The Influence Of Carrier Thermalization On The

Performance Of Nitride Tunneling Hetero-FETs

NEM@5

Tarek Ameen*'!, Hesameddin llatikhameneh*!, Jun Huang', Saima Sharmin?!, Michael Povolotskyi®, Patrick Fay?, Gerhard Klimeck', Rajib Rahman’
"Purdue University, IN, USA, “University of Notre Dame

I Nitrides are promising candidates for A rigorous model is needed to design Nitride
NEM@5 el NEM®5

E-K Equilibrium-NonEQuilibrium Model
NEM 5 (EK-EQNEQ)

VDD = 0.5V

EOT = 0.5nm

Devices: Nitride Tunnel Hetero-structures |09A|d SS <60 . f(E Gate 104 _ . NEQ +'Equi| _
Problem: & 5 mv/dec 003 Og ( ) High field * it S (Scattering)
* Barrier is too long to transport ballistic g ) Low field o Experiment= = Y
8 = | a ow Tie g 1 02 \
- Quasi-bound states are not filled ballistic . : %_ Low field 3 N'g' NEGF
Approach: 15mm 4 : : AN § . (Ballistic)
 Divide device into two Equil. and one 10* oo EQNEQ (scatiering) 10° — i\ .—: v High field S.S5 <60 15 < 10
Non-equil. regions (E-K dependent). o[Poermen? 33 7 | ‘LR EIE] : ! igh fie mv/dec — B ?jr:\ln/g%ﬁﬁae'\l
. ' ' : < Ballistic' ONm ei e > ' . -
Self consistent with 3D Poisson § | 10°) oM i?/ / de6CO : : Challenge — Low gy (Tunneling) v «  What is the best Nitride TFET design? 107}y
Results / Impact: —%10_2 3 T o £ 102} ,~° —— ! > Vs large electric field (short tunneling distance) — high I,y y >VG > Effects of Geometry, alloy concentration, doping, 5 n-GaN
» Newly developed E-K EQ-NEQ model . mo 1 ERL : ] 0 Vb Gate . 0 °P RN oy e g 107 2 : -
matches well with measurements of 11004-8 6 4 2 0o 240 $.8 =50.37mVidec o |Og f(E) ':WI_'In% Ilg n cotnctt_en rd 'ﬁ.n r:s ¢ al gngt!ng.f_ q -8 -6 -4
Nitride diodes (Succeeded where ballistic ) t2m {1071 }H! | _ « SS =needed V; to increase |, 10 folds = 0 A S L e V., [V]
_ A t=Bnm o, | 1 //Scattering. 2nm. In:0.85 G d 3 o = 2} > Itis not always beneficial !!! d
has failed). 10 DN M P11 1) N Lo « SS!l- Vppl— Powerl ~ < ) >
— t=4nm_ = ; =
+ The new model is being used to optimize [£ | o=/ /| 03 e « MOSFET: S.S > 60 dm—; 2 —~— ® 3 0= OFF-state -
and design Nitride TFETSs S 1o -t:;;.: L | ¢ W Of (353 U O - TFET: S.S< 60™ 5 vpp ! O e i - = - Arigorous Multiphysics model (NEQ.+Equil.) is needed to answer those questions!
o dE 4 | gs dec v ~— E— 1Enm £ 2| s > Newly developed EQ-NEQ model matches well with measurements of Nitride diodes
g -Nitrid be beneficial for TFET (Succeeds where ballistic fails).
R — 50 100 y -Nitride can be benerficial for S 4} E » The new model is being used to optimize and design Nitride TFETs
" Challenge — Low Iy (Tunneling) > Internal polarization — large electric field (short
tunneling distance) — high Ion -6 * Krishnamoorthy, Sriram, et al. "Polarization-engineered GaN/InGaN/GaN tunnel diodes." Applied Physics Letters 97.20 (2010): 203502.
0 10 y .[20 | 30 40 [+Yan, Xiaodong, et al. "Polarization-induced Zener tunnel diodes in GaN/InGaN/GaN heterojunctions." Applied Physics Letters 107.16 (2015)]
PURDUE 1 & PURDUE 2 Q>  PURDUE 3 o g:  PIRNIE 4 P
o - N EM ;gé 5 TFET Scattering degrades Subthreshold
N EMS Ballistic fails in Tunneling Hetero- N EM ) 5 E-K Eduil+NEQ model (EQNEQ) N EM ) 5 E-K EQNEQ Is appropriate for Tunneling g ﬂ performance
LA e structures! Hetero-structures! oy
. allistic : S it ' '
: 9 / : I 0 Ballistic Scattering g EQOT = 0.5nm VDD = 0.5V .o Ballistic,2nm,In:1
: . : . - = | =1877,Al -
I I 104 I NEQ+EqU|I 4 I 10 5 NEQ+EqU|I g’ E { 60: v/::ﬂ B
* 9 oo Scattering) « A new EQNEQ Model: I * : © oo Scattering) c S 103 .6mV/dec _ -
| I 5 E. Experiment=<° ¢ o T I , [Experiment==9 3 5 5 F L
I 102 - ! i 10 _— o
1-0.5 IE E, - _I - 3 T NEGIE\ O Two .equilibrium (EQ.) with a defined quasi g [ N'g re NE.G.IE‘\ g 107 ', Scattering
| — 0 === Tunneling 1 § (Ballistic) fermi level I -0. G S — T < 10"} ! 2nm,In:1
% S - f - *XLJ = — \ O One non-equilibrium (NEQ.) a Or | = < 10° i = . : |, =328.184,:A/m
I: IIGC‘j-Z' | _! i GaN/Ing 3;GaN ! > Ballistic calculations in NEQ. region > | 1 9 & fj:‘n/('erl‘%ﬁae” x TFET-LDOS _810°[, S.S =50.37mV/dec
|§ I c T, . Tuonel Diede \ > Strong scattering in EQ. regions < | 3 102w 1 107"
1S - | VK L = nCaN N ‘\ » Phenomenological Scattering self energy L - | 2 O o S P Scattering, 2nm, In:0.85
I"“ : ud 3 S (in~6meV) is included through experimental | L] .18 5 = 107 lon=470uAlum
I | 5'0 160 15( 10™ ' ' relaxation time in EQ regions. -4 [ 10 B _'6 _'4 _'2 . n . i 25.63mVidec |
: | X [nm] -8 -6 4 -2 0 » Region boundaries depend on E-K band diagram.* I v IV > 0 01 02 03 04 05
V. [V] [V] (o
ds | ds o VvV _(V
| LU -6 Q o (V)
e < *
-0.5 « Scattering degrades the S.S significantly
. Ballistic transport: : _ * 85% In is better than 100% for 0.5V node.
> No inelastic scatterin *This is a new model that has been implemented in NEMO5 * E-KEQNEQ succeeds , matches well with experiments. | | |  Performance can be improved by optimizing
> Particle’s total energ;%oesn’t change in the device » "Contribution of quasi-bound states to transport are captured in EqQ-NEQ simulations. 0 the design
+  Why does ballistic (coherent) transport fail? X [nm] * Simulation is self-consistent, includes
> No scattering — Quasi bound states are neither broadened nor filled. | | o | | | thermal ionization, strain, ..
* Krishnamoorthy, Sriram, et al. "Polarization-engineered GaN/InGaN/GaN tunnel diodes." Applied Physics Letters 97.20 (2010): 203502. N
[+Yan, Xiaodong, et al. "Polarization-induced Zener tunnel diodes in GaN/InGaN/GaN heterojunctions." Applied Physics Letters 107.16 (2015)] PURDUE 8 @
PURDUE 5 ¢: PURDUE 6 & PURDUE 7 &
VDD down scalin - Next Steps
NEM@5 NEM5 g v Effeét of Body thickness = p

; 0% Double cated UTE Double gate.d o e EOT = 0.5nm Gate
— ouble gate [ e
S S | AT t E,m L =15 i, L= 18D -4 . Double gated UTB ” ” EQOT = 0.5nm
= = 3 N * For90% In: D BN Body=4nm -~ 2500F | =15nm 2 A
Q = 10 ] - & . Body=4nm y . E “ch : = 2,
® - g ~B performance degrade 2nm,90%ln z Aimagen  _g® . VDD=0.5V F I " S &
t=4n£n, ;0- ~% _' with down scaling. \g 10} s 102k 7 ; = 20005_ 2nm.90%In Lo c S
Lo Il | <3 9 g <3 1 // 5 @ 15nm 3 =
0.5 - E— 0.5 ——— /I ] 810 mV/dec 510 // 1 E'Z .’ . 10%
0.4 —vpomns|] : . — ¥ _51500} P ] Double gated UTB J—
| mV/ded 3 : : o Vop0av 10°F / ‘ | T L, =15nm 15nm
~ A= 0 4 ] ~———VDD=0.2V f : -7 ! 10} V(E)D—O 5\
% 02} { D 10 : : . . . P _ _ - =0.
w ] 01 0 01 02 03 04 10 L % _ . _
o 5. Ve V) 0.2 °3 oo 0.5 T | - SR - Optimize the TFET Design to maximize ON-current
| ] | = & VDD=03V  Samin0.82 1093 3 4 5 5 < 10° + InN/InGaN
' yR= i SS= / i : = / : : :
| . 102} e 1an 7] (TR TR ST AR Body thickness [nm] < '- « A wire has stronger confinement and has less quasi-bound states
P 10° w O 20 0 P In0.85 a0 o Ll stz sl y e Sllisrai 91072 / « Continue Low VDD optimization
Transmission X [nm] , ION=47’0/LP;//1;T_]_ e EE = - _ 3nm-In:0.85 0 '/' 60mV/dec . . p
* Increasing In concentration is not always beneficial = -“2nmint ] 5 SS=33mV/dec Al Study:
g7n cc ; yay ' S 7t teaum 3 100}l =5.52,A0m « Body thickness up to 6nm has been 4 Body=6nm * Continue Body thickness effect
* S.S lower limit is dominated by DOS in the quantum wells. < 2 10 e imulated. in the i tiqated reai 10 Body=4nm . Effect of allov arading on performance
- Trade-off between polarization and density of notch states. “: ‘ 8 A §’ S simufated, 't?‘ be ':V:ﬁ. '?(a € r_eg:)on, ficial Body=2nm . Channel scaﬁr? Iimitg P
« Higher In concentration with thinner wells provides higher R 57 S, SS=92mV/dec 3 = increasing the body tnickness Is beneticial. 6 . . . . . : 2 '
102 1 - - We are still looking into the point where the 10 * Influence of Defects
ON current ) 102 | =33 Al | f qat trol dominat 0O 01 02 03 04 05
. ON/OFF > 1e4 possible with In as low as 40% 0% 0T 02 03 04 05 1Enm e b s Voo V]
% : :
PURDUE 9 o ° T > 10 ¢: PURDUE 11 &: PURDUE 12 O:
® ,.
_ _ Semiconductor -
| ' RD | ' I |: Theme 2383.002: Quantum Engineered Steep Transistor Basaareh |
: Task D.2.4: Atomistic Carrier Transport Modeling for Corporation N
* These authors have contributed equally : P 9 P LOW ENERGY SYSTEMS TECHNOLOGY N
U NIVERSITY Steep Devices STARnNet R



