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An Analytical Model for Optimization of
Programming Efficiency and Uniformity
of Split Gate Source-Side Injection
Superflash Memory

Huinan GuanMember, IEEEDana LeeMember, IEEEand G. P. Li

Abstract—An analytical model for evaluating the programming Control Gate
efficiency and uniformity of SST SuperFlash cells is developed for
the first time. Starting with two-dimensional electric field anal-
ysis, this model calculates the effective hot electron injection-in- Floating Gate Select Gate
duced gate current during programming. Based on full transient

simulation of the calculated gate current, the time to program is
then developed and used as a figure of merit to evaluate SST cells -

. . . . Drain Source
programming. The time-to-program model predicts the nonlinear I m
transforma_tlon from control-floating gate c_oupl!ng_ ratios to the Virtual drain Pinch-off
programming speed and that the programming distribution broad-
ening correlates with coupling ratios. The model also suggests that

higher bias voltage of(V;— V. ) and a lower coupling ratio should @
result in better programming efficiency and uniformity.

Index Terms—EEPROM, hot carriers, programming speed, time

. . . 1 Gat
to program model, two-dimensional (2-D) analysis. Control Gate

Virtual Gate

I. INTRODUCTION Floating Gate

LASH memory is becoming commonly used as memory 45 o8

storage in replacement of EPROM?PROM, and mag- Source il \ Drain
netic memory storage devices, because it is nonvolatile and re- E”)(X‘: B STEG)
programmable. Many electronic devices on the market today y i
have already incorporated flash memory. Phone answering ma- xl_> Ew
chines with flash memory as the message storage media are
very popular now. Telecommunication products such as cellular Source Section —>«— Drain Segf.i..‘,,’{"_.

phones and fax machines can use flash memory to store numbers

during battery replacement. PC manufactures are planning to in- (b)
stall operating systems, such as DOS and Windows, in the em-

bedded flash memory on mOtherboar.dS- Portable PCs l_Jse ﬂa@hl Cross-sectional views of two source-side injection flash cells under
memory cards as bulk data storage instead of magnetic digksgramming condition. (a). Triple-gate configuration. The channel under the

because flash memory cards are lighter, more tolerant to Shd{g@,ting gate is in the linear region, which serves as a virtual drain for the select

L gate. (b) Dual-gate configuration (SST cell). The channel under the floating gate
and smaller 'n Size. ] ] _is fully depleted. The schematic of a two-dimensional analysis is also illustrated
Among various designs of flash memory, split gate cells with this figure.

source-side injection outperform stacked gate cells with higher

programming efficiency and overerase immunity [1]—[4]t

While the programming operation in a stacked-gate cell is Weﬂple-gate flash memory cells resembles the stack gate model

analyzed [5], that of the split gate cell has not yet been invevéllth a virtal drain assumption [1]. As shown in Fig. 1(),

tinated sufficientlv. The existing model for proaramming solie” inversion layer is formed under the floating gate channel
9 Y- 9 prog 9 SPiind acts like a virtual drain, when the triple-gate cell is being

programmed at floating gate voltages higher than the drain.
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capacitive coupling as shown in Fig. 1(b) for the SuperRlash TABLE |

SST cell. Due to the fact that other electrodes providing coupling Bias CONDITION FOR THEOPERATION OF THESST (ELL
voltage to the floating gate are at much lower bias than the drair Bias Condition |Drain Source Control Gate |Substrate
the floating gate voltage in SST cells is lower than drain voltage program Y SpA 17V Ground
Consequently, an SST cell's floating gate channel is in theéggse Ground Ground v Ground
saturation condition during programming. Therefore, the virtualgg,g Ground v 17V Ground

drain assumption is not valid for the dual-gate flash cell. It is

clear by now that an alternative hot electronic injection model

for SuperFlash SST cell programming is needed to determitvéeen the floating gate and the control gate is about 25%. The de-

the cell programming efficiency. tails of the SST technology and operation can be found in [6].
Furthermore, as the flash memory cell further scales down in

dimension and the memory density continues to increase, the lll. FLOATING GATE CURRENT MODEL DEVELOPMENT

power supply voltage and process variation may pose new con- AND VERIFICATION

straints on the cell programming conditions. In order to reli- The floating gate current is the most direct measure of hot

fllqbly sc:etﬁn ':he hig:h-den_;ilty ﬂaﬁh mem(?[ry Clhi'sﬁ andto Prograly ey injection and cell programming efficiency for the SST
em at the lowest possible voltage, not only the programmi), 1 order to model the gate current accurately, both lateral

efficiency dependence on process variation an(_j programmi vertical electric field distribution along the channel should

ratio between control and floating gates is often expected d [8]
to process variation in SST flash memory products, an analyt=" "
ical model to predict the programming efficiency and uniformityy,  Ejectric Field Modeling

is desirable for the success of future generation of low-voltage L oo
high-density SuperFlash memory chips. Fig. 1(b) shows a schematic diagram for electric field cal-

In this paper, an analytical model for evaluating the prograrfUlation. The flash memory cell channel is divided into source
ming efficiency and uniformity of SST SuperFlash cells will b@"d drain sections for electric field modeling. A virtual gate
developed. Two-dimensional (2-D) analysis and lucky electrG@nnecting the cpntrol gate and _the floating gate with I|_nearly
models are used to develop the electric field distribution, gdffréased potential from A to B is assumed when solving the
current, and substrate current models as SST cells being d?gjsson equation. To facilitate the modeling, the oxide thickness

grammed. The time to program, which is derived from a fulf taken as a constant of 18 nm across the channel. As results
transient simulation of the gate current, provides a direct m-Piasing conditions used in programming, the entire channel
sure relating the programming speed of SST cells to bias Conupder.tht.eﬂoatmg gateis actuallydeplgted, resultlng'mtwo lateral
tions and device parameters. The programming uniformity dglectric field peaks located on each side of the floating gate. The

to process variations is also predicted and optimized based gfmation of two electric field peaks can be understood by noting
the time-to-program model. the pinch-off condition atthe control gate and at the floating gate.

The continuous electric field distribution in between these two
peaks andits strength higherthan velocity saturation field suggest
that mobile charge (electrons) should not accumulate in this re-
A cross-sectional view of SuperFlash SST cell along ttgion, resultingin a depletion of electrons in the entire region from
channelis shownin Fig. 1(b), consisting of a control and floatinye control gate pinch-off point to the drain junction. Thus, the
gate channels. In order to achieve a higher coupling ratio 85T dual-gate cell can be simplified as one NMOS with a source
the floating gate for improving programming efficiency, theection and a drain section. According to the gate potential, the
drain diffusion is doped deeper than that of the source. Duridgain section is divided into three parts:1) = V,,; 2) gate
programming, both channels are operating under saturation ceoltage increases linearly froi., to Vi,; and 3)V, = V4.
ditions. The use of a source-side injection produces the verticaBy applying Gauss’s law to a rectangular box of height,,
electric field in favor of electron injection, which resultsina higland lengthAy in the channel depletion region, the electric
programming efficiency for SST cells. Poly control gate to polfield distribution along the channel can be solved. The detailed
floating gate tunneling via a field-enhancing tunneling injectaferivation and results will be published elsewhere [9]. The

is used for cell erasing [6]. The typical operating conditiongeak value of lateral electric field in the gap region can be
of the SST cell are listed in Table I. As a result of independegpproximated by

control of the control and floating gate, there is no overerase

Il. SST SUPERFLASHTECHNOLOGY

or overprogramming problem. This simplifies the peripheral 1 o,
circuitry design, resulting in a high array efficiency [7]. En mkg |1 - = L_<Vfg —Veg)
The floating and control gate lengths are both equal to Q25 \/1 + AL, + (AL,)? 9
in this study. The control gate oxide and the interpoly oxide in 1
the sidewall are grown at the same time, having a thickness of 11 =1 —
nm. The floati ide thi i i i 14+ ALy + 3(ALy)?
. ing gate oxide thicknessis 8 nm. While the coupling 9T 3 9
ratio between the floating gate and source is around 70%, that be-
A= C10)(77Jsp (1)
1SuperFlash is a registered trademark of Silicon Storage Technology, Inc. Xdepgs
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Fig. 3. Analytical model result compared with the experimental data for the

) ) o floating gate currenf, as a function of the floating gate voltage.
Fig. 2. The lateral and vertical electric field along the channel surface under

programming conditions’s, = 7V, V, = 9V, andV,, = 1.6.
By assumingn = E,,(2/E.,—1/E 4) as aconstant, wherg,

) ) , is the lateral field at pointl, the best fitting forn is equal to 0.89
whereXqe;, is the depletion depth at the control gate pinch-of e the electric field range of interegt( E,,) can be treated
point, L, is the gap region width, is the permittivity of Si, 5 3 constant in the region of interest. The potential bagier
andny, is a fitting parameter as discussed in [10]. Equation (Jrg found to be [12]¢, = 3 — Bv/Fax — JE2/3 where is
suggests that, for SST cells, the maximum lateral electric fi Kok — 4 (V- Cm)l/.gbﬁ is determingé by theo};:o’mparison with

L, s independent of drain voltage and is approximately progq experiment data. The gate current is measured on a modified
) . . . N . Qfesign of the SST cell with an additional accessible contact to
t.ent|alifor.a given gap region width. This is in contrast W'th thﬁwe floating gate. Fig. 3 plots the measured gate current as a
f'eldkd'Sttr'EUt'zn Qf the dtyplcdal_ tNMcl)S’ Wherbe the Iater_al f'telgfénction of the floating gate voltage together with the calculated
peaks at the drain end, and 1tS value can be approximated gy, s for comparison. Good fit is obtained over four decades

(‘f/fd _t‘t/ﬁsat)l/ ! [tll ]%_Hltc)iv(\;_evte_rt,)u:_real .Ce”S’ the_t_dram vollt_agetwt|rl]lof gate current. As the floating gate potential rises, the floating
afrectthe electric ield distribution via capacitive couping to tg e channel starts operating into linear mode, invalidating the

floating gate. It is noted that the gap region width is a critic ssumption for calculating the electric field in the drain section.

dev!ce paramgter that determm@,g: A nNArrowergap region|s »g 5 result, the gate current model deviates from the experiment
desirable for highet,,, that results in a higher gate current angiata. It is noted that the drain voltage does not play a major

more E’Tﬁ'c'.ent cel programming. Ho_wever, th? 9ap region oggq i, changing gate current, due to the lateral electric field not
timization is constrained by dielectric control issues '”C|Ud'n9eing strongly dependent on it as illustrated in part A

tunneling control and capacitive coupling optimization. In this modeling,J is chosen to be.0E — 4 V/2cm?/3,

Fig. 2 plots results of lateral and vertical electric field, . 1, is higher than the result @f2 — 5 V'/2cm?/3 in [13]
modeling compared with the 2-D simulation (using Avant! 2/3 : : '
TSUPREM and MEDICI). Even with the approximation madThe term of Y Eo:” represents the barrier lowering due to the

nneling effect. Higherd suggests poorer quality of gate
above, the analytical model predicts the peak lateral fie ng '9 199 P quanty g

i th . q K ical ficldl il ide. For SST cells, hot carrier injection concentrates at the
(Em) in the gap region and peak vertical fielfox max) fairly channel region under the left edge of the floating gate. Part

close to simulation results. The second lateral field peak gl oxide at the injection region is formed by oxidation of
the drain end |s_due to the s_aturatlon condltlon_ in _the _floatlr]_ggmy doped floating gate polysilicon, possibly resulting in
gate channel. Since the vertical field at the drain side is not iiiqe with a higher probability for tunneling. In addition, the
favor of electron injection to the floating gate, the hot carrigfqerestimated oxide thickness around the gap region could
population in the drain does not contribute significantly to thge another reason that magnifies the tunneling coefficient. It
gate current. is noted that the method using normaliz&g I..;, over E,y

to derived [1], [13] cannot be easily realized for SST cells,
B. Gate Current and Substrate Current Modeling becauser,, cannot be measured directly from the drain side

The electric fields derived above are used to model the g&@s. In (2), the electron mean free patiover the variation of
and substrate current. Based on the Lucky-Electron Mod1ergy is assumed to be a constant of 3 nm, which is shorter
(LEM), the gate current can be derived by integration of hé#an the commonly used ones of 5-9.2 nm [11], [13], [14]. The
electron injection probability over the channel as follows, arié¢ge of low value could be justified by the following.
the details will be published in [9]: 1) The electron mean free path actually decreases with the
increasing carriers energy according to Monte Carlo sim-

T 22 & ulation of more accurate channel hot carrier phenomena
I, = d ’”E T OXP (—ﬁm) - P(Eox). [14]-[16]. 3 nm used here forcould be the average value
40 A} [1 + d,,,(zm_m)] m of the mean free path over the carriers’ energy range of in-

(2) terest.
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IV. M ODELING THE TIME TO PROGRAM

For the SST cells, the accessible floating gate contact is not
available for measurement. On the other hand, the substrate cur-
rent is not a good indicator of SST cell programming perfor-

{4 mance, because it contains the additional drain side impact-ion-
i ization current, not directly related to programming gate current.
Thus, an alternative measure of programming, the time to pro-
gram, is used in this work as the figure of merit to evaluate pro-
gramming speed of SST cells. The time to program is defined as
the time needed to program a cell such that the read current after
programming is at a certain level (e.g., 5%) compared with the
preprogramming read current. This measurable quantity can be
derived by integrating gate current over time with the previous

Fig. 4. Validation of the analytical model for the substrate current as developed gate C_urrent model. ) ) o
function of the floating gate voltage by experimental data. The solid lines TO solve the time to program, the integration equation is

Substrate current Isub (A)

Floating gate voltage Vfg (V)

represent theoretical result, and the dots are experimental data. written as
. . . . dVig(t) 1
2) SST cells drain currentis basically a surface current. With T C—Ifg(t) 4)
the extra scattering at the Si—Si@terface, the electron ’ fg

mean free path at the surface is expected to be smallgierecy, is the total capacitance between the floating gate and

than that in the bulk mean free path [17]. _ other electrode nodeE, (t) is the function of bias and coupling
3) The assumption of the Maxwellian distribution functionatig o,

used in the LEM modeling is not accurate for a realistic

device especially as the device scaling down. With an in- Vig(t) =aVeg + (1 — o) Vg + Vo (2) (5a)
creasing electric field gradient, the nonlocal effects be- Cte Cfte

2 = - . a= ~ (5b)
come significant to lower the efficiency of hot carriers Cie+Cra+Cse ~ Cie+Cia

generation [15], thus a shorterchosen here. ) ) ) o
While a single) value used in (2) is over simplified for calcu-Wherevq is the floating gate potential due to the existing charge
lating the gate current, it reflects the overall contribution froindC’ e, Cra, andCy; are the capacitance between the floating
different carriers energy, carriers’ location, and local electrd control gate, the floating gate and the drain, and the floating
field and provides a good engineering insight for assessing @Rte and the substrate, respectively. Substituting (2) into (4), the

device design in flash memory cells. time to program can be solved with a triangular approximation
Supst(ate current is also a gooq indicator to study the lateral AV, 3 + ays "
electric field and mean free path Since there are two peaks of At(Vy2) = Cy . e¥? (6)

lateral field along the channel generating impact ionization cur- (Vig2 = Veg)(Vigr = Veg) - (92 +5)”

rent, both need to be included in substrate current calculatiovhere the subscript “1” represents the initial bias condition,
By integrating the ionization coefficientexp(—3/E) over the the subscript “2” represents the post-programming bias at each
depletion region, the current can be approximated as [18] node, and

me, _m [B—Cy— C3(Vig(t) — Vo)l

. 2 _B = ~
Ly = I, é - ( EBK’“> Y 73E., Ci)
o ] m Ly (Vag(t) = Ve)
E2 B :ng(?) — 04) ) 1 _ ng03
poom2 o en(ZZen )| (3) C1A (1—=a)(Va—Veg) +V, 1A

dE Em2 (6a)
dy max 2

As shown in Fig. 4, the modeling results of substrate current 20\ L2 A

versus floating gate potential are compared with the experiCy =5 5+—5 5 (6b)

2
mental data. The bell shape substrate current curve indicates CIALaP(Eox)
two components of the substrate current having opposite deherea = m/(2—m),b= CsmL,/(AC1), andCs andC, are
pendence on the floating gate potential. The substrate currenekated tap,. The fact that the exponential teehin (1) is about
dominated by impact ionization at the drain end at low floating% ofe? in (2) when the floating gate potential is changed from
gate potential, while it is controlled by impact ionization af Vto 5.5V, a typical case for 0.2bm SST cells operation, jus-
gap region at higher potential. The impact-ionization coefftifies the use of the triangular approximation. This suggests that
cient B, is chosen to be to 4.1E6 (V/cm) at= 3 nm and the postprogramming stage of cell potential is the determining
E, = 1.23 V. Good experimental data fits for both gate andactor for the time to program.
substrate current with the same mean free path suggests thatltiis noted that the only uncertain quantity in the expression
low value of A is a reasonable approximation for SST cells. of y is V,, since the relation betwedry and the read current at
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. . . ) Fig.6. The time to program increases with the control gate to the floating gate
Fig. 5. The linear dependence of time to program in log scalé /@il — ¢y pling ratio based on a full transient simulation for given gap region width.
a)(Vy — Vog) + V4). The solid line is from modeling results based on 6(a)

and 6(b). The scattering dots represent the experiment data for time-to-program

7

measurement at different bias conditioh%.is assumed to decrease from 1.5 1071 TR
to 0 V by the programming. - ms]; 1

8 10°4 1
time to program is unknown. Based on the floating gate poter 3 "1 ,
tial expression, previous data in [6] indicate the postprogramr % 10’1; 1
ming V, around O V with the error bar of 0-0.5 V, of 0 V S 1
andAV, = 1.5V due to the programming, a typical case for 10‘1E ]
0.25um SST cells, are chosen for both modeling and plotting © 1'% . L
experimental data. Fig. 5 depicts the curvedogf At) versus (',_-) oy T %=0.20 “:0'03 T
1/((1 = a)(Vy — Vig) + V) for both calculated results from (6) @ 10°] 7 %™0250°=0.03 \*\}
and experimental results measured at varigusind V., bias w0 T %=0.3057=0.03 k
combinations for programming. An almost straight-line result is 10‘1;_7 T T T ""%'5'.3-

shown in Fig. 5, indicating the exponential teefhdominating

the time to program over all the other terms in (6). The slopc

of line is given bymL,(3 — C4)/(C1 A). The intersection with Fig.7. The simulation of time-to-program distribution for three groups of SST

the z axis can be found from the combination of (6) and 6(azells: those having Gaussian distribution in coupling ratio with different mean
. . 0f 0.20, 0.25 and 0.30, and the same deviation of 0.03.

A good match between theory and experiment results confirms

the validation of (6).

Time to program (s)

The time-to-program model renders an analytical approach to
predict the distribution of the programming speed for a memory
chip when the coupling ratio distribution is known. Sirmciom

The time-to-program model suggests that the coupling ratiagroup of split gate cells is a random variate, and siné®m
between the control gate and floating gatgis a critical param- each individual cell has an arbitrary probability distribution with
eter dictating the programming speed. Following (6), the timeemean and a finite variance, a Gaussian distributiorfoan
needed to program a cell increases almost exponentiallywyithbe assumed for the group of cells. For 02%-SST cells, the
as shownin Fig. 6. Under typical programming conditions, evergean ofa and the deviatiow? has a typical value of about
10% incrementin coupling ratio induces about one decade’s pfh25 and 0.03 respectively, representing over 90% of cells with
longing intime. Furthermore, the rate of increase in time to pra-falling into the range from 0.20 to 0.30. Fig. 7 plots the corre-
gramas afunction of is accelerated as thevalue is greaterthan sponding time-to-program distribution under the same bias con-
0.25. This also suggests thashould be smaller in order to haveditions as those used in Fig. 6. It is observed that, through the
atighter controlintime to program. However, unlike other deviceonlinear transformation from to the time to program, the re-
parametersy cannot be easily controlled through process tunirgulting distribution is not a Gaussian distribution any more. This
or measured directly with specific physical characterizations, b@enlinear transformation can be understood by a simple mathe-
cause it is a combined function of several parameters, e.g., thatic deviationdn = g (a) da= g () (da/dt)dt wheredn is
gap region width, the overlap of the control gate to the floatirthe number of cells within the range of coupling rafio, g(«)
gate, drain doping, and channel length. Itis conceivable to haveegresents the Gaussian distribution function with respeef to
considerably broad coupling ratio distribution with process vam@ndt is the time to program. The nonlinear tedm/dt tends to
ance in each device parameter. Since the programming spsgdeeze the time-to-program distribution at lower coupling ratio
is very sensitive to the change in coupling ratipa relatively values, while broadening the distribution at highewalues.
wide range of programming speed distribution is also expectde peak of the distribution in the time to program has a cor-
which is a critical concern of programming performance uniforesponding coupling ratio smaller than 0.25. The time-to-pro-
mity for the memory chip design. gram distribution shows that a lower coupling ratio mean leads

V. PROGRAMMING SPEED DISTRIBUTION
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c : f % *3&’9%%%& L Vd-Vog=8V a_nd Fhe t_|me to program, the time 'Fo program has a non-Gau5_5|an
= 104 + %X 3 : dls_trlputlon even though a Gaussgin distribution in the coupllr_1g
3 1011; X'XXL; X><>< . j ratiois assum_ed. T_he model preo_llcts that a t_)etter programming
= ;] y e 1 speed and uniformity can be achieved by using a higher bias of
@ 1074 X = - 1 (V4 — Vi) or alower coupling ratio. The programming speed
Z 10: - = : distribution mo<_jel can also providg a guideline to choos_e prop-
D ] _ S erly programming biases and define the process requirements
O 1«0y <~ time to program target: 10us Lo for high manufacturing yield of memory chips.
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Fig. 8. The simulation of time-to-program distribution under different bia
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its mean equal to 0.25 and the standard deviation equal to 0.03.

to better programming speed uniformity and, intuitively, lower 1
coupling ratio deviation also gives tighter distribution. The ef-
fects of programming bias conditions on the cell programming
distribution can also be investigated by the analytical model. As
shown in Fig. 8, distributions of time to program are plotted
for different values of V; — V) for SST cells with the same 3]
a Gaussian distribution. As a result of different bias voltages,
the time-to-program distributions are separated from each other.
Anotherimportantimplication from Fig. 8 is that a higher bias of (4]
(Va—Veg) is desirable for tightening the time-to-program distri-
bution. Noticing a log scale of the time to program in thaxis,
the bias difference has a more significant effect on the time-to-
program distribution than appears in Fig. 8. This also suggestsg)
that our analytical model is consistent with the current SST de-[7]
sign of choosing a highéf; and lowerV., during programming
with the objective of improving cell programmability.

Itis also noted that, for a given coupling ratio distribution and
arequirement for cells to be programmed withind)as shown
in Fig. 8, the bias voltagéV; — V) of 6.8 V and 6.5 V wiill
result in 99% and 90% of the cells meeting the program speci-
fication, respectively. On the other hartdl; — V) of 7 V will (10]
be able to program 99% of the cells within 48 even though [11
the mean ofv increases to 0.27. These results indicate that our
analytical model can facilitate a guideline for proper choices of
programming bias conditions and proper process screening i)
quirement in high-yield manufacturing production.

(2]

(5]

(8]

9]

VI. CONCLUSION [13]
The 2-D lateral and vertical electric field distribution are an-
alyzed for the SuperFlash SST cell programming. Hot electron
injection is found to occur in the gap region where the peak
lateral and vertical fields coincide. Gate current and substraté®
current models, derived by integration of hot electron genera-
tion and injection probability over the channel with the elec-
tron mean free path of 3 nm, showed a good correlation witthtel
experimental results. A full transient simulation of gate current,7
for programming is developed for construction of the model for
time to program that can be directly measured experimentall;hg]
This model relates the programming efficiency and uniformity
to the bias conditions and some key device parameters, such as
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