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Outline

e motivations
« RTD basics
« RTDs physics and models
* Applications
+ Exploitation of the NDR
+ Digital applications (gate logic, memory)
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Beyond the MOSFET

e Integration has quadrupled every
three year

Moore's laws * Mesoscale :
* An intermediate scale, on the order of ~10

nm,

« Minimum dimension has been + Materials have some properties of bulk
scale by 0.7 material, but surface effects are important,
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¢+ And more quantum phenomena become
important

Bulk :

¢ Materials & structures fabricated using bulk
processes with atomic precision

Electronics

+ Electron states are used for primary
information-processing operations

MINIMUM DIMENSION (pm)

1970 1980 1990 2000 2010 = not photons (optical), or whole atoms
YEAR (mechanical)
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What happens @ mesoscale?

 MOSFET scaling hampered by quantization of:
¢ charge:
= becomes important @ L ~ 10 nm in all materials
+ energy levels:
= important in semiconductors @ L~ 10 nm

« Can alternative device operating principles exploit these
guantization effects rather than be hampered by them?

« Some approaches:

+ Single-electron transistors

¢ Quantum wells / wires / dots, quantum-dot CAs
¢+ Resonant tunneling diodes / transistors
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Resonant Tunneling Diodes

« Usually based on quantum wells or wires
¢ 1-2 effectively “classical” degrees of freedom

Island (narrow bandgap)

unnel barriers (wide bandgap)
Electron tunnels
A through barrier

~Quantized momentum state

/\
N\Electron ﬂOW]- Unoccupied states
Occupied states in ; P
conduction band _

Energy
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Resonant Tunneling Transistors

« Like RTDs, but an adjacent gate electrode helps adjust the energy

levels in the island

4 Electron reflection

Gate controlled charge induction

Occupied states in
conduction band
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Why RTDs?

 Intrinsic bistability and high-speed switching

capability (e.g., 1 ps switch, f_..~1 THz)
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How does an RTD work?

Peak current density: 1.=I4

[FermiLevel | | FermiLevel ;
Conduction Band Conduction Band Peak'tO'VaI |ey Cu rrent ratlo (PVC R)
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Conduction Band >
e | V-
Barrier Fermi Level
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Barrier -
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Well Fermi Level
Barrier | Conduction Band \-'PD

A. Cidronali, Dept. Electronics and Telecommunications, University of Florence — Italy 6/29/2005 # 8/53




Valley Current

* Theory underestimates valley current
because of:

= (i) scattering by phonons and impurities

= (ii) extra tunneling via impurity states in the

barriers

= (ii) tunneling via X and L states/bands

> = (iv) disorder in alloy barriers

= (v) interface steps and roughness
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Typical RTD structures
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conduction J_
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dnGaAsiInAlAs (PIN diodes)
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l11-V RTDs

* GaAs family
I E = | 1 T I T [ = + AlGaAs/GaAs/AlGaAs
» AlAs | * InP family (1,=500 kA/cm?, PVCR=52)
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RITDs

* p-n type | heterojunction double quantum well RITD

2 — T . . T T 30 -
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- InAlAS | = _/
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E gm .
wl
L T E—— =T
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- : . : voltage (V)
15 25 35 45
Position (nm)
PVCR =144

*ﬁ H. H. Tsal, et al., IEEE EDL, Vol. 15, no. 9, Sep. 1994
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RTDs Iin other materials systems:
Molecular RTDs

Small (~1.5 nm): ultra-dense IC based on poly-
phenylene

 Natural nanometer-scale structure: identical in vast
guantities

methylene
>Tunnel Barrier
Unoccupied
Energy Unoccupied | =

TRANSMITTED
(o} d
ccupie {; — »ELEGTRDNS

Distance Occupied

Figure 4. Molecular Electronic Resonant Tunneling Diode

"-\wr_-[ 2 . . . .
=/ 1 %\ James C. Ellenbogen, “A brief overview of nanoelectronic devices”
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Power - Delay Product for
Digital IC Technologies

LABORATORIES
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Conventional Methods of Device Modeling

Electrons are waves. de Broglie wavelength of an electron is:
h/p,

where p is the momentum

Device dimensions are much larger than the electron wave length
Transit time through the device is much larger than the scattering
time

Diffusion equation for semiconductors

Diffusive Ballistic Phase-coherent

=)
i |24
I=
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Transport processes in RTD

@ Resonant tunneling butalso ... |

, _ o * particle-particle interaction
@& Tunneling with phonon emission + interface roughness
© Tunneling with phonon absorption * impurities

+ alloy disorder

@ Non-resonant tunneling » multi-valley tunneling

(E Thermionic emission
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Quantum device modeling

Quantum device

modeling

Kinetic
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* Transfer matrix
* Green function

Both effective mass and full-band description of the system are possible

A. Cidronali, Dept. Electronics and Telecommunications, University of Florence — Italy

6/29/2005




coherent approach: Scroedinger eq.

TITITIEIEIY -
000000080008 _ v .
000000000600 -~ 2 +Verysta (1)
FIEXIIYIIITIT
0000000006006 [y =F ime i sdi
000000080000 w=~Ly  Time independent Schrédinger Eqg.
TIXIIIIIIIY.
0090 CBODOD
Too complicated. ... does exist any simpler approach 7
yes | The Envelope Function Approximation (EFA)
L In EFA the time independent Schrédinger Eq. reads:
mPd(1d
-) -———— |+V(z Z)=Eopl:z
o | L] [ > d__(m dz] ( )}:ﬂ( )= Ep(z)

m*=effective mass

Boundary conditions !

The system is open since there is a current flux.

Usual boundary conditions, like infinite barrier or periodic repetition of the system, cannot be
used.
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Transfer Matrix: envelope function

Let us write the Schrédinger Eq. on a lattice (as you do to solve it numerically)

’1.2
;_,;T(mmwf_l—2%-)+Kﬁof-=5tp,- ) 19, +7¢,,+(E+V,-E)p,=0 (1)
Y ;
L > T R __ -
| | £\ T o hopping energy
- —®+ O0—C—0—010—0- .
1 Py P P O Py |Pwsr Py € =3 on-site energy

E—e-T
i I - 1 i i i—
from Eq. (1) Pt || 14 =T, 14 =TI P |
(P]' 1 G (PJ'—I (Pz'—l (pr'—l

If we define the transfer matrix T'=[]I, then Prea | I Po
i=1 Pt P

Boundary conditions

In the left contact (L) ¢(xe L)=e™ +re™ g (&™) 1+r
In the right contact (R) ¢(xe R)=re™ 16V +Da =T g ik (2)
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Tunneling current

The transmitted and reflected amplitudes, r and 7, are obtained by solving
the linear system in Eq. (2).

From the transmission amplitude ¢ we can easily obtain the transmission coefficient T
2 VR
T(E)=|f 22

L
The tunneling current is

7= 27K Eog L+ exp(Ex —E)/ksT) ],
2rh l+exp((Er —E—qV,)/k;T)
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Self-consistent calculations

Fixed and free charge effects can modify via Coulomb interaction the band
profile of the RTD. Coulomb interaction (Hartree level) is included self-consistently

solving the Schrddinger and Poisson equation.

—%[e(:)—m] a3 @) -n()

o >
>
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no-self,

self-consistent

>\
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Schrédinger Eq.

~

Charge density

e

Poisson Eq. for V¥
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Wigner function

o (a,0) = Hy| — [p(rst) = 9000 b (5.0

Density matrix

1.Change of basis

2.Fourier transform

fW af ' w '
S +jdk (r k=K f (r,k)z(

/"

Wigner equation
ar JSCCTT

F Jdr S‘m )[V(r+r'/2) V(r— r'/2) V=potential

] With the Wigner function it is easy to account for
boundary conditions [Frensley ‘90]

] With the Wigner function it is difficult to
define the collision term

400
n(r) = ffW(r,k)dk

400
Jy=—q [ k- " (rk)dk
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Wigner function: results

0_3 e P
} Ng=2:10"8cm?®  |=- Undoped = Ny=2x10"%cm?
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Position {nm)

Simulated GaAs RTD structure: equilibrium
selfconsistent conduction band, Fermi levels,
and doping. The 0.3 eV Al0.3 Ga0.7 As tunnel
barriers are 3 nm thick, and the GaAs
gquantum well width is 5 nm. The center 17 nm
of the device (including 3 nm outside each
tunnel barrier) are undoped.

7 I T I |
L Marginally
- stablg
mﬁ 6 d 2’ __ -
45 W SR L0 § . - i
© L7
T 4 ; *
= . _
o ;
E’ 2 L = - , s el
5 P |
o1 e i —_.__’_,,/"'
i Pl R el A P | FEEF R
0.0 0.1 0.2 0.3 0.4
Applied Bias (V)

Self-consistent, steady-state RTD I-V curve
showing negative differential resistance,
hysteresis, and bistability.

The RTD is unstable (oscillates perpetually) in
the plateau between 0.239 V and 0.254 V, and
it is marginally stable (oscillates with slow
damping) in the remainder of the plateau.

Biegel and Plummer IEEE TED-44, 733 (1997)
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Wigner function: results

S A i
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Applications

* Analog circuits  ------ NDR & I\V square law
* Digital Logic ------ Bistability
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the HITFET structure for uwW
Applications: QMMIC

# HITD grown by MBE on top of HEMT layers
% improved Esaki diode (+1 well\1barrier): higher

be@ter_ : Jp/Jv and Fmax
reliability
4 because InP substrate, PVCR~50, Fmax~60GHz
) p* - InGaAs Top contact layer (anode)
drain _ .
nid - InAlAs Barrier H
nid - InGaAs Well |
p++ T
source n** - InAlAs Ohmic contact D
gate oy .
e n* InGaAs Bottom contact layer (catode)
\ R nid - InAlAs Schottky contact (gate)

InAlAs Schottky _ .
E I I NN NN NN NN NN NN NN EEE NN EEEENEEEEEEER n- InGaAS S|8-d0p|ng H
INAlIAs Spacer _ F

nid - InAlAs Spacer

InGaAs channel E

nid - InGaAs Channel

InAlAs buffer
InP substrate nid - InAlAs Buffer
q \/\/\/\ InP Substrate
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The drain-HITFET reflection
coefficients

at 6.2GHz, V,,,,=500mV as seen from the:

CD-HITFET j i
61
bias S s
© 4
5
471_‘ 2 B O O B B B
-05 -04 -03 -02 -01 00 0.1 02 03 04 05
<« Vs
50 |
CS-HITFET f
g-eo% |
S 70—
o e A R A e s s e

-05 -04 -03 -02 -01 0.0 0.1 0.2 0.3 0.4 0.5
Vgs
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HITFET based VCO
topologies\prototypes

prototypes, all working at the bias voltage Vdc=0.5V :

‘A’ CD-VCO @ 6.1GHz ‘B':CS-VCO @ 6.3GHz

/\\_11}5']5'{ dr
o
f; A f/
= W =

L. / = _. :.

/’ff,f i H\é“ﬁ" A. Cidronali, Dept. Electronics and Telecommunications, University of Florence — Italy 6/29/2005 # 28/53




HITFET based VCO prototype ‘A’

6.3 — -14

_ 625} B)ai%E?E?EPELE}f}f}{}{}{?Eﬁfrg}EFE%E 1 a7

N —_—

T

U] 3

> 62¢r 4-20

2 3

3 o

g 6.5} — 123 5

i 2

5 T

= 6.1 41-26 @

= 3

Q

0

O 6o05f {-29

6 I I I I I I I I I I I _32
05 -04-03-02-01 0 01 02 03 04 05
Tuning Voltage [V]
1@8:22:21 WOV 28, 28061
MKR & 5.8 MHz

REF -186.8 dBm #AT 18 dB -65.27 dB
PEAK . . . : .
LOG & :
10
dB/ :

e e ]

5.8 MHz

HITFET

output frequency 6.18 GHz
output power -16dBm
tuning range 140 MHz

et AT SSCR -1050Bc/Hz @ 5MHz
S SO WU S S N efficiency 3%

WA 5B : : :

P £ R | e e e power supply 850pW
oo W.J A supply voltage 500mVv

CENTER 6.1812 6Hz : - “SFAN 560.0 THZ die size 450x550um?
RES BW 18 kHz HVBW 18 kHz SWP 15.0 sec
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HITFET based VCO prototype ‘B’

6.38 N — 14
17
'g‘ 6.378
B-E/E,E_EFB-E—E—B—E-E%—E‘B,H
> - {-20 g
6.376}
123 @
g 6.374 %
7 - 126
g caval W I~
63755 04 03 02 01 0 01 02 03 04 o5 2
Tuning Voltage [V]
18:41:27 MAR 21, 2882
fr -10.0 dBu AT 10 dB R S P output frequency 6.37 GHz
PEAK - : - : ; - - : -
I R SOOI OO SOOI T SO OO A output power -17dBm
d : : : : a : : : ] .
MHRKERa ............................. o= e e, e g tun|ng range 3 MHZ
238 kHz ] : : : !
=pirdt g8 SSCR -97dBc/Hz @ 230KHz
................................................................................... efficiency 3%
WA SB : : : : : : - :
1L, N— — - s TN, | S NPRDIN S S S— power supply 850uW
s ......... ......... ........ L - ,,,,,, ........ ......... Supp|y Vo|tage 500mV
CENTER 6.37258 6Az . . - ~SPAN 10.00 MAZ die size 450x550um?
#RES BW 3.8 kHz VBHW 3 kHz SWP 3.33 <cec
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Figure of Merit, dB

figure of merit (4-6.5GHz)

175 T T T r
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Arhens, MOS w/ resonator, proc. ISSC 1996

FOM =

Kinget, 0.35um CMOS, proc. ISSC 1998

Shealy, GaN FET, IEEE MWCL 2001

Yu, InP HBT, IEEE MWCL 2001

Mostafa, 0.35um CMOS sub-1V, IEEE T-CS-Il 2001
Mostafa, 0.35um CMOS, proc. IEEE CS 2001

Loo, BJT differential, 2000 Canadian Conf.

Liu, 0.35um CMOS, proc. ISSC 1998

Vaananen, 0.35um BiCMOS, IEEE JSSC 2001

Van de Ven, LC MOS, 2001 Sym. VLSI

Ellinger, classE GaAs VCO, IEEE T-MTT 2001
Deval, Synchronous CMOS VCO, IEEE RFIC Sym. 2001

Klepser, SiGe BiCMOS, IEEE RFIC Sym. 2001

HITFET-VCOs show the lowest power supply
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_the QMMIC limitation

* Not all the active functions can be replaced; e.g.
difficult to replace LNA, PA, Switch

« On a one-to-one basis, the individual functions in
QMMIC could be more effective than conventional
ones (e.g. VCOs and mixers)

* In the overall budget, however, the benefit might
be marginal
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_the QMMIC as enabling technology

# How to improve the effectiveness taking advantage of
the unique features of QMMIC technology?

# By Introducing appropriate architectures whose
application is enabled by the features of QMMIC
technology

- enabling technology approach -

the Quantum Bi-Directional Amplifer (QBDA) for

Tagging Applications
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Bi-directional amplifier based on HITD

The basic idea:

# The reflection coefficient (I') of a device exhibiting a NDR is >1

# Combining by a 90° directional coupler two HITDs, the output

signal is T" times th

e input one

input:a— o

OUpUt: «—

&/— L(a A2)
AN e

[ja*0.5+ja*0.5 e

" NDR
L(Ja/\/Z) device

I The scattering matrix

a*0.5+0(*%)a*0.5=0 a2 NDR
_— device

IS of the form:

S, S
S, S,

g:
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QBDA prototype

10

# A Quantum MMIC bi-directional amplifier has been
demostrated @ 5.8GHz; main characteristics: )
450mV\0.5mA power supply, gain 4.7dB. More work to 2,
control the HITD parameters is required. g
Q
—
2,
m
©
— 0 E
hE—
N v
N NN
& i 1o
m 0
'O— EE‘ 15
o et
— °% —20-
2, [
oo s
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An application of the QBDA: the PM

Terminating a port of the QBDA by a two-state load (e.g. a HITD
properly biased) a reflection equal to 2 times the QBDA gain is
obtained with a phase swing of 180°

back-scattered signal

T L e

CAPASAANSE

incoming signal t

modulation e
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An application of the QBDA:
the PM reflective TAG

0.02 200

Terminating a 001

o 2 =N :

-0.01—

ref, V
10%inc
AW ‘gp

state load (e.g. a

H.ITD properly o T T T -50
biased) a time, nsec
reflection equal
to 2 times the 0 0
QBDA gain is o 2
obtained witha . 22 Y

. - .~ 400—
phase swing of & 95
1800 0— 380

0 ! ! ! ! " 8 o 0 1 2 B w1
0 20 40 60 80 100

. time, nsec
time, nsec
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QMMIC Summar

# Highlights:

— TDs may be considered as an optimizing technology for
extremely low power (<500mV) RF electronics, (e.g. VCO).

— new circuit functionalities are enabled by Tunnel Devices.

— at system and circuit levels, TDs introduce new degree of
freedom, (e.g. BDA).

# Next steps:
— Tight control of series resistance and parasitics.
— Device engineering at quantum mechanic level.
— Application to millimeter-wave transceiver
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Applications — Digital Logl

* Logic circuits  ------ Bistability

* Integration with transistors (HEMT, HBT, CMQS) is a
requirement for a complete IC technology based on RTDs

+ Transitors: Input/output isolation, controllable gain

¢+ RTDs: increased functionality, enhanced circuit speed,
reduced power consumption

* |It's all about Load lines!
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Inverter

O \“\‘ VOUT:H I
\V/
Q—{ ouT \
VI N \
BE Vin=Hl Vour

pp— VOUT: LO

e Concept: A digital inverter cell with a low on-state current for low
static power dissipation

« Evaluation: The low on-state current also reduces the switching speed
because the current stays low until the RTD again reaches resonance
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Monostable-bistable transition

i vV,
' CLOCK | | | | V2 ; two stable states
. 1
RTD latch: : 4, |
_ 7Y RTD load i A 2
lin i
c—--r-- outT |
- X4 RTDdrive | A 1 STATE
i : Y -\
| : Vaias
e

* Voltage biasing two RTD’s in series results in a bistable circuit.

 The state of a bistable pair is given by the voltage of the DATA NODE
(OUT).

. the stable equilibrium states are labeled as “0” STATE and “1” STATE.
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Non-equilibrium RTD-latch switching

Tat
O’ state P -
V bias I I !
¢ ,=Cp I |
-\ -V -\ =V
ANV Veias Veias o Vaias Vgias
v, I'p2 VpiasV1) R
C =Cpy+Ce ‘ 1’ | | time
state i
Al
1 I [ |
THY1H pi(Vy) | | | I
IIl‘-l‘ IN = I
; v Loy N v Y
Vaias . VBHS Vm.\s . 1i"‘rl‘:lh'l.s

» To establish a new state in a latch, it must first be brought to a monostable bias and returned quickly to
the bistable level.

 To setalatch to ‘1’, an input current, lin, must be supplied to the data node during the restoration of
the bias voltage to the bistable level; otherwise: ‘0’ the latch will be reset to the low-voltage state.

* When the total drive current is less than the drive-RTD conduction current, the capacitive current is
negative and the voltage is driven lower.

Likewise, when the total drive current is above the drive RTD conduction current, the voltage is driven
5 2 higher.
it s
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RTD logic gates
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Monostable Blstable Logic Element
(MOBILE)

. 3

r HFET off
§,_.,2 driver
P

€

¥

D E !

PR |

:u

§ 0 |

| |
: 0 03 08V 09 12 1.5
: voltage (V) —»

» To establish a new state in a latch, it must first be brought to a monostable bias and returned quickly to
the bistable level.

 Tosetalatch to ‘1, the HFET is OFF: if AI>Ad, a net current charge the RTD driver capacitance,
resulting in a switch toward the high voltage

» otherwise: the HFET is ON the net current in the DATA NODE is such that the capacitive current is
negative and the voltage is driven lower.
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MOBILE Flip-Flop Circuit
Operating at up to 35 Gb/s

D-FF with RZ mode output
CK VDD

— 0111010000101110
i YA f e T . Input

N 5¢ 600 mV

_| Ix —| "-"1"-'-'-':'-h'-"-}—a-----:------_*E _' - 5
:_. : "7*'15“ e LT ﬂ |
L FIE RET Y ””}Hr vM;n 7 Output

Pgi A 1;}; - A4 ik §--L i
il ¥y VY ¥ "H
g 7 o i __¥___ ; ] h’%{T_’{__ 5; . ﬂ;H ¢ 60 mV
Core circuit 0111010000101110 2.00 ps

K. Maezawa et al., IEEE EDL,
vol. 19, no. 3, pp. 80 - 82, March 1998

&, H'@“-“'" A. Cidronali, Dept. Electronics and Telecommunications, University of Florence — Italy 6/29/2005 # 45/53



Multivalued Logic

* Operating Principle of Ternary Quantizer

Multistability
E::,._. 0 1 " 2
© A Vour | |
e "y I
Vour “07, “17, “27 Voltage B 1:
3 possible values RN | —
. _ XY Y
Suitable for multiple- 1] [ R S -
valued logic
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Multivalued Logic

ouT

-

REF

=
R

core output
quantizer buffer

A TR 00mv A

: 'ﬁ: ’l. ; i {*] ..ii .-'
T K RIRVE
-
200 ps
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RTD-CMOS

« Substantial immprovement in speed, power dissipation,

and circuit complexity over CMOS only circuits.
* A hybrid integration process for RTD to be
transferred and bonded to CMOS

Falyvimide RTD T Au Contact

Polyimide

# 48/53
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RTD-CMOS

4B | e e
PR} — = T iw
= ey L

A 1-bit RTD/CMOS comparator:

A 1-bit conventional CMOS _
6 devices

comparator: 18 devices
J. . Bergman, et al., EDL, 1999

7 A Cidronali, Dept. Electronics and Telecommunications, University of Florence — Italy 6/29/2005 # 49/53




Memory cel

A

I
Write Read RTD
Select Select RTDZ RTD1

j RTD1 j .
i Rea
o

O
Storage/
Node RTDZX J laro ;

Vio Vi Vero
Storage Node

. Concep_t: A static memory cell with a low
device count and low static power dissipation
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T-SRAM

Word
150 ......................
[} 8 Vref+ .
ikl e by
10? 1Vl qu.l H . O .
o O m o TR
[ 126V ' .
10t [ a1 O i - Bit| ... et
B_E [] iz g I e
= =-. N Vout
g 1.5V[_] = .
[ I ) L]
V[ ] -
CMOS TSRAM ..- @ NMOS SRAM o - .
(projected) W ovos srAl TSRAM cell test circuit.
) NMOS DRAM . . .
e 1 CMOS DRAM Vrefis 1.0 V and RTD bias Vref+ is
~ 33v(y —s5v 5y 1 0.45V (2-state) or 1.0 V (3-state). The
10° w0 source follower at the storage node,
L, ] SN, provides the read output Vout.
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Write—read cycles for high and low
iInputs for the 4x4-bit TSRAM chip.
Horizontal grid scale is 50 ns/div,
Fabricated 4x4 1T-cell TSRAM vertical grid scale is 100 mV/div. The
array. letters “W,” “S,” and “R” stand for
write, store, and read, respectively.
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Promising Future

RTD may replace the mighty transistor as
the workhorse of integrated circuits
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