\V; in Fig. 10 have a large difference in mag-
‘ nitude although they have similar time-dependence. The power
law-dependence akV; on read-disturb time was also found by

10" 10 100 10°  10° other groups [17] with a power factor of 0.28 figg, = 85 A at
Disturb Time (sec) Veg = 6 V.

—
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Fig. 10. Simulated threshold voltage shift versus read-disturb time from the .
SILC in Fig. 8.E., = 5 MV /cm. The measured threshold voltage shift versuB. Reduction of HH SILC

read-disturb time in a stacked gate Flash EEPROM aftet PU& cycles is . ..
shown in the inset. The applied control gate voltage in read-distuvb,is= HH SILC can be greatly reduced by anneallng th_e_ p0§|t|ve
6 V. oxide charges. Here, substrate hot electron (SHE) injection at

Ves = 2.5 VandVy,, = —7 Vis utilized to neutralize posi-
First, the measured hole detrapping currdp} is nearly inde- tive trapped charges created by HH stress. Since the substrate

pendent of an oxide field, which is consistent with the calculaté'aecuon current is relatively large (210" A/cnv), positive

result. As a contrast. the HH SILC exhibits small field deper?—x'de charge neutralization is achieved via either recombination

dence in the low-field range<( 3.5 MV//cm) and strong field or compensation by the injected electrons. The electron filling

dependence in the medium field range5s(MV ~ 6 MV /cm). efficiency is strongly dependent on an oxide field and is less de-

The reason is that the major component of the HH SILC is tﬁgndent on electron injection energy [25]. The filling (recombi-

hole detrapping currentr{) at low fields and is the electron nation) efficiency is better at a lower oxide field. For this reason,

tunneling currentf..;) at higher fields. Our model shows that? sr_n_aller gate bias was ch_osen in the SHE. filling. The e_ffect of
the larger field dependence @f., results from a smaller ef- positive charge neutralization on HH SILC is shown in Fig. 11.

fective tunneling barrier for electrons and the supply functio-ﬁhe HH SILC is greatly redgqed by the filling. Its steady-state
term Eo, 2. The L. component will become more significantlevel is below 1 pA_afterthe filling. After subsequent HH strt_e;s,
in multi-level cells (MLC) with regard to read-disturb since éhe H'__' SILC translen.t reappears. The HH sj[ress and_SHEflllmg
larger read gate bias is usually required in MLC. cycle is repeated in Fig. 1_1. Nq noticeable dlffert_ence is observed
In Fig. 10, the read-disturb characteristics due to the traﬁgtweenthe two cycles, implying that the SHE filling itself does
sient effect (’)f HH SILC are simulated. According to the tunot introduce additional stress effect. Fig. 12 shows the corre-

neling front model, threshold voltage shifl;, caused by oxide SF’O”d'r.‘g change id,. A reducp_on off,, by an order Of. mag-
charge trapping/detrapping should vary linearly with the |og§-'tUde is observed after the filling. From. this stqdy, it can be
rithm of time [24]. Instead, our simulation shows the read—digpncmded tha, can be used as an effective monitor for PCAT
turb causedAV; has power law time-dependence at an oxid8 SILC.

field of 5 MV/cm. The obtained power factor is approximately . )

0.25, which can be derived from the integrationfof,. The C: OXide Thickness Dependence

measurement result in a stacked gate Flash EEPROM devicén the above discussion, the role of PCAT in SILC has been
(tox = 90 A) after 10 PIE cycles are plotted in the inset ofsubstantiated fot,, = 100 A. On the other side, it is also well
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Fig. 13. Gate current versus gate bias in nMOSFETs before and after Oxide Thickness (A)
band-to-band HH strest,, = 53 A, 70 A, and 90 A.

Fig 15 Oxide thickness dependence of SILC and stress-indycedasured

E,« = 5 MV/cm. The dominant SILC mechanism changes from PCAT in
published that neutral TAT is the dominant SILC mechanism {ﬂ,ck OX|des to TAT in thinner oxides. 9

ultrathin oxides. It is interesting to investigate the transition be-
tween these two mechanisms. Stress-indugezhd I, in large
gate area NMOSFETs with, = 90 A, 70 A, and 53 A are
measured. Negative channel FN stress was performBg.at
—10 MV /cm. Fig. 13 shows pre-stress and post-stigsand
Fig. 14 shows the corresponding changdjnThe pre-stress
I, in Fig. 14 is negligible until anode hot hole (AHH) injection
for tox = 70 A and 90 A and valence electron tunneling fodommantSILC mechanism changes from PCAT.at= 100 A
tox = 53 A occur [22]. After stress, a remarkablg appears

to TAT attox = 53 A.
even at a small gate bias in thicker oxides while this stress-in-
ducedl;, vanishes at low fields in the 53 A oxide. The reduction
of I, in the thinner oxides can be explained as follows. Since
a constant voltage stress is applied, the stress gate voltage Bositive trapped charges created during edge FN erase play
smaller for thinner oxides. Thus, the injected electrons have less important role in SILC and related read-disturb in Flash
energy and the creation of trapped holes is reduced [26]. FurtEPROM cells. A power law dependence®¥; on read-dis-
characterization shows that the SILC in the 53 A oxide doasrb time, resulting from the transient effect of PCAT, is derived
not contain a transient component. According to the publishédm measurement and simulation. Stress-induced low-field
results in literature [8], [11], [27], the responsible mechanisify can be used as an effective monitor for PCAT effect in

of the SILC in thinner oxides should be TAT. The TAT current
strongly depends on the oxide thickness and increases as the
oxide thickness is reduced [27]. In Fig. 15, the oxide thickness
dependence of SILC anfj is shown. The measurement field is

at 5 MV/cm. Ast,, reduces to 53 A, the correlation between
stress-induced, and SILC does not exist. In other words, the

VI. CONCLUSION
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SILC. By using an appropriate hot electron injection techniquef20] T. Wang, N. K. Zous, J. L. Lai, and C. Huang, “Hot hole stress-induced

the PCAT current can be greatly reduced. In ultrathin oxides
(53 A), the correlation between SILC adg no longer exists.
We conclude that the dominant SILC mechanism changes from
PCAT in thicker oxides (100 A) to TAT in ultrathin oxides.
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