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A New Technique for Hot Carrier Reliability
Evaluations of Flash Memory Cell After
Long-Term Program/Erase Cycles

Steve S. ChungSenior Member, IEEECherng-Ming Yih, Shui-Ming Cheng, and Mong-Song Liang

Abstract—in this paper, we provide a methodology to evaluate easy to implement. Recently, an improved gated-diode current
the hot-carrier-induced reliability of flash memory cells after measurement method was successfully developed which is
long-term program/erase cycles. First, the gated-diode measure- able to determine botiV;, and Q.. in N-MOSFET’s under

T ox

ment technique has been employed for determining the lateral . . o
distributions of interface state (V:;) and oxide trap charges Q.) Various stress bias conditions [11]. As a consequence, the study

under both channel-hot-electron (CHE) programming bias and Of these two oxide damages on the flash memory reliability
source-side erase-bias stress conditions. A gate current model washecomes feasible.

then developed by including both the effects ofVi; and Qox. In this paper, hot-carrier reliability of flash memories after
Degradation of flash memory cell after P/E cycles due to the ,qamming/erase cycles will be investigated. The improved

above oxide damage was studied by monitoring the gate current. . .
For the cells during programming the oxide damage near the gated-diode current measurement method for characterizing

drain will result in a programming time delay, and we found Vit and Q.x will be used. The effects of these damages on
that the interface state generation is the dominant mechanism. flash cell performance and reliabilities will then be identified.

Furthermore, for the cells after long-term eraseusing source-side |n Section Il, the memory cell and devices used in this study
FN erase, theoxide trap chargewill dominate the cell performance | he described. In Section I1l, the profiling technique and

such as read-disturb. In order to reduce the read-disturb, source . . .

bias should be kept as low as possible since the larger the appliedresu“S W'”_ be d‘?sc”bed- The gate current model will be

source erasing bias, the worse the device reliability becomes. ~ Presented in Section IV. The influence of the oxide damage on
device reliability, such as programming time delay and read
disturb, will be discussed in Section V. Finally, the conclusion

will be given in Section VI.

Index Terms—Flash memory, hot carrier reliability.

I. INTRODUCTION

QT-CARRIER religbility has been recognized as a major Il. DEVICE PREPARATION

issue for the design of flash memories [1], [2]. In a ]
certain type of flash memory cell, programming is performed A conventional stacked-gate n-channel flash memory cell
by the use of channel-hot-electron (CHE) injection near t#$ing 0.35+xm n-polysilicon gate technology was used in
drain junction, while erase is achieved by Fowler—Nordheiff}is Study with channel length of 0/4m and channel width
(FN) tunneling through the gate oxide region above the sourBEOj pm. The thickness of tunnel oxide and the effective

diffusion. Both will generate the so-called oxide damagdterpoly oxide are 7 and 20 nm, respectively. The device
which includes the interface statéVi;) and the oxide trap threshold voltage is adjusted through the ion implantation

charge (Qox). These oxide damages will cause serious rith doping concentration of 2E17 atomsfnMoreover, the
liability problems such as programming time delay [3], [4]MDPD source and gra|n structure is used by ion implantation
operation window closure, and gate/read disturb [5]-[7], et Phosphorons with dosage of 2.5E15/cand energy of 35

In terms of the oxide damage characterization, many effofgV. followed by spacer formation and As implant of dosa!ge
have been devoted to determining the spatial distributions Rf15/cnt and energy 60 KeV. The calculated gate coupling

these damages in MOSFET'’s [8]-[10]. But, most of thefftio is 0.6 for the flash cell. In addition, the dummy cell
are focused on the profiling of the localize¥;, near the (with the electrically connected control gate and floating gate)

drain region only [8]. Moreover, quite a few studies [9], [1ofor oxide damage characterization was also used. In order to
are able to simultaneously extradf; and Q... However maintain good accuracy for low gate current measurement

they are not suitable for scaled thin-oxide devices or are rfst Well @sNii, Qox, characterization, a dummy cell with
large width (width= 20 m) and the same channel length
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Fig. 1. The schematic diagram of the programming and erase operation

of a basic memory cell and the associated oxide damage during prograrg- 2- (&) Schematic diagram of an improved gated-diode current measure-
minglerase. ment technique. (b) The qualitative expression of the measured gated-diode

currents(Igp) for fresh (solid lines), hot-electron stressed (dashed lines),
and detrapped/neutralized (solid circles) conditions.

flash memory cell reliability after cycling, programming of the

flash cell (width= 0.7 xm) by CHE injection was performed Gate Voltage, V, (V)
atVps =5V andVgs = 10 V, while erase was accomplished 4 3 2 -1 0
by source FN erase &fs =5V and Vg = -7 V. 10" —— —
~ 8@,
[ll. OXIDE DAMAGE PROFILING TECHNIQUE 3:; 107 | 0 S

Fig. 1(a) and (b) shows the schematic diagram of the - wl (;)[F)ref'h ) (2) HE Stressed @
programming and erase operations of a basic memory cell 1077 [ Detrappe 2
and the associated oxide damage during programming/erase. —_ 10710 P V=3V _ o
To study the generated oxide damage effects on both source 3:: 107 Detrepping
and drain sides of a flash cell after P/E cycling, two different ERT @ @)
hot carrier stress conditions were performed. One is the hot- - E '/\/C / (b)
electron stress condition at the maximum gate cuff&t,ax) 10’120 o 05 : 0 : 15
during programming. The other one is the hot-hole stress Drain Voltage, V,, (V)

(off-state stress) condition during erase. Both will generate

the interface state and oxide trapped charge under these bias3. Measured device (a) gated-diode and (b) GIDL currents for fresh, af-

conditions. te;;I(S;,max stress (HE, Hot-electron stress), and after detrapping/neutralization
To study the P/E cycling-induced oxide damage effects Snp

flash memory performance and reliability, lateral distributions o

of these oxide damages will first be characterized by ahcrpr) s in Fig. 3 and developed a method to sepaiate

improved gated-diode current measurement technique tfiQM Vix by the following steps.

we developed recently in [11]. Its basic principle and the 1) Measurelgp of a fresh MOSFET (curve 1).

characterization results will be described as follows. 2) After hot-electron stress, we havgp (curve 2), which
Fig. 2 illustrates the new method using CHE stresk:at,.x includes bothV;; and Q. effects.

condition as an example. With a fixed small forward bias 3) Use a neutralization or detrapping step{&@= 3 V,

applied at the drain and by sweeping the gate voltages, the Ve = —4.5 V) to eliminate the effects of hot-electron-

gated-diode current$/p) are measured as a function of induced Q. (curve 3).

gate voltages for fresh and stressed devices. Here, the didere, the neutralization or detrapping technique is by applying
is biased at-0.2 V. The notationsp. and ¢;, represent the hot hole injection from the drain to the gate oxide, uil,
guasi-Fermi levels for electrons and holes, respectively, whialas neutralized and eliminated totally. Thep current will
coincide with the intrinsic levelE;. The regionAz at the shift to the left (curve 3) with a decreasing of negative oxide
surface betweerp. and ¢;, shows where electron and holetrapped charge. 1€). is totally eliminated, thelgp current
recombination occurs. Moreover, we used the measured gataéidference between fresh (curve 1) and detrapped (curve 3) one
diode current(I;p) and gate-induced-drain-leakage curreris completely contributed fromv;,. The difference between
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Fig. 5. Measured device (a) gated-diode and (b) GIDL currents for fresh,
after source-side FN erase-bias stress, and after detrapping/neutralization.

programming speed delay after P/E cycling. So far, no one
h q 2 and d q . has made clear what leads to the programming characteristics
the stressed (curve 2) and detrapped (Curvég3) currents is degradation. In this section, we will first investigate the

used to determine the values Qtx. In the measurement 8Scorrelation between CHE injection current (gate currdgf)

3bf[)ve, (.leL currgnts '? F'g'kB(b) aretused.as?n?ongtcar .Of ”l\%d its generated oxide damage. Furthermore, a numerical
stirag)p Iré%sr:)ergcc?n l:rr]i ; Ta?iois?lijr:veflmo elj i?] I[Tlr}atie Isn a{naﬁdel of the gate current considering the generated oxide
€p 3). . pe  NE SP damage will be developed and the programming characteristics
distribution of N;; and Q.. can be determined. Profiling of

. A of flash cell before and after P/E cycles can then be simulated.
Nir and Qo can be obtained as shown in Fig. 4. We see Fig. 7 shows the measurel}; after stress as a function

that bothV;, and Q. are generated for afq ax Stressed . T .
devices, where both are localized inside the gate-drain Over%fecharge—pumpmg C“rfe“t .var|at|on (or mterfa}ce A
e stress condition is biased at the maximum substrate

region. B
The oxide damage which is mainly caused by hot-hof&!"ent (IBﬂ“aX’ @VGS_ - _2_V and Vps = 5 V). For a
injection (source-side erase) has also been characterized. (ftﬁ%ventlonal S/D device, it ',S WeII—Known thah max stres;
Iep — Ve and Ic;pr — Vi curves for fresh, after hot-hole Will generateN;; only. According to Fig. 7 and th.e correlation
stress, and after detrapping/neutralization are shown in Fig.95{cr andNi;, Alcp = gAq fAN;;, the correlation between
Here, we use the detrapping step¥@= 3V, Ve = 3V, for gate current andv;, is drawn as an exponential relationship.
400 s) to detrap the positive,. The extracted distributions The factore=*»+2% is proposed and regarded as Coulomb
of Niy(z) andQx(z) are shown in Fig. 6, which implies thatScattering due to trapped interface-state charges as described in
the hot-hole-induced oxide trap charges are very significdd€]- In other words, the generated interface states filled with
and largely distributed in the channel close to the source-sidi€ electrons will serve as Coulomb scattering centers and then
during the source-erase operation. suppress the hot-electron injection capability. In addition, the
generated? . trapped in the oxide aftefg max Stress will
also inhibit the hot-electron injection probability. Here, the
influence of generate@,,. can be regarded as the changes of
The CHE-injection-generated oxide damage, includiig the effective potential barrier height of hot-electron injection
and Q.x, has been considered as the dominant factor for the the Si/SiQ interface. Therefore, the gate current model

IV. NUMERICAL MODEL OF GATE CURRENT DEGRADATION
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Fig[. 9. Simulated gate current variation by consider¥ig and/or@Q.x and

Fig. 8. Measured and simulated gate current characteris;ics for de\./iceﬁhew comparison with the measurement data. Note fiat dominates the
fresh, after hot electron stress, and after detrapped/neutralized condmons.degradation of gate current ’ "

which considers the effects of generat®g and Q. can be

formulated as follows [13]: V. RESULTS AND DISCUSSION

P anvs(wn) f(wn) exp(=ani (@) duwn (1) The simulation of flash cell transient characteristics is de-

scribed in the flowchart of Fig. 10. The spatial distributions of

wheregq, n, and®, are the electronic charge, electron conceny,, and/orQ., are incorporated into the drift-diffusion (DD)
tration, and potential barrier height for electrons to overcomgmulator, energy balance equation, and the gate current model
the barrier, respectivelyw,, is the electron energy calculatedequations. The whole programming operation, beginning at
by energy balance equations,(w,) and f(wy) represent t,, is divided into time steps with variable duratiak;. At

the electron velocity in the direction normal to the Si/$iOa given stepi, the drift-diffusion model (DD simulator) and
interface and the electron energy distribution (EED) functiognergy balance equation are solved with char@@scq)._1

[14], respectively.a,;; is a fitting parameter for the gateon the floating gate to calculate the carrier concentration
current simulation by considering thé; effect. The potential electric field (£), and electron energyw,,), respectively.
barrier height®,, considering th&).,. effect, can be suggestedrrom the calculatedh, E, and w,, I can be simulated.

oo A. Transient Characteristic Simulation
Jo = /

as follows: Here, we assumed thdt: is constant inAt, so thatlcAt;
0 represents the chargeg Q¢ ); injected into the floating gate
By(z) =3.2—259x 107*EX2 —4x 1077 B3 + M during At;. The values of @ r¢); and threshold voltage shift

ox @ (AViy,); are then calculated and the procedure is iterated until

The quantity 3.2 V is the Si/SiQinterface barrier height. The . [ast time Step‘ In. the.flowchatﬂmo .and.eono rt_'-zpresent
second and third terms in (2) represent the barrier Ioweriﬁ@e mte_rpoly dielectric thickness and its dielectric constant,
effect due to the image field and the finite probability of turl? spectively.

neling between the silicon and the silicon dioxide, respectivel
The last term is the effect af.x on the barrier height.

Fig. 8 shows the measured and simulated gate currenfThe programmed threshold voltag®ry) degradation (or
characteristics for devices at fresh, after hot-electron strepspgramming speed delay) of flash memories is one of the
and after detrapping conditions, respectively. The differenogajor reliability issues caused by CHE-injection programming
between the HE stressed (solid triangles) and the detrapmgeration. The degradation, obviously, is mainly due to the
(solid rectangles) conditions is due to the, effect. On the reduction of CHE injection probability into the floating gate.
other hand, the difference between the fresh (solid circlegsjom the results shown in Fig. 8, we see that the oxide
and the detrapped (solid rectangles) curves is due to temage, especiallyV;,, is mainly responsible for thdq
N, effect. Obviously, thel; degradation due taV;, is degradation. Hence, the floating charfge,,) as well as the
much larger than that due t@... As shown in Fig. 8, the threshold voltage will vary as a result of the generated interface
degradation ofl; has been successfully simulated by usingtates. From the calculated programming characteristics of
the model described in (1) and (2). The parametgs, with flash cells before and after P/E cycles, time delay can then
value of 1.16x 10~!2 cm~2 is used. be determined.

Fig. 9 shows the simulated gate currents for different stressFig. 11 shows the measured and simulated programming
time by consideringV;; and/or@.,,. and their comparison with characteristics of flash memory among fresh, aftet PCE
the measurement data. It was found that the degradationcgtles, and after oxide charge detrapping/neutralization. The
gate currents due t@., will saturate after a long stress time.deviceVry is defined as the gate voltage required to achieve
Furthermore, it is obvious that the degradationgfis mainly drain current of 1uA at Vps = 0.1 V. In this figure, we
due to the generated;,. see that the degradation of programming characteristics due to

g.. Programming Characteristics
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Fig. 12. The simulated programming time of flash memory device by
consideringN;; and@.x and their comparison with the measurement data.

tunneling process could take place either through the gate
oxide over the entire channel or through a small portion of
the gate oxide above the source. For the former case (called
the channel erase operation), it is accomplished by applying
a negative voltage to the control gate with respect to the
bstrate so that the FN current flows through the gate oxide
more or less uniformly over the entire channel. For the latter
(called the source-side erase operation), a positive bias is

E no flash memory array. Depending on the bias configuration, the

yes

Fig. 10. Schematic flowchart of the procedure used for simulation of fla:
memory cell transient characteristics.

28 applied to the source junction with respect to the substrate
>E 7L Zf;hms oy [shown in Fig. 1(b)], which confines the FN current to a small
< & [~ After Detrapping region near the transistor junction region. The advantage of
.“E c | 0oASimulation R the source-side erase scheme is that the main channel is not
2 Prograpmed v, damaged during erase, and thigg degradation can thus be
o 4 ; minimized. However, it has been demonstrated that hole in-
537 e jection is difficult to avoid during source-side erase operation.
z 2t The resulting hole injection will give rise to the creation of
R oxide charges/traps in the oxide and is a strong function of
3 0a & source erasing voltage. Therefore, for the consideration of
E 10° 10" 10° 10° erase performance and reliability, the applied source voltage
Programming Time (sec) during erase should be optimized more carefully [15], [16].

. - _— 5 In order to evaluate the source bias effects on hot carrier re-
Fig. 11. Program characteristics for initial, after>1@ycled, and after liabili f flash lls. the hot-hole-iniecti ind d
detrapped/neutralized flash memory cells. 1ability of flash memory cells, the hot-hole-injection-induce

Qox(x) for dummy cells are shown in Fig. 13 with three differ-
) ) ent source erase schemes. The source-to-gate voltages are kept
Nip is much larger than that due @.. It can be explained ¢qnstant (9 V) for constant oxide field and the source voltages
that the degradation of gate current is dominated by thes yaried from 3-7 V. It can be seen that the oxide charges are
Nix shown in Fig. 8. Fig. 12 further shows the programming ot distributed in the channel region with a wide range. The
time as a function of P/E cycles, in th'Ch the programmingesy density of oxide charges increases and is shifted toward
time is defined as the time forry = 5 V. The individual o channel for large source erasing bias. Therefore, the higher

contributions of simulated programming time by consideringe anhjied source bias during erase, the worse the hot carrier

the individual effect of V;; and Q.. are also shown. It is reliability of flash memory devices becomes.

Foted tEat tT]EN“ effect ?n t?f prog(rjasjrsm!nghtlmde d(_elay 'S"In source-side erased flash memories, hot-hole-injection-
argehrt an tf EQOF]‘ ones. In ot \er wor dnl |stfeﬂ orr]mnant induced read disturb failure is another important reliability
mechanism for the programming time delay of flash memoryg,q [6], [7]- Basically, read disturb occurs in an erased cell, in

devices using CHE-injection programming scheme. which its Vg increases unintentionally during read operation.
] o Fig. 14 shows the read disturb failure and the characterized
C. Erasing Characteristics Qox(z) for a dummy cell after different read disturb times.
In a certain type of flash memory cell, the erase operatibtot-hole stress is performed &; = -4 V and Vs = 5
is intended to remove electrons from the floating gate astifor 5000 s and then read is achievedl& = 3 V and
to bring the device back to its low threshold voltage staté¢, = 1 V (i.e.,, Veg = 5V, Vp = 1 V for flash memory
FN tunneling is the most typical way used to erase ttaevice). For a flash memory device after P/E cycles, hot-hole-
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6 ; In this work, the individual effect ofV;; and Q.. on the

before

flash cell programming characteristics has been clearly iden-
tified. Results tell us that Yamada’s paper is correct. Peng’s
result is wrong. Also, we proposed a complete methodology
to verify flash cell delay after cycling that is more practical
and has never been reported before.

For the study of hot-hole-injection-induced reliability in
flash memories, in the past, Sat al. [16] pointed out
indirectly that the oxide charge was the main cause to degrade

‘ flash performance by the use of GIDL current measurement in
5 0 0.15 a dummy cell (MOSFET). However, the correlation between
Position (um) Q.x and the reliability (such as read disturb) cannot be
Fig. 14. Oxide charge distributions for flash memory devices with differe@btained in [16]. In this study, we quantitatively determine
read-disturb time. Qox(x) before and after read disturb. Also, the effect of
QQox(x) on read disturb characteristics can be simulated and

injection-induced oxide charges and oxide traps in the oxi@@alyzed quantitatively. Our results verify that the read disturb

during erase under a small positive gate voltage will result fgiluré in source-erased flash memories is mainly due to the
1) hole emission from the oxide to the substrate (Mechanigifctron-trapping/hole-detrapping-induced;.

| in Fig. 15) and 2) electron trapping from the substrate to the MOreover, we should point out that San in [16] suggested
generated oxide traps (Mechanism I1) [7]. Both will give risé1at source voltage of 2 V during erase has the minimum
to the oxide charge fluctuation and then increaseégliFrom damage in the fixed’j, condition. However, Huang in [17]
Fig. 14, it can be seen clearly that the effective positixg observed that the hot-hole injection current is dependent on the

decreases gradually with the increase of read disturb times. T3¢ structure (for hole current of 100 p¥s = 1.4 V in
decrease of). in the channel will result in an increase of?" dose of 4E15 and 4 V in 2E15). Therefore, the optimized

device Vg Fig. 15 shows the read disturb characteristics &faSe source bias is strongly dependent on the source injection

flash memory devices after 1®/E cycles. Source bias effectStructure.
on read disturb failure is also shown for three different source
erase schemes given in Fig. 13. We see that the device thresh- VII. CONCLUSION
old voltage increases with the read times. In addition, the read o N
In summary, the hot-carrier-induced reliabilities on flash

disturb failure becomes worse for a larger source erasing bias. = ~" X s
memories after P/E cycles have been studied by an improved

gated-diode current measurement technique. This technique
is able to simultaneously determine the lateral distributions
of both interface states and oxide trap charges near both the
In the study of CHEI gate current degradation and the flasburce and drain sides for flash memory cells after cycling.
cell programming delay, two different results were reportedwo major memory cell characteristics such as programming
One is proposed by Perg al. [4], who claimed that the oxide time delay and read-disturb as a result of these oxide damage
charge creation is the major cause of the flash cell degradatiasere then studied.
However, it cannot explain the gate current degradation due toThe interface state and oxide trapped charge distributions
N;, as given in Fig. 8. The other one is proposed by Yamadere first calculated for memory cells afté: ... and off-
[3], who observed thadv;; located in the drain overlap regionstate stresses, respectively. A gate current model was then
dominates the programming delay. developed by including both the distributions 8f, and Q.x,

12

Oxide Charge Density (10 g/cm )

N

no

(@]
o
of
[=]
a

VI. DISCUSSION
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which is able to study their individual effect on the cel'
characteristics after cycling. Degradation of flash memory ct
after P/E cycles due to the oxide damage has been identifi
It was found that the interface state will dominate the devic
degradation during programming, while the oxide trap chart
will dominate the cell performance during source-side F
erase operation. Moreover, to reduce the effect of sou
erasing bias on the cell read-disturb characteristics, source
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