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How to increase E-field and decrease the tunneling distance in 2D TFETs?

Theme 2383.002 :

Although 2D materials provide the best gate control, depletion width avoids High |4y

1) Low ON-current 2) Sub-10nm scaling Ve b Answer: Dielectric engineering
Quantum Engineered Steep Transistor " Gate Ke :
. . . . . . 102 _ - - y messages:
kDo 10| InAs ‘_P CpoRICs N_\|/DS « Thin channel is NOT enough for high Iy Device structure
ask D.2.4: 107 - QOOOOO00000
Atomistic Carrier Transport Modeling for Steep Devices . = TFET / SRS Bot. oxide P 1 Depletion width at source is limiting I oy Low-K
e ] E 10| s 4'
Device/Collaboration: i‘ 107} w :';L Atomistic simulation Analysis e
TFETs based on 2D materials. = 10* 1 = ) Source High-K
0 _Sr Lcakage floor ? 02 I4-V, of different TMDs ———— Gate contact : ;
Motivation Statement: — 1°6f | — doped | Oxide _ Electric field amplification
2D materials have specific properties which can be used to solve TFETs’ challenges: 107} w 15=0-2V/0.3V|0.4v[0.5V _ « Combination of low-k & high-k _€1E1 = €9 EQ
1 b10 di i ling, and 2) low ON- t. = = . .
) su nm dimension scaling, and 2) low curren 107} | |_\/|()'|_'e2 TFET w .0 LCh 6nm |9nm [ 2nm(l 5nm ) A , . Low-k is usually air gap €9 K 51—>E2 > El
0 01 02 03 04 0 02 03 04 05 25nm~W_ A ~04nm
] D . " " [ [l
Key Result Statement: VGate [V] VGate V] Atomistic simulation

Novel TFET designs are proposed and shown to solve the above mentioned

m
10
challenges based on the state-of-the-art atomistic quantum transport simulations. WTQ\ > < « Monolayer WTe, channel
Low |5y = Low performance Lol + Vopl 2 lon ~ = .
_ . 2 T 10° * Low-k = air gap
—> Leakage floor hides 2 lope 1 ¥ = 5 3
- I S 2 « High-k = HfO
steep part of |-V 2 lonloge | F(Np) F(EOT) 5 E s F ?
o I° 10 / /10 mV/dec « Ly, =12nm
Np=1e20 cm3  V, =05V S > _
EOT=0.5 de =15 WD IS ||m|t|ng faCtOr [5’7] 115 20 25 ¢ V0.1 e
LEAST Annual Review « August 10-11, 2016 LEAST Annual Review * August 10-11, 2016 = U.onm ch = 1onm Fasiion atongectienrel [ oIV
CENTER FOR LOW ENERGY SYSTEMS TECHNOLOGY nnual keview = AUQUS , STARnet CENTER FOR LOW ENERGY SYSTEMS TECHNOLOGY nnual keview © AUgUs ’ STARnet e————

DE-TFET Challenges 2nd Challenge: Channel length scaling beyond 10nn: Best material choice for short channel TFETs Best material choice for short channel TFETs
? . . ;
How to reduce the leakage between contacts” et o e i The solution of the scaling problem: Shaded region: lop/lope > 10°
: : o . . est channel materials for applications: —
Answer: V\./okfunctlon engineering of contacts Scaling challenge Scaling consequences 1) LowE.~ 12V 1rElapp ] E | Opt: 1.2¢Vpp[eV] (| BLedle3lsPhosphorene
Small spacing btw. contacts Solution 2) High rﬁ* Vchl J | L —eniy 13 15nm
_ — 2 [ — . i silicend ILWTe,
Small A = high transmission Landauer formula 10 © Voo | > Tunneling energy window | >loy! da m*1 Opt £ sree22* @ |Phos.
- BLe4Le3LePhosphorene|(Zigzag) : E 0...2%  Bylk
Torpr = exp (—C \/m A) I T( o ) . / TS, 10° | . | - . Some 2D materials have Bulk Ge
M1 — [2 E 10"} 2 QI N L o 3> Shaded region: lon/lor > 10° required material properties for LA
Vac. U P ° . - - e /m" =20 [eV/
Source Leakage Gate <-3-‘ — Na-covered Siliceh.é\ 1L'VV;I' % e sub-10 nm TFETs. g eV |
q | (I) 1 8 2 E . Stra)in } S Can Homojunction Tunnel FETs Scale 0.3 E | 63'15 0.7 0.9
M1 2107 B - e 10"t - Below 10 nm? g
° h k t@MQ TOFF — exp (_C V mt Eg LCh) E 02 /° BUIk H ddin Tatikh h, Gerhard Klimeck, and Rajib Rahman VDD 0.2V 0.3V 0.4V 05V —
1gh- | €@/ Voo=0-2V[0.3v |0.4v]0.5v Bulk Ge 10° =
SR H1 = [2 / Lch=6nm Onm 2nm5nm Bulk InAs il InAs
| ) InSb
Gate Workfunction2 10 0 02 03 04 05 10_2 n. . g/m* =20 [eV/mO] T 10° / ‘
V_ . [V : | ' =
Gate V] Ton = exp (—O VmiE, A) 0.3 0.5 0.7 0.9 2L Phosphorene 2 Optimum
T % Eg [eV] (armchair) S 10” material
Source Channel Drain J 0.5V
V,,=0.2V/0.3V|0.4v| 0.5V for eazh Lt L =6nm 9nm{2nmi5nm|
10™ node .
Shorting 2 different metals on top = No leakage current Scaling L.> L.~A = |l~u/l | 2D materials outperform IlI-V TFETs in sub 10nm channel lengths. ° 3; [V] o4 ° 3; [V] o4
> No parasitic capacitance €l €l O HOIRE . - . . =
Different channel material is required for different technology nodes of TFETs

1
Phosphorene TFET L-shaped phosphorene TFET L-shaped phosphorene TFET ‘ Future works
Bilayer Phosphorene is ideal for TFET application How to use anisotropic effective mass of phosphorene to scale below 10nm? How does L-shaped TFET work? Next steps:
_ 1) Model and study the impact of trap and dopant states on the transport
E, of Bilayer Phosphorene ~ 0.8 eV = 1.3 V5 Answer: L-shaped gate Successful scaling Top view of device ) properties of 2DyTFETsp i i "
g 0 . 3 z o . . . . ] . 00
10° ON-state: Tunneling in low m* direction 2) Consider experimental non-idealities such as Schottky contacts and
Phosphorene TFET Scaling of Phosphorene TFET Phosphorene nanoribbon L-shaped gate proposal | TT compare the simulation results with experiments.
10° —————— — B . 10°F : .
2L —Phos, 10 s —— Source Channel  Drain Lowm [1] H. llatikhameneh et al., “Saving Moore's Law Down To 1nm Channels with Anisotropic
10° 10° 2. al V. =02V | Effective Mass” Scientific reports. (Publication ID: P087463)
= g D adbal o OFF-state. Tunneling in high m" direction —_ [2] H. llatikhameneh et al., “Dielectric engineered tunnel field-effect transistor” |EEE
g % 10 33 s ] - 4 9 Electron Device Letters, vol. 36, no. 10, pp. 1097-1100 (2015), (Publication ID: P084698)
i 10° 31 10° 107F . xZigzag 1 ——— [3] H. llatikhameneh et al., “Design Rules for High Performance Tunnel Transistors from 2D
‘:%, ¥ "% P 0 5 10 . WDrain Materials,” IEEE JEDS DOI 10.1109/JEDS.2016.2568219 (Publication ID: P084699).
— 10 — 10 L gy (0] [4] H. llatikhameneh et al., “Scaling Theory of Electrically Doped 2D Transistors,” IEEE
1072 10 - Electron Device Letters, vol. 36, no. 7, pp. 726-728 (2015), (Publication ID: P073786).
= 15nm node 3 60 dec Bi-Layer Ton = exp (—C B A) [5] H. llatikhameneh et al., “Tunnel Field-Effect Transistors in 2D Transition Metal
W 0= 5> s B3 D5 10 =07 02 03 02 05 "7 ——5 1) Lowm* for high loy Dichalcogenide Materials,” IEEE JXCDC 2015 (P073163).
V_ (V) V__ (V) Torr = exp (_C JmAE. L h) 2) High m* for low |ee [6] H. llatikhameneh et al., “2D Tunnel Transistors for Ultra-Low Power Applications:
gs as t—g & . » .
Promises and Challenges” E3S Berkeley Symposium (P084660).
Phosphorene Scales well for L 5 V=02V _ _ _ _ o _ [7] R. Salazar, H. llatikhameneh et al., “A New Compact Model For High-Performance
outperforms TMD TFETs L. >6nm 10 057 10 LDD_6 Using a material with anisotropic m* and L-shaped gate have benefits of Tunneling-Field Effect Transistors” JAP 2016 (P084669).
- a proper bandgap 107 Shosoh cn 1073 ch onm *High lon / lopr [8] T. Ameen, H. llatikhameneh et al. “Few-layer Phosphorene: An Ideal 2D Material for
8] SCIENTIFIC REPLIRTS o TFESTp orene ot Phosphorene TFET Tunnel Transistors” Scientific reports 1 (2016), (Publication ID: P086553).
'FEN Few-layer Phosphorene: An Idea O 01 02 1
2D Mlazeriali‘l'-'or';znnelTransigto:s VGS [V] O V 01[\/] 02 » [ ] S C | E N -I— | |: | C R E P{g}RT S 19 CENTER FOR LOW ENERGY SYSTEMS TECHNOLOGY STARnet
GS I

LE L 5 I _ Theme 2383.002 : Quantum Engineered Steep Transistor
CENTER FOR LOW ENERGY SYSTENS TECHNOLOGY LEAST Annual Review * August 10 & 11, 2016 155 p.2.4: Atomistic Carrier Transport Modeling for Steep Devices

STARnNet



