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Abstract— In this work, a detailed study of the physical
mechanisms governing the Source Side Injection progmming in

ultra-scaled (down to 20nm) SiN split-gate memorieis presented.
Experimental measurements coupled to static and dymic TCAD

simulations are shown. In particular, we claim thatadjusting the
select gate voltage in moderate inversion allows rfothe

optimization of the compromise between high electro injection

and limited consumption. Then, we show that scalingthe
dimensions of the select gate can induce a higheorsumption,
while scaling the memory gate leads to lower programing energy
(<1nJ) due to higher injection efficiency, suitablefor low power
applications.

|. INTRODUCTION
In the last years, the demand for highly relialhbsy cost

and low power embedded memories has strongly isetka

driven by industrial and automotive products. Otieaetive
solution [1-2] consists in the split-gate chargagptmemories
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Figure 2. Experimental setup used to measure the current wquios
during the Source Side Injection (SSI) programnapgration.

B. Experimental setup

In order to quantify the programming consumptiohne t
source current was measured during the programming

that combine the advantages of discrete storager lagPeration using the dynamic technique proposeddinThe

(robustness to SILC, scalability...) and those of $pét-gate
memory architectures (low power, small circuitryjgh
speed...). In [3] we presented the impact of the mgngate
scaling on the split-gate memory window. In thisrkyowe
focus on the understanding of the physical mechaniseside
the Source Side Injection (SSI) operation and tile of the
select gate on the program injection. Then, we dtigate the
impact of the select gate and the memory gatergraln the
injection efficiency and programming current congtion.

A. Devices under test - In our samples, a 6nm LPCVD,Bj,
charge trapping layer is embedded between a 5nnetwxide
and an 8nm HTO control dielectric. Electron beamolgraphy
was used to define select gatesdlLdown to 40nm and the
channel widths (W) down to 100nm. Thanks to therlapeof
the memory gate over the select gate we achievedtriekal
memory gate length gg) down to 20nm (Fig.1).
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Figure 1.  (a) Schematic and (b) TEM cross section of the fiN-gate

memory studied in this work.

developed setup (Fig 2) uses two waveform generator
combined with two WGFMUs (Waveform Generator andtFa
Measurement Units) integrated in an Agilent B1500A
semiconductor device analyzer. The setup was edrifi
comparing thedVsg) transfer characteristics (at lows)Mwith

the average current consumed during a programmifgg gor
various select gate voltages. The good matchingidmst the
current measured in continuous and dynamic modg. (&)
demonstrates the validity of our setup. Moreovegridves the
capability of the select transistor to control th@rent even
when high bias voltages are applied to the souncenaemory
gate electrodes.
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Figure 3. Comparison between (a}(Vsc) transfer characteristic and (b)

channel consumption current as a function of thecsegate voltage ()
during a 1@s programming pulse. In dynamic mode, each poirresponds to
the average current measured during the pulse.
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Figure 4. Left: (up) TEM image of the tested device with aa@0memory Figure 5. Measured source currentp)l memory gate currentyd; and
gate length; (down) corresponding TCAD simulateddtre. Right: Measured computed injection efficiency /Ip) for a split-gate with a dummy memory
and simulated programming characteristics using-tagna model [5]. stack composed by a 5nm $i@sc=200nm; Lyc=100nm).

C. TCAD simulations A. Basicsof SS injection

The experimental results were explained by TCAD In split-gate charge trap memories, the electroiosv f
dynamic simulations, using Fiegna’s model [5] ia Bynopsys through the channel below the select gate to beessorely
suite able to compute the injected charge durimg@amming. injected toward the charge trapping layer. Thisplesys because
In Fiegna’'s model, the hot carrier injection cutrdp is the source voltage induces a high electric fielchlpel to the
calculated as an integral along the semiconduasatkator interface that gives to the electrons the needediggnto pass
interface over the product of energy dependent mbrtn OVver the Si/S_i@ barrier. Then, the glectrons are dri\_/en to the
interface carrier velocityvg), carrier distribution energyf)( Ccharge trapping layer by the attractive transveesattric field

and carrier density of stateg)(so that: induced by a strong positive voltage applied on riemory
I gate.

I, = quills[ f VL(S)f(S)g(S)dS} ds We started with measuring a reference split-gatgctstre

with a dummy memory transistor, composed by a 5Smdeo

EBO . . . . .
@) instead of the Oxide/Nitride/Oxide memory stack,oimler to

The carrier distribution energy is approximatedtie case gjractly monitor the injected current through thertel oxide.
of a parabolic and an isotropic band structure, @quilibrium  \ye measured the source currer); (the memory gate current
between lattice and electrons leading to a singali#xpression | - and we computed the injection efficiency,dlls) as a

of the gate current: function of the select gate voltage for a high sewand memory
B gate bias (=3V; Vue=3V). Fig 5 shows that the best choice
A P2 P for the select gate voltage during the programnaipgration is
Iy = ‘?ﬁjpm” B ds close to the threshold voltage, giving the best mmmise
S ) between a low current consumption and a high ctimgection.

h- Indeed, when the select transistor is in weak isiger, the gate
and source currents increase nearly exponentialty, the
contrary when the select transistor is in stronggiision, the
?njection current saturates and using a highgyi¥ inefficient.

where A is a fitting parameteyy is a constant of the hig
energy distribution functiorkg is the Si-SiQ barrier energyn
the electron densityP,,s the probability that an electron doe
not scatter in the image potential well; afds the effective
electric field that replaces the local electriddi¢o capture at The experimental results were figured out by theiage
first order the effects of the non-locality of hetectron simulations. The simulated channel potential —during
injection [6]. programming operation when the select transistdn iwea_k
The simulation parameters were calibrated by fittthe (Vse=0.3V), moderate (¥%=0.9V), and strong inversion
programming characteristics over different/Wye for two (Ysc=2V), is reported in Fig.6-a. First it should betew that
memories with respectively 20nm and 40nm memonge g ost of the hot electrons are generated by thengtedectric
lengths (Fig. 4). In our structures, 3V of prograimgnVs is leld created across the weak-controlled gap betveetect and

sufficient to generate hot carriers due to the tshgf;,. Note memory gates. Indeed, in this thin region occuss fiajor
that the numerical simulationgorrectly reproduce our voltage drop between the select and memory gatée T
. injection current (Eq.2) depends, in a first appration, on
experimental results. the product (defined g=) between a monotonic function of the
Il.  RESULTS AND DISCUSSION local electric fieldF and the number of channel electranshis
] ) ) _product (Fig.6-b), in agreement with the experimérgsults, is
The understanding of the physical mechanisms bebiele |ow at V=0.3V and remains in the same order of magnitude
SSI operation in split-gate memories is crucial fthe petween \¥e=0.9V and \{c=2V. This can be explained by the
interpretation of different aspects of the experitaé results fact thatF andn have opposite behavior as the select gate bias
[7-11]. In this section we use simulations to ustimnd the increases.
impact of the memory and select gate scaling onrteasured

programming efficiency and current consumption. When the select transistor operates in weak inmerghe

injected current increases withyy due to the increasing of the
amount of electrons provided by the select traoisist
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Figure 8.  (a) Programming window as a function of the sejgdé length
for devices with a long (s=340nm) and short gg=40nm) memory gate

length. (b) DIBL due to select gate scaling
Figure 6.  (a) Simulated potential profile and electron coricgion at the

Si/SiQ; interface during programming operation. The b@sditions are: Fig.8-a shows that as the select gate dimensicais, sthe
Vme=3V Vs=3V Vss=0.3V (weak) \4=0.9V (moderate) ¥==2V (stron . .
in’\w/(Gersion).SThe dgace dingensio)n\sé(;@:t_zoénm and L«)Gg(;OOn&. (b)g memory window remains unchanged but .th.e Selec.t gate
Corresponding simulated injected current (in aabjtunits), plotted along the  threshold voltage decreases due to DIBL (drain ¢edubarrier
memory channel. lowering). This parasitic effect causes, for a giWsg, an
increase of the consumed current during programatipa. For

On the other hand, in strong inversion, the injgctgrrent is instance, as the select gate scales from 90nm mon 4@e
limited by the reduction of the electric field, ¥gg increases. measured during a pulse of 10us with=8V; V=10V,
Indeed, in strong inversion, the select gate piteistdisturbed V¢=1V (corresponding to the sam\¥'t in the two devices: see
by the memory gate, causing a lowering of the g@ten Fig.8-b), a current consumption increase of abaet decade.
difference at the gap side that results in a loglectric field. |ndeed, the DIBL in devices with scalegdis a consequence of
Analog experiments have been done for the memovice® the insufficient control of the channel potentigl the select
described in section | where we measured the coedwurrent gate. At high applied source voltages this indusesilarly to
at the source electrode during a programming p{lse=8V the case of the strong inversion described abavénaeasing
Vp=3V t=100us) and the memory gate threshold vol&g#. of the consumed current and a lowering of the etefield that
Fig.7 shows the memory windowAVy) and current results in a lower injection efficiencyAY+/ls). Therefore in
consumption 4 when the select gate is in weak, moderate apra-scaled devices, optimizing the junction inmpégion is of
strong inversion, for a large memory gate lengthe Previous great importance to control the consumption.
behavior (Fig.5) was found again, confirming thag bptimal
choice for \&g is in a region strictly above the select gatg  \emory Gate Scaling
threshold voltage, insuring the best compromisevéen a high

programming window and a limited current consunptio The impact of the memory gate scaling on the curren

consumption has been investigated by studying the
B. Select Gate Scaling programming characteristics of devices with a 100setect
gate length and a memory gate length from 180nmndtow
30nm. Fig.9 shows the programming window after &us0
program pulse (Mc=10V; Vs=3V; Vsc=1V) as a function of
the memory gate length. With the shrinking of thenmory
dimensions the programming window strongly increasem

The effect of the select gate scaling on the prograng
current consumption was investigated by measutiegselect
gate threshold voltage lowering and the programmuigdow
for devices with a select gate length from 350nmvmm 40nm.

10 veak Mod.  Stronginversion | 3V to 9V. This result has been explained by the maeaf
£ inversion inversion/ 110 TCAD simulations. In long devices the electric diein the
— 10} . = :8 memory channel shows two pegks (Fig.10-a), the fire is
g ~ VS_:8V IS located in the gap, due to the difference betwéenniemory
P Me 16 ; gate and the select gate potentials; the secorldipeaeated at
“» 107 1 g the channel source junction. As the gate lengtHursher
14 reduced, the two peaks merge and the maximum ofléatric
10° 12 field increases, leading to an enhanced injectedgehin the
. nitride layer (Fig.10-b). This memory window enhament in

0 02 040608 1 1214 16 18 scaled devices can be used to reduce the programmin

Ve [V] consumption. To analyze this effect, we first meadufor
various memory gate lengths the programming charatts

Figure 7. Measured channel current and programming windowusethe and the current consumption as a function of thxg] ming
normalised select gate voltage during a 10us progiag pulse with Vs=3V  tima (Fig. 11) fam
and We=8V. Lusg=200nm : :
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Figure 9. Measured and simulated programming windows as etifum of

Figure 12. Avarage current measured during a programming @fl8€0us
for devices with differente memory gate lenghtspbs a function of the
relative programming window.

the memory gate length.
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Memory gate ~ —> The result shows an improvement of over 10 times of
consumption energy when the memory length passawm fr
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Side Injection programming operation for variougegkengths. (b) Trapped <1nJ of programming energy is reached, suitabl rpower

charge after a programming pulse uf#¢10V Vs=3V Vsg=1 t=500us) as a applications (fig.13).
function of the normalised memory gate length.

XIL o

. Ill.  CONCLUSION
Then based on these graphs, we extrapolated thiéredq

programming time to reach a given programming windf Exp_eriments on uItra—sc_aIed (down to_ 20nm) Sil\_ltgm'te
3.5V and the corresponding energy consumption. THMOries, coupled to static and dynamic TCAD siuiia,
consumed energy is calculated as the integral altreg allowed us to qndgrstand the phy5|cal mechanlsr‘nmbahe
programming time of the channel current times tppliad S°urce Side Injection programming. In particulag showed
source voltage. In scaled devices the memory winiddvigher that by adjusting the select gate voltage in madeeiraversion

but the average current consumed during a programpmlse W€ can optimize the compromise between the hightreie
is nearly constant (Fig.12) as it only depends &f V injection and the limited consumption. Then, wevséod that

scaling the dimensions of the select gate can maubigher
consumption, while scaling the memory gate leadsoveer

programming energy (<1nJ) due to higher injectifitiency,
> suitable for low power applications.
[
2 ACKNOWLEDGMENT
This work was done in the frame of CEA-LETI/ ST-
= Microelectronics bilateral collaboration and the TRENE
= 10 REFINED project.
'g Iprogmax=10uA .
g- 10° ¢ \7 33 5V \ Time [1] J.Yater, etal., proc. of IMW 2011
pp—"
ok _ _ [2] T.Tanaka etal., proc. of VLSI 2003
a 10 10 Vier=8Y Energy‘-[)vsls(t)dt [3] L. Masoero, et al. proc of IEDM 2011
S 1011 (b) [4] V. Della Marca et al., proc. of ISDRS 2011
O 7 6 5 4 g [5] C. Fiegna, E Sangiorgi, IEEE Trans. on Elec. D49,,pp.619-627, 1993
10 10 _10 10 10 [6] A. Zaka etal., proc. of ISDRS 2009
Time [s] [71 L. Breuiletal., IEEE Trans. on Elec. Dev., 5003

Figure 11. Measured programming characteristics (a) and medsuf9]

[8] P. Palestrietal., IEEE Trans. on Elec. Dev.,j3,488-493, 2006
K. Sridhar et al., proc of IPFA 2005

consumed current (b) as a function of the programgntime for various [10] Y.-H. Wang et al., IEEE Proc. Circuits Dev. Sysb]. 153, No. 2, 2006

devices with different memory gate lengths.

[11] W. Stefanutti et al.; IEEE Trans. on Ele@\D 53, pp. 89-96, 2006



