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® WhyTFET? CMOS Scaling Challenge @
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Why TFET? CMOS Scaling Challenge @
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e Subthreshold Swing (SS), I, and Leakage |;¢

dVGS

- :
1]
Ss > 60mV/Dec = (
= " -
d(logiolps) T o
_ 2 E ( = L]
Etot - ILeakVDDT + CeffVDD a o SS =P <kaq' & S
S (
J Vop— V1 ——
- g =
A. M. lonescu, H. Riel, Nature 2011. CI/ o C} . Device:
A. M. lonescu, IEDM short course 2013. 0 Va Voo '
off &€ on

Gate voltage, Vg

e Due to 60 mV/dec CMOS SS limit, reducing V; (so as to reduce VDD for lower
power) increases the leakage power significantly;

e With a lower SS, Tunnel FETs can operate at a lower VDD and lower power.
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@ Emerging Tunnel FETs (TFETSs) X/
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=D l1I-V GaSb-InAs Heterojunction TFET (HTFET)
Do
pOS
Double-Gate N-type TFET Schematic
G.Zhou GaSbinAs 13 180 05 15 6e3 200 400
G.Zhou InP-InGaAs 1.3 20 05 1.75 45e5 93 310
Channel (i) Drain (N+) EDL 2012
Mohata ~ GaAsSb- 175 135 05 15 17e4 230 350
. VLSI 2012 InGaAs
H.Zhao Iny;Gay;As 1.2 40 05 2 2e5 84 380
APL 2011
. R.Li AlGaSb-nAs 16 78 05 15 1.6e3 125 470
* HTFET: High |, and low SS EDL 2012
. . . G. Dewey Ings;Gags;As 1.1 5 03 09 T7ed 58 190
achieved in n- and p- TFET with  1eom 2011
electrostatic improvement.
* Non-steep subthreshold slope
. i K. Jeon SOl ~09 12 4 4 TeT 3 47
is mainly due to the trap VLSI 2010
source/channel interface states. A vilalon Strained 125 112 4 45 316 33 133
. VLSI 2012 SiGe/SOI
Furthe.r ".nprovem.ent on. Y.Yang  GeygssSny s 43 1 4 e ~T50
material interface is required. IEDM 2012
L.Knoll StrainedSi 22 10 05 -2 ~le7 90  ~120
V. Narayanan, ISLPED 2013. APL 2013 Nanowire
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O HTFET Structure and Operation

= Essentially a gated reverse-biased p-i-n tunnel Gate
diode with asymmetrical source/drain doping; GaSb Source| InAs |InAs Drain
% i

. . P++ N+
= Band-to-Band tunneling (BTBT) induced from the —
sub-thermal switching leads to <60mV/dec SS, Heterojunction
more abrupt ON-OFF transition compared to
CMOS.
Sub-60 o
5 |mVidecadeg
§ .
Source OFF g Source ON -
Ec c - CIC.)
E Positive =
a ‘[0 lGate Bias 3
o

Band gap blocks
tunnel current

Band-to-band
tunneling

Gate Voltage, Vg

L. Chang IEEE Proceeding 2010; A. Seabaugh et al, IEEE Proc., Nov 2010
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Modeling HTFET: Device to Architecture
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S GaSb-InAs TFET Characteristics
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10° 300
. @Ves=0.4V
10 250 F el X
= 10° T 2200  LanR
= 6 3
s 10 3 150
-7 (7, L
_8 10 30 mV/decade 1 & 100
10° ] 50 | — HTFET |
| 60 mV/decade — CMOS
10 0 0.2 04 06 0.8 0 0 0.2 04 0.6 0.8
Vs (V) Vps (V)

Key Features Observed

€ Steep-slope with High |, @ low V.

€ High saturated small-signal R,

€ Uni-directional Tunneling

€ Negative differential resistance (NDR)
H. Liu et al, ISLPED13

B. Sedighi et al, “A CNN-Inspired Mixed Signal Processor Based on Tunnel
Transistors,” DATE 2015, submitted
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@ GaSb-InAs TFET Characteristics (cont.) @
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Example of Switch Design Considerations
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Additional switch for
bidirectional conduction

Type 2. Transmission based HTFET DFF
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= Capacitance versus gate voltage
= Suppressed capacitance (low voltage)
= Enhanced Miller effect (full voltage)
0.8 08 HTFET FO1 INV1
T N-HTFET = Si FinFET 1000 '
= Solid: V,,=0.3V e Solid: V_,=0.3V 800 | Pl Enhanced
O 061 pash: v,,=0.5v O 0.6} Dash: v, =0.5V 1 = eool Miller Cap Effect
@ Cep | F Coo E
804 o 2 04 . S 400 |
_-§ E . CGG >.. 200 i QOUT
o 0.2¢ S 0.2 Z o0
® . © Vin “
© oo e -200 |
0.0 0.2 0.4 0.6 %0 0.2 04 06 0 10 20 30 40 50
Ves [V] Ves [V] Time (ps)

S. Mookerjea et al., EDL 2009.
H. Liu et al., “Tunnel FET RF rectifier design for energy harvesting applications,” JETCAS 2014
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@  GaSb-InAs TFET Characteristics (cont.)
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100,
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® The g, yreeris significantly larger than g, cyos at a low current.

€ With larger small-signal Ro, the intrinsic gain is further improved.

€ HTFET has >300 GHz while CMOS shows higher f; at a higher current.
€ The peak f; at alower current makes HTFET attractive for low-power

applications.

B. Sedighi et al., “Analog Circuit Design Using Tunnel-FETs,” TCAS-I, to be published
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»  Flicker noise is based on carrier number fluctuation

Sulf) _ (2, BY €N (Ew)
I;, F o F2) e WLaf

= The shot noise is modeled similar to tunnel diode

iszhot = 2qIpl

Noiseless
L

. . .. | ¢ ‘ icke | therma
» The thermal noise model is similar to ¢% P shot L "qj permat
the Si-FinFET thermal model

v =4kTyg, Af

n,thermal

R. Pandey, et al., “Electrical Noise in Heterojunction Interband Tunnel FETs,” TED, Feb 2014
K. K. Hung, et al., “A physics-based MOSFET noise model for circuit simulators,” TED, May 1990.
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@  GaSb-InAs TFET Characteristics (cont.) {h%y/
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@ Tunnel FET Flicker Noise (interface traps) 10° T——
TFET flicker noise highly depends on the — 07 Homoj-TFET
. . . N a6k Measurements
spreading of the tunneled carriers in the T 0F .-
channel (L), which is independent of the W T
channel-length (L,) 0 107 Q
0Ty =05y T=77K".
TFET Drain Current Flicker Noise Power 1077 10 100 1000
Analytical Model: Frequency [HZ]
Sid(f) 2 B 2 qut(Efn) 2.0x10° A Measured: Scatter
[2 = F FZ > WL f Analytical Model: Line
£ a =
b o N 10 TT=77K B=4x10° Vicm
B is Kane’s model paraemter, f is frequency, W is L. V_.=0.5V
the device width, a is the attenuation factor, N is e Lox0T 6 R
the interface trap density, F is the electrical field. e B=1.46x10 V’C:‘
5.0x10°[
- m  Heteroj-TFET
Bijesh, R., et al, DRC 2012. A  Homoj-TFET
Rahul, P, et al, TED 2014. 0801 01 1 10 100
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Overall Electrical Noise: HTFETs vs Si FinFETs

——V__-01V
10~9 \ Freq. 1 MHz ——V, 0.1V 5 . — +Vus 03y
—.— ] req. z ps - .
(a) Vos 03V 4 g0 —— V505V | A larger noise of HTFET at
RN | (b)  orinrer .
—~ g low |, is due to the
D
':E‘ 10'10 M‘ AAAAA o { < .
= Frg=20nm ~a¢@ | B ygn smaller tunneling length
= W=1pm s of carriers.
—=—V, 0.1V .
10"k S L f— ; I HTFET noise reduces
+VDS 0.5V " ] 10-12 3 5 3 f 1 f
10°* 10" 10° 10° 10* 10° 6™ 10° 10° 10 40* 10 astgr 15 due. to. aster
. Iy (A/um) Iy (A/um) carrier density increase.
107 : ] anq o a
—e— Vs 0.1V 107 Vs 01V Competitive device noise
10°1° NTFET—=—vV_ 03V pTFET — Vos 03V .
e V.05V 107" Vg 05V ] Lower input-referred
11 . )
= 1 Freq. 10GHz | & 10 Freq. 10 GHz | noise for HTFET with
e - ° .
#1007} Lg=20nm] 2 401 | Lg =20 nm) high gains
I PN NFinFET W=1um | U;_, pFIinFET =1 um E
10 i ——V, 0.1V 3 10 :z"s:g;x
10} :x"sg'zz (C) —~—v:-o:5v (d)
' i ; ; : 10" — - - : . Ref: Rahul, P., et al, TED 2014.
10 107 10® 10° 10* 10° 10® 107 10° 10° 10% 107
I, (A/um) Ip (A/um)
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HTFET Standard Cell Library
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N

o

L d

(Jstandard cell Library Design Flow Enables quick evaluation of large-scale digital

circuits.

______________________________________

Behaworal Verilog System Designs
(i.e., Arithmetic logics, Accelerators,

Registers, etc.)

pmm——————

| DeV|ce 20nm TFET [1]'————€I-FET V%rllog -A

_________________________

Modification of circuit
designs:

Due to uni-directional
conduction of TFET, some

circuits (i.e., MUX, DFF, Etc.)

have been modified to
retain the discharge path.

________________________

'/

\h———

i | Architecture level
i

Designs

@ —> | Synthesis

TFET Cell Library

\ 4

models

&

Modification o
4 design for cells

<

&

&=

Lookup tables

(timing and power)

Optimization

Spice Simulations|=p

Generate Power
and timing tables

&

Technology library database (*.db)

Architecture Evaluation

v

Existing Core Models
(lvybridge, UltraSparc)

v

Architecture Simulation
(Sniper, Gem5, GEMS)

v

Timing + Power with Wire
Models (McPAT)

K. Swaminathan et al, DAC2014.
CSICS 2014 San Diego, California
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System Evaluation
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¥ Potential Design Space By TFETs
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Harvesting, High Performance

. Computin
Wearable Heterogeneous Simple/complex PUtNg
Computing multicores pipelined processors

Low power/ Thermal-aware design Domain-specific
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”0{
X
9 12

Mobile/Tablet
"2 ﬁ‘J X }
QZ 2

3D Stacking
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@ Digital Benchmarking: Tunnel FET vs. CMOS
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Energy (fJ)

32bit Adder -- NRI Uniform BM

SpinFET

@ CORTFET

| 0.2V GaNHTFET 0.2V

TTT T T T T TTT]

V,;=0.5V
unless indicated

® g BisFET
© PiezoFET
Lo
_energy than $© NCFET TMD TFET
HP CMOS ~Thin-TFET 0.4
HetJTFET® 0.4V
Lower delay ~
anrTFET 0.3V than LP p3v o=
& 4mm CVOS
BLTFET @ @ HomJTFET 0.2y

® Nikonov and Young, IEEE Proc. 2013
O Device simulations

® Estimated performance

1[-.-: | L T

D. Nikonov and I. Young, “Overview of beyond-CMQOS devices and a uniform methodology for their benchmarking”, Proc. IEEE, 2013

10° 10°

Delay {ps)

CSICS 2014 San Diego, California

Slide 17



PENNSTATE

Euclidean Distance Computation @
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P1

Q1

)

Q2

Ps3

Qs

O HTFET accelerators outperform a range

of CMOS designs

= 6X energy reduction over iso-voltage CMOS
design

= 30% less energy than iso-performance
CMOS design

C1: TFET - 0.3V C2:CMOS (iso-delay) - 0.54V C3: CMOS (iso voltage)- 0.3V
5.0 30 6.3 190

Cl1 C2 C3 Cl1 C2 C3 Cl1 C2 C3

Cl1 C2 C3
EDP

Delay Power Energy

Ref: K. Swaminathan et al, DATE 2014.
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% CMOS-TFET Heterogeneous Multicores
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€ CMOS has higher peak performance @ high VDD
€ TFET Processor is “cooler”
€ Maximize performance using CMOS-TFET heterogeneous multicores

Dynamic task map Dyn. task map
. Device i wer Dyn. power
B Baseline [ Stat.c.po € Y .F.’O ©
replacement partition partition
2
o
>
°
o 1.5
Q
(7s]
©
N 17
©
£
5 0.5 -
Many TFET Few CMOS =
cores cores 0 i

applu apsi equake gafort swim wupwise Average

K. Swaminathan et al, ISCA 2014.
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TFET in 3D Stacked Multicore Systems |
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%

400-,

Normalized Speedup
N
o
o

W Best CMOS perf  H Best TFET perf

Peak performance (thermal
and yield constrained)

N
(03]

=
Ul

Normalized Speedup
N
o

=
o O

Relative performance of a 64-core CMOS and HTFET 3D stacked
system, normalized to a single core CMOS performance.

18% speedup obtained by using HTFET cores over CMOS cores.
Heterogeneous 3D stacked CMOS-HTFET multicore system can result
in even higher speedups

K. Swaminathan et al, ISCA 2014.
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Emerging System Design Using HTFET |
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Increase the
harvested power

&’\ )

4 \\: N 1
,@ \ N
\\ rm;,\‘ o

| ‘ )

= : / }\_,J/

S— 4

allr 13

P o vy

Reduce the power
consumption

PSU: TFET AC-DC Rectifier
(H. Liu et al., ISLPED’13, JETCAS14)

v High sensitivity and power
conversion efficiency to weak RF v,
input (> 90% @-42 dBm input).

v" 0.4uW output @-33dBm RF input

n,AC’

M1
1

PSU: TFET DC-DC Converter
(U. Heo, et al, VLSI Design 2015) Vi viee
v' >90% peak power conversion %

efficiency at 0.2V without '

external kick-up.

vCU

|

lg Vas, m=v

Al e

| M1 M3 Vour
=S r's -

v" 0.37 V output at 0.2 V input.

Two-phase generator

-

A
UCSD: TFET RF circuits (VCO/ = Z
Mixer/LNA), Parasitic Analysis; _RF Power ~ o Energy Harvesting'ﬁd Power Management
PSU: Current-mode transmitter R r = = Velaboact on
(W. Y. Tsai, et al, VLSI-SOC’14) \ Impe a.nce Rectifier oltage booster L oltage
A Matching (RF>DC) (DC->DC) Regulator (LDO)
b Power Suppl [ S
\ ower Supply 5| &
PSU: TFET Standard Cell Library, A System Clock "=
Processor Architecture - . i Ly . o)
(K. Swaminathan, etal, ISCA’14, DATE’14) TeaAnsHitter Dlglta_| A/D LowNoisef | o
V' Ultra-low power, energy efficient Processing Converter | | Amplifiers
digital processing «4-""® Digital — = Analog Front End Bio-signa
2 \ Input

PSU 6-bit 10MS/s SAR ADC

(M. S. Kim, etal, TED to be published)

v"  Low-power, low-voltages.

v" At 0.3V supply voltage,

power consumption of 0.25

HW, SNDR of 35dB

(ENOB=5.6b), 0.51 fl/Step.

HTFET based 6bit SAR ADC External
CLK

o,
Analog Input

6bit _ Veer

Successive [Ghit

Approximation
Register

[H[[(Ivmm

Binary 1
fc |Decoder gti)rlwta ry

PSU Neural Amplifier (H. Liy, etal, ISLPED’14)

v 0.5V, 5nW per
channel.

v' 39 dB voltage gain,

2kHzbandwidth
v noise efficiency factor:

0.64

(a) Neural Amplifier
Vin-

Neural
Signal

Ll
T

C'll c,
o
"1 | OTA

v GM.OIA

O

Micro-
Electrodes

2
“ vcommon

voul

+ =C

=
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m3 || | [ ma=T

RF-

ﬂ . 1 L 1 L 1 . I L I . I L
-50 -45 -40 -35 -30 -25 -20 -15

% High-Efficiency HTFET Rectifier X
mpo
B"—EI 100 —0— 4T HTFET Rectifi
RF+ V., == C - L HTFET 47 i FinFET Rectifier
. O golAdvantage
L \
M1 M2 3‘:3 60 L
i 1 :
nAC v V4 Voc,out =
@ C s Y
— -
RL é 20 |
:
o
o

c(;; Vv, GNo=

RF Input Power [dBm]

Steep-Slope Features: Lower threshold voltage and resistive loss
Uni-diretional Conduction: Lower leakage current from output to input

H. Liu et al., “Tunnel FET RF rectifier design for energy harvesting applications,” JETCAS 2014 _
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High-Efficiency HTFET Switched-
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[ b
w ° § 2 >
Capacitor DC-DC Converter DS
L-l X - O 100
52 e [ T = N B S A i-——_____
| VO nall 2 e K | N e N I A
— l\/:l M?% i Vout M1 M3 | Vour %0 —— HTFET with improved topology /
Vin — 1 Vin 7560 || —— i FnFET wio imeroved topateay
2 Mé'lj B g R vz || = /
Al g E

Pa

—_— Cp

¢z €

Nonoverlapping phase driver

1T
o] [0

Simplified phase generator

(a) Conventional design

B Steep-Slope Features
Lower threshold voltage and resistive loss

(b) Proposed design

B Uni-diretional Current Conduction
Lower leakage current from output to input

Lower power by simplified phase generator

Novel topology of doubling output gate
control for lower resistive loss

U. Heo et al., “A high-efficiency switched-capacitance HTFET charge pump for low-input-voltage

applications,” VLSI Design 2015

CSICS 2014 San Diego, California

20 /
0 —
200 250 300 350 400
Vin [mV]
(c) Efficiency
100
e
80 Al =
/s A
/ / .
§60 ’/’0"‘ / \\\
1] "," / N
8 40 f / Vn=0.40V |
/ gl IN—=V.
£ / i [
20 HTFET with improved topology
#2°| ==== HTFET w/o improved topology
ﬁ/ — Si FinFET w/o improved topology
10’ 10 10° 10*
R [Q]
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(R Low-Noise HTFET Neural Amplifier N
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1 Motivation: Low-Noise Amplifier for Neural Signal Recording

Key Design Points:

v’ High gain

v’ Low input-referred noise
v’ Low power

Nurmikko et al. “Listening to Brain Microcircuits for Interfacing With External World”, 2010 IEEE Proceeding.

(] Steep-Slope Tunnel FET Neural Amplifier

3

10
ENNEF=10
N
(a) Neural Amplifier W R 1071 143
Vin. Ci 10" Ky siFinFET | [4] UU@JSSC'03

Neural ——=l—

<<
=
E N |
Signal S 10% nier | [6] UW@T.BCAS'12
1l , V, .t 8 10 :.HTFET [this work] [8] EPFL@EMBC’12
T =il = o [ Neural 9] MIT@T.BCAS'07
[ ,_-—_1 ! C. _z 10 fFamplifier —% [] @
ElMltcn:; C. ! % 10_35 [this work] F
eclroaes In | CMOS,min
Tl w r NEF=1 |
10° : :
2 Vcommon 10-2 10-1 100 101
V. NBW [uV Hz
H. Liu., et al, ISLPED14. nems/ NBW [0V, WHZ]
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@ Summary St

*Promising “Beyond-CMOS” candidate
=Technology scaling has forced us to plan for the Post-CMOS era
*HTFET can complement, or replace CMOS enabling new design spaces

=Key devices features
»Steep-slope switching, Uni-directional current conduction,
*High small-signhal Ry in saturation, high g, /l4, high f; at low current,
=Negative differential resistance (NDR), Competitive noise performance

»Parallelism and 3D design further improves performance
»Beneficial device features in analog/RF circuits design

= Amplifier =Rectifier B Energv harvestin
» Current-mode logic *DC-DC converter gy g

. B Power management
» RF transceiver =A/D converter

*Future work
*Device fabrication, modeling, circuit & system design and evaluations
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