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Axmo TpanchopmyBatu 3atBOp 3BHUaiiHoro MOH TpaH3ucTopa TakuM YMHOM, IIOO B IMiA
3aTBOPHOMY JIEJIEKTPUKY MIT 30epiratucs €JIeKTPUYHUU 3apsji, TO MU OTPUMAEMO HOBHUM
MpUJIAJ] — EHEProOHe3aJIesKHUM eJIeMEeHT maM’ ST,

Ha oCHOBI €HEproHe3aje:KHUX €JIEMEHTIB IaM’ STl PO3pOOISETHCS 1 BUTOTOBISETHCS
HIMPOKUI KJIaC 1HTErpajibHUX 3amaM’ aToByrounx npuctpoiB (3II), Takux sK €IEKTpUYHO
nepenporpamoByBaHi noctiiHi 311 (I13I1 3 enexkrpuunuM nepezanucom), mporpamyemi 311 3i
CTUpaHHAM, eHeprone3ayiexHi 311 3 JOBUIbHOIO BUOIPKOIO.

EHepronesasneHi €JIEMEHTH IaM’ STl MOXKHA PO3AUIMTH Ha JiBa KJIacU: NMPWJIAaU 3
IUVIABAKOYHUM 3aTBOPOM 1 CTPYKTYPH 3 JBOIIAPOBUM JIieJIEKTPUKOM (MeTaa-Ia1eIeKTPUK-
OKCH/I-HaIIBIIPOBIIHUK). 3apsijia B HUX 3[1MCHIOETHCS 1HXKEKIIIE0 HOCIIB 3 KPEMHIIO
yepe3s IIap OKucIa. 3apsijl 30epiraeTbes a00 Ha MIaBarovyoMy 3aTBOpPI1, a00 HA IPaHMIll OKHCIIA
3 apyruMm aienektpukom (B MOM crpykrypax). Lleit 3apsa 3MiHIOE TOPOTOBY HAmpyry
MOH Tpan3ucTopa, «3cCyBa€» TIpWiIaj B CTaH 3 BHCOKHM IloporoM. B 1moOpe
CKOHCTPYHMOBAHUX KOMIpKax TakuWi cTaH 30epiraetbcs Oinbine 100 poKiB.
3apsiy, KA 30epiraeTbCsi (MOBEPHEHHS MPUIaay Y BUXITHHUM CTaH 3 HU3BKHUM IOPOIOM)
3MIMCHIOETBCST a00 €JIIEKTPUYHO (3a JOMOMOTOI0 BIAMOBIAHUX IMITYJIbCIB HaNpyrd Ha
3aTBOPi1), a00 JESIKUMU IHIIMMHU CIIOCO0aMU, HANPUKIIAA YIbTPad10J€TOBUM OIPOMIHEHHSIM

CTPYKTYpPH.




[Mpunagu 3 nnaBar4YMmM 3aTBOPOM

Nrabawwul
Ausnexipux 2 .
) Ve aambop B cTpykTypt 3 I1UIaBarOuMM 3aTBOPOM
ﬂummw(\ Vy (Puc.) na mnepmoMy TOHKOMY IIapi
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okucia I(1) po3MilieHui MeTaIYHUuM
enexktpon M(1) — maBarouMii 3arBOp,
BUIIUIGHUH JAPYTrUM, TOBCTHUM IIapOM
nienekTpuka I(2) Big  30BHIIIHBOIO
MeTaJI4Horo 3aTBopa M(2).
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30HHI jJlarpaMM  CTPYKTYpd 3  IJIaBalOYuM
3aTBOPOM, 1110 BIAMOBIJIAIOTH PEKUMaM 3aIluCy,
30epira”Hs 1 CTepaHHs, IpuBeIeH1 Ha Puc.

Hanpyra V_, sdxa npukiajaeHa J0 30BHIIIHBOTO
3aTBOPY CTPYKTypu M(2), minuthcs Mix oOoMa
nienekTpuuHuMu mapamu (Puc.a).

Ve =V, +V,=dE, +d,E,,

ne £, 1 E, - Hanpy»XeHOCTI €JIEKTPUIHOTO MOJIS B
[UX IIapax.
3akoH [ayca

&k =¢,E,+0

EnexTpuuHe moyie B KOKHOMY IIapi (HampuKiIaj, B
MepIIOMY) MOXKHA 3aIlliCcaTy Y BU/II

E = Ve + O .
"d +d, (e le,) & +e,(d 1d,)

pe O - 3aps] Ha IUIABalO4OMy 3aTBOpi, a &, 1 &, -

JIEJEKTPUYHI MPOHUKHOCTI MEPIIOro 1 APYyroro
J1EJEKTPUYHMX I1aPIB.

Mrabaromui. sambop

:

fTanyrpo= r(1)-m(1) I2) M(2)

Godrux

30HH1 JlarpaM €JeMEHTa Iam’
ATl 3 IUIaBalOYMM 3aTBOPOM. a-
3apsaka (omepartist 3amnucy); O-
30epiraHHs 3apsy; B- pO3pslKa
MJIaBalOYOro 3arBopa (omeparlis
CTEpaHHs).



Ao cTpyMH B 000X JIICJICKTPUYHUX IIapax HE PIBHI OJMH OJTHOMY, 3apsi/l IJIaBat0uoro
3aTBOPY Oyj/ie 3MIHIOBaTUChH 3 YaCOM:

Q(t) — J-[‘]l (El ) - Jz (Ez )]dt-

ne J,(E)1J,(E,) - rycTiHM CTPYMYy B JieNeKTpUKax 1 1 2.

3a3BUYail CTPyMH B JIICJICKTPUKAX CHJIBHO 3aJIeKaTh B1JI HAMPYKEHOCTI E€JIEKTPUYHOTO
nosis. Tak, HampUKIIaA IpU TyHEIIO0 BaHHI 3a MexaHizmom Daysiepa-Hopareiima

J — C E2 CXp(—E / E) TyHentoBaHHS O MEXaHI3MY
1 0 )

daynepa-Hopareima
ne E - enexrpuyne none, a C, 1 £, -KOHCTaHTH, sIKi 3aJI€KaTh BiJl €(EKTUBHOI MacCH HOCIIB i
BHUCOTH Oap’epa.

Jlanuii MexaHi3M NPOBIAHOCTI IPa€ OCHOBHY POIIb B TOHKHX Imapax Si0, 1 ALO,.

Konu Tpancnopt 3apsijly B I1€NEKTPUKY 31MCHIOETHCS 32 MexaHizMoM Ilyna-Dpenkelis,

SIK, Hanpukiazn, B S1,N,, Tozi

J = CzECXp[—Q(QDB B \/qE/ﬂSi )/kT]. Tpancnopt mo MmexaHi3My

[Tynma-Ppenkens

ne C, - KOHCTaHTa MPOTOPIIiiHA TYCTHHI MACTOK B JIIEIEKTPHUKY; ¢, - INIMOMHA MACTKH, a &,
JWHAMIYHA J1eJICKTPUYHA IPOHUKHICTb.



B pesynbrari po3banaHcy CTpyMiB B jieiekTpukax 1 1 2 3a yac Ali BEJUKOI MO3UTUBHOI
Harpyru V. , 1o MpUKIajieHa 0 30BHILIIHBOTO 3aTBOPY (IMITYJIbC 3alUCy), B IIABAIOUOMY
3aTBOp1 HakomuuyeThes 3apsaa O (Puc.0), sskuii 3cyBae mMoporoBy Hampyry CTPYKTypH Ha
BEJIMYMHY
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CtepaHHs 3apsy, 110 30€piraeThCs, 3A1MCHIOETHCS IMITYILCOM HMPOTUIEIKHOT MOISIPHOCTI
V. <0 (Puc.B).
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Evolution-1

No principal
changes




Advantages
1. Developed technology

2. Long data retention

Disadvantages

1. Limitation of scale down
2. Low reliability
3. Low radiation hardness

Advantages
1. High density

2. Improved endurance

3. High radiation hardness

Disadvantages

1. Short data retention



Evolution- 2

EEPROM
{Poly-Si floating gate)
Gate

| ]_8..10 nm

AL

Floating gate

1

Nanocluster Memory
{floating dot)
Gate

1 3.5 nm

Drain

Source  Nanoclusters Si

Nanocrystal memory

d, Vg dj
d4
e 7 Vo
T 7] et/
b)
Si  n-type
5
Vas

No principal changes



Main idea:

The continuous poly-Si
Floating gate is replaced on
discontinuous Si nanocrystals
(discontinuous floating gate)



Vi/rite
o channel
a) 2
/I—H Store
b) =

Erase

Energy band diagram during injection (a), store (b), and
removal (c) of an electron from a nanocrystal



1. CMOS compatibility

. High integrity (scaling down)

. Faster (high speed of write/erase)
. High injection efficiency

. Consumption of lower power

. Low voltage operation

. High stability

. High reliability

. Much smaller degradation

10. Potential application for multilevel memory
and logic

11. Novel Si functional devices

O©OOoOONOOTIPA~,WDN



1. Poly-Si cannot be used
with very thin tunnel
oxide-scaling problem

2. Single leakage path in
poly-Si can be discharge
the memory with loss the
information

3. Stress induced leakage
current (SILC)

1.

2.
3.
4.

Scaled tunnel dielectric
(tunnel oxide can be as thin
as possible).

Limitation or excluding of the
SILC

Charge loss through lateral
path is suppressed

Direct tunneling

(i) prevent hot carrier
degradation

(i) reduces current leakage
through the defects in the
surrounding oxide



| |_8..10 nm

EEPROM
{Poly-Si floating gate)
Gate

/ Drain

Source Floating gate

Nanocluster Memory
{floating dot)
Gate

3.5nm

/)‘

Source Nanoclusters Si

| ]_8..10 nm

EEPROM
{Poly-Si floating gate)
Gate

/ Drainm

Bource Floating gate
Failure
Nanocluster Memory
{floating dot)
Gate

Lk 3..5nm

/)‘

Source Nanoclusters Si

Drain



EEPROM
{Poly-Si floating gate)
Gate

| | 8..10 nm

/ Drair:m

Floating gate

Nanocluster Memory
(floating dot)
Gate

Ll 3.5 nm

Hot carrier injection /
Fowler-Nordheim

tunneling

Direct tunneling (d_<4.5
nm)



Fowler-Nordheim
tunneling (2)

N Lv Hot carrier injection (1) /

| |

(1 @

_of Direct tunneling (d_<4.5
. nm) (3)

3



Fowler-Nordheim tunneling
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J__¢ 12 .nckT expd — 4~/ 2m T
8wth g~ sin wckT 3NeFE
1/2
_ (2 *)2 g _ D
¢ (m ) ell £ ek

Direct tunneling
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1. Nanocrystal memory- quantum dot
floating gate memory

2. Single electron transistors

3. Resonant tunneling devices



 EEPROM * Nanocrystal Memory

* FN — Tunneling  Direct Tunneling
 e-in floating gate * e- in Nanoclusters
 dox~8...10 nm e dox~2...5nm

¢ Vw/e~12...20V ¢ Vw/e~2...4V

» Endurance ~10%...10° « Endurance >10°...10"
* Retention: 10 years * Retention: >10 years



1. Near-Interface NC-Band
2. NC-Size: 3...8nm ~5 nm
(NCs separated to each others)
3. Distance to Substrate: 3 — 5 nm
(NCs separated to the substrate)
4. Areal density (5-10)x10™" cm™

Size homogeneity of Si nanoclusters is very
Important

Self assembly is promising process to achieve Si
nanoparticle size uniformity and high areal
density



Improved device performance and reliability
depends upon:

1. Ability to control cluster core size
2. Cluster size distribution

3. Crystallinity

4. Areal particle density

5. Oxide passivation quality

6. Crystal-to-crystal insulation



3- dimensional system (3D)

2 2 k2 2
W(k):M (k’i + {+kz*)
2 x m, m,
2- dimensional system (2D)
M2 M2 ?
W(kx,ky,n)zzm* (ki-l—k;)-l-z *(nzL—z
1- dimensional system (1D)
2 2 2 2
W(k, ,m,n)= ZM k2 + ZM . (m211—2+n21Z—2
mn mn V4
0- dimensional system (0D) g
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Energy spectrum

_E2

3D - AE,~107% eV

0D - AE,~10° - 102 eV



] 8 ; . : ;
In case of spherical 13\ Zormrvonse
nanoparticles e RRTNOPN & it
(nanocrystals) & 4 pmeet
T’.ZM 2n2 h2n2 2
W(d) — * 2 — * 2 0-* Si
2m._d° 8m.d L

Conclusion _1: Electron energy spectrum in
quantum dot is a set of discrete energy levels.

Definition. Semiconductor quantum dots. Semiconductor
nanocrystals of diameter below ~10 nm.



The effect of blocking the injection of a
second charge into a semiconductor
under a certain electric field, due to
modification of the electrostatic potential
within it by the present of a first injected
charge. Injection of a second charge
needs to overcome the semiconductor
charging energy.



v, V]

[2]. |. Kim et al. Jpn. J. Appl. ,Bh)ys..40, 447-451, 2001.



Conclusions 2.

1. The electrons already transferred to the

nanocrystals block the transfer of other
electrons.

2. Single electron effects are expected to
be observed at room temperature for

nanocrystals with diameter up to >10 nm
(E_+AE_>KT).




Quantum confinement effect
+
Coulomb blockade effect

Single electron charging effects

Single electron transistor



Fabrication route of forming high-density of
small and uniform in size nanocrystals is
an important issue to be resolved before
the practical application of single electron
phenomena



1.3.5. Parameters

V. ~2..4V
w/e
Endurance >10°...10%

Retention: >10 years



1. Nanocrystal floating gate memory is a
perspective candidate for the future scaled
flash memory

2. Nanocrystal memory iIs intermediate
between present floating gate nonvolatile
memory and single electron memory
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