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Ballistic Transport in the Vertical and Lateral Domains

Mordehai Heiblum

IBM
Yorktown Heights, NY
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BALLISTIC TRANSPORT IN THE
VERTICAL AND LATERAL
DOMAINS

M. Heiblum

K. Seo, A. Palevski, C. Umbach, M. Weckwerth, D. Galbi,
L. Osterling, C. Knoedler, and P. Bhattacharya

e Making High Gain THETA Devices
1. All GaAsDevice

2. Strained Base Device
e A Lateral Ballistic Device

e Physics of Ballistic Transport: Single Phonon
Emission

N

8ALLISTIC,

/7 b G > ELECTRONS
vz
(/L0777
E B C
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.. DEVICE POTENTIAL
® No Minority Carriers Storage Effects

® Threshold Type Device
Threshold Determined by AlAs Mole-Fraction

Ce e =l e .

GoEAE,
® Transit Timeis < 02 pS B

For J210° Alcm?
0.25 um Geometry At<1ps
AV =0.1V
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TECHNOLOGICAL PROBLEMS
WITH THE THETA DEVICE

® Low Gain

® Low Current Density

e High Base

Resistance _

® Poor Ohmic Contact to Base

Low Gain.........
Devices ?

JIs it an inherent problem in Ballistic

38




CURRENT GAIN IN GaAs THETA
- DEVICES

Record Value Achieved for Base Doping of
8 x 107em3:

a=0.9
B=9 at 77 K

Questons Asked:

e What is the Ultimate Gain in Galls Base Devices?

o Can the Gain be Increased with Different Base
Materials?

FACT : As the Doping Decreases the Gain Goes up !

39




The Base Depletion Problem

ForN, =4 x 10'7cm-3

SURFACE DEPLETION

E
Ve e W 777777777
v"’ eASE' I P
Y 8 I d8~30nm

A Modified Design to Prevent Base Depletion

SURFACR

E

8455 .ﬁ...:—-, <2—— APA; STOP ‘

CONTACT’ ‘\’A //"i/ ] /’ LA 75 R
ST 2227 Z 77 777 l

/ ;/(E B I/B'\/.ZO;,.W

CAv BE VERT Low
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Common Base Characteristics

I 1 ) 1 . l l ) i T 1 l
0 |- T=42K -
GaAs, 4x10cm ™3
— [ Ig = 14AIstep Ny
< o
3 .
L L
3
s |
=
O =
o
46 =
Q2
_o' -
o
90mVv
_|
.O_l 1
- 360

Collector Voltage, Veg (MV)
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Common Emitter Configuration

1 1 1 T T
60 |- T=4.2K
" GaAs, 4x107cm 3
_ | 1s="TuAsstep
g - lg=6HA
O |
t |
o
5 L
&)
S |
B
2
= |
&)
i
- //
oL e —
0 |=— 800

o 80mv
Collector Voltage, Vo (MV)
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ree = 093

Boae = 13at77 K

L., > 300 nm

Current Galn, g

HIGHER GAIN RESULTS

T=4.2K
GaAs, 4x10"cm

L-Valleys Transfer
0.6V

T

0.5v

/ [—

1 1 L 1 [l
Injection Voltage, Vgg (mV)

600

The Limiting Factor is L Valleys Transfer !
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THE PROBLEM OF L VALLEYS
TRANSFER

45




Window for Ballistic Transport

Hot
Electrons

Ballistic
Window

i‘; 7/////<[//4

GaAs AlGaAs
Transport Region Spectrometer

46



InGaAs PSEUDOMORPHIC BASE
THETA DEVICE |

(B) TheT -L Separationin InAsisE, = 1.16 eV
In InGaAs: 029eV <E < 1.16eV

(B) There is a band discontinuity AE; to GaAs

(C) InAs has a lattice constant 7% larger than GaAs.
For In Ga,_,As, x=14%, 1% Lattice Mismatch
CRITICAL THICKNESS for each InAs mole fraction.

Below the CT Layers Can Grow
PSEUDOMORPHIC = 300

200

100~

Critical Layer Thickness (A)

GaAs Q2 04 06 08 InAs
x Of |n‘Gn]-l A'
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Pseudomorphic Base THETA

Electron
Energy
\(Injector
A
£ Ballistic
F — [ ~nz=—-1 Electrons
——
Ec % T ~1 I> Analyzer
eVBE
feVCB
AlGaAs C
10nm B
GaAs InGaAs AlGaAs inGaAs
Emitter Base Collector
X(InAs)=12%
dB=21nm
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CHARACTERISTICS OF InGaAs

BASE DEVICE

The Extra Band Discontinuit

AE.(GaAs — In,Ga,_As) =7.5 meV/1%

Forx=15% AE.=110 meV
E. o
I EpL
: Vea
> 1 0 R E.,=0.29 eV
x=0.12.............. E.=0.38 eV
x=0.15..ccconn.c.. E.=0.41 eV
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300

Transfer Ratio, Q
dig/dVeg (x 1078 AIV)

Injection Voltage, Vgg (MmV)

(b)
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Collector Current, I (UA)

InGaAs Base, CBC
] { l ¥ L ¥ ¥ 1
10— T=77K -
Np=7x10"cm™3
[ |E=1OIJA
I B A
B A
i 4uA
3  2uA
0
0 — .|
- 180 0 6omyV ke—-s! 360

Collector-Base Voltage, Vg (MV)
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InGaAs Base
CEC, Current Gain at 77K
| 1 ¥ 1 i 1 ] I 1
30F T=77K " y

L Np=7x10"7cm™3

Q
c -VCE=0‘5V
3
- - 0.6V
o -
]
| / } .
0 1 1 1 1
0 600

Injection Voltage, Vgg (MV)
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InGaAs Base

CEC, Current Gain at 42K

1 ]  § ! L4 i | 1 1}

431 T=4.2K {}L-Valleys Transfer _

Current Gain, 3

Injection Voltage, Vgg (mV)

.. = 0.975
L., > 800 nm
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Device Achievements
e Until Recently : B =9

* Reduced Base Doping = 4 x 10"cm -3
dg=250A
Bmax = 13 (4.2K)
e Increase I'-L Valleys Separation by an
InGaAs Pseudomorphic Base |
Bmax = 40 (4.2K)

— B max = 30 (77K)
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A LATERAL BALLISTIC DEVICE

e Easy Contacting to Regions of the Device

e Using 2DEG as the Medium for Transport - Long
. Ballistic mip

e An Added Lateral Dimension - Possibility of
Stirring Electrons in the Plane

2DEG
5;50/

/
I“J'lcfﬂ \Co([fcfﬂ-
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Collector Current Onset Changes

PROOF OF ELASTIC TUNNELING

1 T ! 1B L I | T |
10-% T=4.2K
VGE= - 500mv

- 1077 ]
<
"0
£ 1078 —
S -5mV
§ omV
©
2 10
8 10 — =836mV-7i T
=511mVv
-1
10 4mV Vge = - 500mV ]
10"12 1 1 1 1 1 1 1 1 L
0 - 40
Injection Voltage, Vgg (MV)
Vie Ve
Yued t/:////‘

177

7777 VCB 58
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Ballistic Transport and
Spectroscopy in Lateral THETA

Device
Energy
~ Injector

Er _
% =
| J_ | Spectrometer ’

J g

o 'y
Emitter Base Collector
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Spectroscopy of Baliistic

Electrons

e/nv dE
% .’/ _____ \ A -_?zr SVes

S S S LN S,

Base Barrier Collector

Measured
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Output Characteristics in a Common
Base Configuration

Collector Current, I (nA)

Spectrometer Voltage, Veg (MV)
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e Gates and

L 4

Geometry of th

Formation of Ohm

ic Contact to a

Base.
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Common Base Configuration

LAaTERAL Thera

1 LD l 1 | i J I
o0 b T=4.2K

Vge = —0.47V

Vgc = —0.465V

le =2nA/step
a~ 09 IE= 18nA

=

Collector Current, I (nA)

10mvV |
Collector Voltage, Vg (MV)

X=0.9
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(pA> :
: /A1
1000 e T ]}
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0C. D //r_,—/*—"747':/4 > -
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W LA LU -
| /[ —] i/ //i__’b/////
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x/

Optical Phonon Emission

Transfer Ratio, a

] 1 L) L I L T T I
= T=4.2K —]
| Veg=-05V Optical Phonon i
Vgc = —0.47V Emission ?
- , e ¢ A

nN!
o
-+
|

35mV 50

Injection Voltage, Vgg (MV)

A= expl-ge)=.T

A= 480 am
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Conciusions

Proof of Lateral Tunneling through a
Wide Barrier

Proof of Lateral Ballistic Transport with
a Long Mean Free Path

Possible High Gain THETA device.

- New Experimental Tool for Studying
Quantum Properties of Electron
Transport
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PHYSICS WITH THE THETA
DEVICE

Observation of Ballistic Transport
(Electrons and Holes)

Observation of Quantum Interference Effects
(Electrons and Holes)

Observation of I Valleys Transfer
Measuring Band Discontinuities

Observation of a Single Phonon Emission
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PHONON EMISSION

Dominant Phonon Scattering is due to LLO Phonons
in GaAs.

. - - -
Scattering~ | k — k' | -2 s Z
Small Angle Scattering is Preferred A //:

Phonon Energy in Unscreened Gals, fiw; =36 meV

At Low Temperatures Only Phonon Emission
Dominates

Experimentally: We did not Observe Phonon
Emission via Spectroscopy

=

_

—_ /////////» BALLISTIC
1:‘, ' DISTRIBUT/ON
36”\'_V ~ -

L=
- T——ANoeT OpRSERVED

T NE)
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GaAs Pronvows

e o 4 A vy

A
| Tc
= —|— bk — — — — & BEFORE
j l EMISSIoN
VERT \ \
MARRO W 36meV

|

\
\

|

///’/////Q

Base

%$

Py
- e - amee  eme W T e—

C-BARRIER.

BASE (9 C- BARRIER,
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i
|
} . . |
Observation of Single Phonon
| Emission in GaAs
|
' 0.45 |—
i i
' _
' 0.3 —
| i
s b
| T |
| c |
2
l - 0.15 —
~ _
} -
| i
| o
l =1 36mV
' Erg injection Voltage, Vgg (mV)
| l. e 130w
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Transfer Ratio,

0.5

T=4.2K
X (AlAS)=7%

AlGaAs Phonon

GaAs Ph7
/ 1 1 | A

tbc(O) 28meV
Injection Voltage, Vgg (mV)
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Observation of Single Phonon Emission

in AlGaAs
0.25 ——
2— X (AlAS)=20%
= T | -
o
5 | -
@ | |
& L x (AlAS) = 32%
o | :
= : \
i |
i |
| _
: 15mV
; Ay
135 [ ]l { i ll

e 315
¢, &+ 36meV o, .+ 36meV

injection Voltage, Vgg (mV)




Permeable Base Transistor and Regrowth FET Development

Mark A. Hollis

MIT Lincoln Laboratory
Lexington, MA
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PBT AND REGROWTH FET
DEVELOPMENT

MARK A. HOLLIS
MIT LINCOLN LABORATORY

PERMEABLE BASE TRANSISTOR

94 GHz PERFORMANCE

PBTs ON SEMI-INSULATING SUBSTRATES
REDUCED-PERIODICITY PBT

PBT PERFORMANCE DATA

YIELD AND MANUFACTURABILITY
SUMMARY

REGROWTH FIELD-EFFECT TRANSISTOR

BASIC STRUCTURE
FABRICATION SEQUENCE
PROCESS DEVELOPMENT
SUMMARY
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PBT PERFORMANCE

7.5 dB GAIN AT 92 GHz IN A REGENERATIVELY TUNED
AMPLIFIER

6 dB GAIN AT 93.5 GHz IN A NONREGENERATIVE
AMPLIFIER

15 dB MAXIMUM STABLE GAIN AT 40 GHz FROM A PBT ON
A SEMI-INSULATING SUBSTRATE

20.1 dB MAXIMUM STABLE GAIN AT 26.5 GHz

EXTRAPOLATED f,,, OF 265 GHz
EXTRAPOLATED f1 OF 40 GHz

5-GHz SIGNAL SAMPLED WITH PBT TRACK-AND-HOLD
CIRCUIT
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PBT POWER DATA

FREQUENCY (GHz)

POWER (mW)

nPOWER-ADDED
GAIN (dB)

CLASS

100

66%

15

AB

- 89

1.3 22
1000 501
35% 30%
19 5.0
A AB

45%

6.2

AB




ADVANCED STRUCTURES

PBTs HAVE DEMONSTRATED f,,,,, /f1 ratios of 7:1

-- LOW PARASITICS, HIGH OUTPUT IMPEDANCE

-- DOUBLING fr = fo.oy > 500 GHz

STRUCTURES FOR ENHANCED f:

-- ETCHED-EMITTER PBT
-- REDUCED-PERIODICITY PBT
-- MODIFIED STRUCTURES AND DOPING PROFILES

-- REGROWTH FET
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PBT SUMMARY

« PBTs HAVE DEMONSTRATED HIGH PERFORMANCE AT EHF

« HIGH-PERFORMANCE PBTs HAVE BEEN FABRICATED ON
SEMI-INSULATING GaAs SUBSTRATES

- PBTs CAN BE FABRICATED ACROSS A FULL GaAs WAFER
BY A HiGH-YIELD MANUFACTURING PROCESS

. ONGOING CIRCUIT EFFORTS AT
-- 22 GHz
-- 40 GHz

-- 94 GHz

« ADVANCED STRUCTURES
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REGROWTH FET ADVANTAGES:
-- HIGH SPEED
-- DESIGN FLEXIBILITY

-- THERMAL MANAGEMENT = HIGH POWER
PROTRUDING-GATE PROCESS FULLY DEVELOPED
VIABILITY OF ELECTRON-BEAM LITHOGRAPHY SHOWN

STUDY OF GaAs CRYSTAL GROWTH AROUND PROTRUDING
GATES UNDERWAY

DEVICE WAFERS FABRICATED USING PBT CRYSTAL
GROWTH PARAMETERS

REGROWTH FET SUMMARY
I
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Transport Considerations for EHF Devices

H. L. Grubin

Scientific Research Associates
Glastonbury, CT
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GaAlAs/GaAs Hetero junction Bipolar Transistors for mm-Wave Applications

Peter Asbeck

Rockwell International, Science Center
Thousand Oaks, CA
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EMITTER UTILIZATION FACTORS

SC47338
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=+ = =+ =
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X
GaAs BIPOLAR
1 T i
e 10 — -
8 f=10 GHz
O
&
> 0.8 - —
Q
<
N f =60 GHz
= 0.6} -
[
>
o CALCULATED EMITTER UTILIZATION
_ F o4l FACTOR FOR mm-WAVE HBTs
’ s (USING ASSUMPTION gpase = 200 Q/0.
w fy = 70 GHz, J. = 3 x 104 A/cm?) — 94 GHz
0.2 1 I 1
0 1 2 3

EMITTER WIDTH (um)
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Heterojunction Power FET Technology

Buman Kim

Texas Instruments
Dallas, TX
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Figure 22.

(c) Gate Forward Characteristic

Cc characteristics of quantum well MISFETS. (a) I-V curve;
(b) gate-drain breakdown curve; (c) gate forward characteristic.
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REF 1.0 Units

1

Vv

V—-BAND 50UM

200.0 mUnits/
220.46 mQ —-502.59 mQ
3V 22

START 49.9995999920 GHz
STOP 74.999983920 GHz

S-Parameters at V-band (50-75 GHz)
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MAXIMUM AVAILABLE GAIN (dB)

MAXIMUM AVAILABLE GAIN OF V—-BAND FET
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o
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&
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Vd=3V Id =17 mA
6 dB/OCTAVE \

] H 1 | ] 11

FREQUENCY (GHz)
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Molecular Beam Epitaxy and Resonant Tunneling Devices

J. S. Harris

Stanford University
Stanford, CA
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K. Fujiwara et al. / GaAs oval defects grown by MBE
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l Fig 1. Nomarski phase-contrast micrographs of seven types of GaAs oval defects and an irregular surface defect.
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Operation Mode 1:

JVA\G

252




Dual-Gate L RTFET

M

- N
l"l’

A AN
I’IIIIIIIIIII'IIII’IIA
\"I\l \l \l ‘I \l \’ ‘I‘I‘l‘l"‘l‘l‘l‘l I‘I‘I -
\\\\\\\\\\\\\\\\\\\\\\\\\\
II’IIA}II‘/AII’AIA"'AI"'IIIIIIIA

GaAs

0w

-0 ©

253




-0.§

-
- b m——
-

——
[ Sunpd g4

on. :;_;_;_i"”-
Pas SPPEe POt

DPeree G vpinp e

i *eee.aeng g et fan g o
. -+ caagee

-a %

Vie (V)
254

{ < et e aend

P Qupuisiai- Y-

T

35 T S B

————e s e

= o s

.-
+
by

e pros foops oo

Single-0.1 um-Gate FET D2Al

=
4

S

0.5mV

PRRpPapRny i

--.4“»-4..
e
-
-

—
oo §
P aes Rt

= Before Mumination = didia iz mo i

i —

: Vds

P
— 4
- Sosevesn.f.uo
joie g IIITIIIIIL
| [oees coget sepuopaess capre M
PEOTS SETSPRRDSS 50000 DORES PO
T
-

Es_..
=
=
n
E—
—
< T S N T S 55 PTERE
z 2. <2 .
o s i TITITIITITIITE
= b
et - 3
3 <
1
>
-
->
T
g
'......'




« - -
e vod

pu &
T

=

o

pomre et
b4

1000 684
It
[RES2E2 53004 200 22T

r _ BENY Hie H gt
,_ K ! ”f._* HH g .w M
o ! Sty G i
i : ; i ool
it T g
f i I BIR BRI
4 H ti313 pats i s Mt e
v 3 e 35353321 L28L p—~
m Tl i 2
at R SRR
R 11 FEEE B i ~
; Jitk i e
1 ! g

SRR
'V'f:ﬂ

-
P
s

ff""‘f??:;

‘

peess srste &

e SRt rrThrET

¢ved (wlfg 3utoedg a1en) L3 seren-wnl [°Q-[end

pm U N0 N WD U W BN S =
e DI S




~ Operation Mode 2:

Fix Vg, Vary Vds.
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Array Applications

Phillip M. Smith

General Electronics
Syracuse, NY
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GE Aerospace

Model of 60 GHz Phased Array
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GE Aerospace

w g T

60 GHz Phased Array - Side View
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GE Aerospace

HEMT With 0.25um T-Shaped Gate
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mm-Wave Phased-Array Antenna Concepts

Charles A. Liechti

Rockwell International, Science Center
T housand Oaks, CA
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SPACE-FED ARRAYS
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DC BIAS SUPPLY AND PHASE-SHIFT
CONTROL

INTERCONNECT LINES
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Materials Choice for Ballistic and Drift Transport Devices

S. Krisnamurphy

SRI International
Menlo Park, CA
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MATERIALS CHOICE FOR BALLISTIC AND
DRIFT TRANSPORT DEVICES

S. KRISNAMURTHY, A. SHER AND A.-B. CHEN

SRI INTERNATIONAL AUBURN UNIVERSITY
MENLO PARK, CA AUBURN, AL
TOPICS:

- FACTORS THAT INFLUENCE MAT. SELECTION

- QUANTITATIVE ESTIMATION

- RELATIVE EVALUATION OF VARIOUS
SEMICONDUCTORS COMPOUNDS & ALLOYS

- COMPARISON WITH EXPERIMENT

- FUTURE WORK
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SEMICONDUCTOR ALLOY ENGINEERING
FOR HIGH-SPEED DEVICES

PROJECT F49620-85-C-0103 SRI INTERNATIONAL

Objective APPROACH

To develop a comprehensive - Calculate computed band structure
theory of electronic transport and scattering rate in the semi-
properties of semiconductor conductor alloys incorporating
materials with emphasis on diagnol and off-diagonal disorder
optimal materials for High- in the coherent potential approx-
speed devices imation (CPA)

- Using simple models, calculate peak
velocity and threshold field to study
trends

- Once candidates for high-speed
devices are chosen, carry out
detailed quantum transport
calculations

STATUS

- Full band structure

- Free of transport related
parameters

- Quantitative understand of
various mechanisms

- Faster solution to Boltzmann

Equation
Optimum base materials for draft 3
and quasi-ballistic transport
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FACTORS
BALLISTIC MODE DRIFT MODE
BANDSTRUCTURE
GROUP VELOCITY PEAK DRIFT VELOCITY
SCATTERING THRESHOLD ELECTRIC
MECHANISMS FIELD
INJECTION ENERGY SATURATED DRIFT
VELOCITY
INJECTION DIRECTION M -LENERGY
SEPARATION
ELECTRIC FIELD ENERGY GAP
VELOCITY MEAN FREE SCATTERING
PATH MECHANISMS
v-E CURVES
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INTRA-and INTER-VALLEY SCATTERING
MECHANISMS

IONIZED IMPURITIES
PHONONS IN COMPOUNDS AND ALLOYS
TYPES
ACOUSTIC
OPTIC
COUPLING CONSTANTS
DEFORMATION POTENTIAL

POLAR

ELECTRON-ELECTRON
ALLOY DISORDER

IMPACT IONIZATION
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DRIFT TRANSPORT

- Solution to Boltzmann equation by
eigen value method.

£ 5?(_‘( £ (K) - zk" S(kK) (k) + ZK‘ S(k'k) f(k) = 0

(k) = D Coonk)

Eigen vector corresponding to zero
eigen value gives the expansion
coefficients Cp,.
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InSb

InP

InAs

GaAs

341




STATUS

FULL BAND STRUCTURE

FREE OF TRANSPORT RELATED PARAMETERS

QUANTITATIVE UNDERSTANDING OF VARIOUS
MECHANISMS

FASTER SOLUTION TO BOLTZMANN EQUATION

OPTIMUM BASE MATERIALS FOR DRAFT AND QUASI-

BALLISTIC TRANSPORT
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FUTURE WORK FOR DEVICE DESIGN

EMITTER SIDE

INJECTION "BALLISTIC" DEVICES
INJECTION DRIFT DEVICES
INTERFACE

COLLECTOR SIDE

REDUCE SCATTERING
INTERFACE

LARGE CURRENTS

SPACE CHARGE
POTENTIAL VARIATION IN THE BASE

SELF CONSISTENT SOLUTION TO POISSON AND
BOLTZMANN EQUATIONS
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FUTURE WORK (contd.)

2D NATURE

- ALLOY SEGREGATION
- COMPOSITION DEPENDS ON LOCATION OF THE
LAYER
- ORDER/DISORDER TRANSITION
- ELECTRONIC STRUCTURE AND TRANSPORT

- EFFECTIVE MASS APPROXIMATION NOT VALID
- QUANTUM TRANSPORT

- MATCHING 2D BLOCK STATES
- GREENS FUNCTION APPROACH

- SCATTERING MECHANISM
- WIGNER FUNCTIONS

DEVICE CHARACTERISTICS

TRANSANDUCTANCE
- CUT OFF FREQUENCY
- FREQUENCY DEPENDENT CURRENT GAIN

- POWER OUTPUT

- SELECT MATERIALS AND GEOMETRIES TO OPTIMIZE
DEVICE CHARACTERISTICS

ak W D = G e O v S I
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AllnAs-GalnAs HEMT s
FOR HIGH SPEED APPLICATIONS

U. K. Mishra

North Carolina State University
Raleigh, NC
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DC I-V CHARACTERISTICS OF
0.2 um AND 0.1 um GATE LENGTH HEMTs
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Measurement of Response of High Speed Tunneling Devices

T. C. McGill

California Institute of Technology
Pasadena, CA
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OUTLINE

WHAT AND WHY TUNNEL DEVICES?
A. TWO-TERMINAL
B. THREE-TERMINAL

. SPEED OF TUNNEL DEVICES

PREVIOUS MEASUREMENTS

. OUR MEASUREMENTS

FUTURE PLANS
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WHAT
AND
WHY

TUNNEL STRUCTURES
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WHY TUNNEL DEVICES

A. HETEROJUNCTIONS VERSUS DOPING
e CHARACTERISTIC DIMENSIONS FOR DOPING CONTROL IS

1000A
e HETEROJUNCTIONS GIVE SMALLER CHARACTERISTIC
DIMENSIONS 10A

B. POTENTIAL FOR VERY HIGH DENSITY WITH REASONABLE BIASES
ETC.

C. SMALL CHARACTERISTIC DIMENSIONS OF TUNNEL DEVICES GIVE
POTENTIAL FOR VERY HIGH SPEED
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TWO-TERMINAL TUNNEL DEVICES
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Negotive Resistance in Doub'e Horers

I, Firs* goprovimec*ion:

A. Energy conservction:
E = h%k%/2m

B. Paralle! momentum (k) conservction:
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THREE-TERMINAL DEVICES




Emitter

i

GaAs (n*)

Al Gaj-, As (undoped)

eiectron energy
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GaAs (n) I~ 500A E
Collec'rori

| SN : 504 Jf )

Ln" -GaAs SUBSTRATE 4 E
Base r l
X

(a) (b)
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Negative transconductance via gating of the quantum well subbands
ina resonant tunneling transistor

Fabio Beltram, Federico Capasso, Serge Luryi, Sung-Nee G. Chu, Alfred Y. Cho, and
Deborah L. Sivco
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

(Received 25 February 1988; accepted for publication 9 May 1988)

219 Appl. Phys. Lett. §3 (3), 18 July 1988
o B
n*t GaAs
u AfAs A Le = 40 A
(-]
u GaAs Lw=120 A
) u AfAs Lg = 1200 A
7
n* GaAs

FIG 1 Schenmane cross section of the resonant tunneling transistor.
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TEXAS INSTRUMENTS
THREE-TERMINAL DEVICE

EMITTER

GaAs

GaAlxs

GalnAs
GaAlAs

GaAs

COLLECTOR
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Si-Ge
HETEROJUNCTION
BIPOLAR TRANSISTOR

n-Si emitter
P-Sh g€y 1sbase

n-Si collector

Si Substrate

* Wide-bandgap emitter suppresses hole current

¢ Strain Splitting of conduction bands in SiGe
imporves electron transport in base

HJBT
Beta= 400
Fr =100GHz

Standard 3i
Beta=100
FT=20GHz

399



SPEED OF TUNNELING DEVICES

. TUNNELING DEVICES ARE VERY FAST-CHARACTERISTIC TIMES IN
THE 100 x 10~ !> SECOND RANGE

. TUNNELING DEVICES ARE SLOWER WITH CHARACTERISTIC TIMES
IN THE 1012 SECOND RANGE

. TUNNEL TIME OF ELECTRONS
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TUNNELING TIMES

ON THE BASIS OF TWO OUT OF THREE "VOTES” IN FAVOR OF YOUR
MANUSCRIPT, | AM INCLINED TO ACCEPT IT FOR PUBLICATION. BEFORE
I DO SO, | WOULD LIKE TO HAVE YOUR ASSURANCE THAT YOU AND
YOUR CO-AUTHORS HAVE CONSIDERED THE CRITICISMS CAREFULLY
AND ARE SATISFIED THAT THEY ARE NOT VALID. | AWAIT YOUR REPLY
WITH INTEREST.
F. E. Myers. Editor JAP December 8, 1966

K. K. Thornber, T. C. McGill, and C. A. Mead. J. Appl. Phys. 38, 2384 (1967).
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TUNNELING TIMES
T

J. R. Barker's CLASSIFICATION

A. SCATTERING TIME GROUP
o DECAY OF METASTABLE STATES TIME INDEPENDENT
PERTURBATION THEORY
e TUNNELING TIME VARIES INVERSELY AS TRANSITION MATRIX
ELEMENT

1
- Transition Matriz Element

T

e EQUIVALENT TO RC TIME CONSTANT

B. DWELL TIME GROUP
e PROBABILITY DENSITY IN TUNNELING REGION
e INCIDENT CURRENT FLUX
e TUNNELING TIME IS RATIO

PROBABILITY DENSITY
T TUNCIDENT (T RRENT

402




TUNNELING TIMES

(CONTINUED)

C. SEMI-CLASSICAL TIME GROUP
o PARTICLE IN BARRIER DESCRIBED BY AN IMAGINARY WAVE
VECTOR

2m*AFE
h2

KIMAGINARY =

o TUNNELING TIME IS THE ASSOCIATED VELOCITY DIVIDED
INTO BARRIER THICKNESS (D)

m~D

hkirtAGINARY

T

D. PHASE TIME GROUP
o CONSIDER THE ENERGY DEPENDENCE OF PHASE SHIFT OF

THE TRANSMISSION COEFFICIENT »(£)
« TUNNELING TIME IS DERIVATIVE OF THIS PHASE SHIFT WITH

ENERGY
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TUNNELING TIMES

J. R. Barker’'s CLASSIFICATION

. SCATTERING TIM= GROUP

. DWELL TIME GROUP

. SEMI-CLASSICAL TIME GROUP

. PHASE TIME GROUP
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PREVIOUS WORK

MEASUREMENTS OF TUNNEL RESPONSE ON TWO-TERMINAL DEVICES

A. MIXING EXPERIMENTS 2.5THz (SOLLNER)

B. PL DECAY EXPERIMENTS (SAKAKI AND CO-WORKERS)

C. ELECTRO-OPTIC TECHNIQUE (MOUROU AND CO-WORKERS)
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COLUAE SO, NUMBIR 20 PHYSICAL REVIEW LETTERS 16 NOVEABLE
|

|

Tunneling Escape Rate of Electrons From Quantum Well in Double-Barrier Heterostructure

MO Tsuchinae T Matsusue, and H. Sakaki

Instiviere o Indiovcrisd! Svience, Unicersioy of Tokvo, Minato-hu, Tokyo 106, Japar
(Recened 30 June 1vs7)

—_ — o — GaAs CAP LAYER
xl.—' rx[ xxxxxxxxxxxxxxxx ]\ DB STRUCTURE
7
/\ ,; ~— GaAs BUFFER
hve—=> Jt:'_‘:> hv' BUFFER
' :WSEMI-INSULATING
L Flw ' GaAs SUBSTRATE
_.La._ —-Ls-

4,
FIG. 1. Schematic structure of AlAs-GaAs-AlAs double-
barrier samples used for the present study.

BARRIER THICKNESS

Wl WS S Gy S W B OB B A B B B Bm

2000 — — — IN ATOMIC LAYER UNIT
| Lw=6.2nm Maw O 5 10 15 20 25 30 35
1000 : “e2 - 2000
: c/ 51 ] | Lw=6.2nm | | L
© " / 1 1000 b ]
$ 500 F ° 40 A f ; 90K :
a : N o/‘//‘ . . ,g . [ ___+_j
SN & 4 gsor 1) 4
= 200 F =+ o34 o ' s 745K
> : /:_L/D’ - s /A ------ &
< i = o " "ao0k
v . , 200+t e 1
a 100 ’:‘ L8= > 6 ' .,
- __e-2.8NmM 4 v
@ - et : & 100 - L .
50 - ! _J - ' j .
r 5 50 E o .
| ' ‘ ;] ]
oo L. o |, N/(AEFwHM/2)
10 20 50 100 200 i "~ ]
20 L PR 1 | G - | |
TEMPERATURE (K) - c T 234678 510
FI1G. 4. The temperature dependence of PL decay time with ’ BARRIER THICKNESS L (nm) I

ier thick as a parameter. . )
arner thickness P FIG. 5. PL decay times plotted as functions of barrier thick-

ness Lg. When Lp <4 nm, the tunneling escape process is g
dominant. Broken line and dot-dashed line are theoretical life- '
times calculated by h/(AEfwum/2), with the assumption that

the barrier heights are 1.36 and 0.96 eV, respectively. l
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PL DECAY EXPERIMENTS

. TIME LIMITED TO 60ps IN THE SAKAKI EXPERIMENTS

. MAJOR ERROR IN THE THEORETICAL EXPRESSION CLAIMED TO

AGREE

. DIFFICULTY IN INTERPRETING EXPERIMENT

e EXCITING LASER PRODUCES ELECTRONS AND HOLES

e ELECTRONS AND HOLES DECAY WITH VERY DIFFERENT
TIMES

e CHARGING OF WELL DUE TO TUNNELING OF ELECTRON
LEAVING HOLE BEHIND
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ELECTRO-OPTIC TECHNIQUE

A. DIFFICULTY OF INTERPRETING DATA

B. NOISY SIGNAL

C. RESULTS IN DISAGREEMENT WITH SAKAKI
o SWITCHING TIME MEASURED 2ps
e SAKAKI DATA GIVES 8ps FOR THIS STRUCTURE
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OUR WORK

A. USE OF PCE'S FOR MEASUREMENTS

B. USE OF CORRELATION TECHNIQUE FOR MEASURING PL DECAY
o LIMITED BY LASER SPEED
e TIMES SUBSTANTIALLY BELOW 10ps
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t=0+

t>0

t>>0

GaAs

.“
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PCE MEASUREMENTS

A. DESIGNED STRUCTURES AND SIMULATED PROPAGATION OF HIGH-
SPEED PULSE ON STRIP-LINES

B. CHARACTERIZED PCE MATERIAL
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Delay Time (ps)
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Amplitude (arb.units)

Amplitude (arb.units)
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PL DECAY USING CORRELATION METHOD

A. THE METHOD

B. THE RESULTS
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Photoluminescence Excitation
Correlation Spectroscopy

Detect at sum frequency

Cross correlation
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In Amplitude (a. u.)
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SUMMARY OF OUR MEASUREMENTS

. CARRIED OUT PL DECAY MEASUREMENTS ON TUNNEL

STRUCTURES

. MEASUREMENTS TO SHORTER TIMES THAN SAKAKI TO 10ps

. MEASURED A SINGLE DECAY TIME AT 80K

. ROLE OF DIFFERENCES IN ELECTRON AND HOLE DECAY TIMES

UNCLEAR

. BEGINNING BIAS DEPENDENCE MEASUREMENTS
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SUMMARY OF TUNNELING TIMES

Source Prediction Thickness
for 16A for 2ps
Our Experiments; T=80K 12ps 9A ‘
rr = 0.203¢%-25%Ls
2 Band Theory rp = 1.1ps 18A '
0.0047¢%-342Ls
Sakaki and Co-workers: 8.4ps 6_9A(T—_-20K .
T=20K rr = 0.670¢°-158F5; (T=20K): 11A(T=90K
T=90K rr = 0.229¢0-201L= 5.7ps
(T=90K)
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Resonant Tunneling

1. [-point resonant tunneling

o
GaAs quantum well

resonant level

2. X- point resonat tunneling
—> .
‘/\ AlAs X-point double quantum
e e L T

3. Resonant tunneling through "'-X mixed state

o iwvww
§
.. $
:
3
i
§
-X mixed resonat leval
i
§ é
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MEASUREMENTS OF BIAS DEPENDENCE OF PL DECAY

. STRUCTURE NOT REALISTIC BARRIER WIDTH >85A

. DECAY TIMES MEASURED GREATER THAN 30-50ps

. SUBSTANTIAL DISAGREEMENT BETWEEN THEORY AND

EXPERIMENT FOR THINNER BARRIERS
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B.

C.

D.

“"UTURE PLANS

MAKE BIAS DEPENDENCE MEASUREMENTS OF PL DECAY

MAKE SIMULATIONS OF MEASUREMENT
e DIFFERENCE IN BEHAVIOR OF ELECTRONS AND HOLES
e ROLE OF BANDSTRUCTURE
o COMPARE IN DETAIL THEORY AND EXPERIMENT

INVESTIGATE THE USE OF OTHER TECHNIQUES
e PCE STRIP LINE METHOD
e ELECTRO-OPTIC READOUT

MEASURE NEW TUNNEL STRUCTURES
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EHF HBT Development

B. Bayraktaroglu

Texas Instruments
Dallas, TX
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On Wafer Characterization of High Speed Circuits

D. M. Bloom

Stanford University
Stanford, CA
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of

High Speed Circuits

I

D. M. Bloom
Edward L. Ginzton Laboratory
Stanford University

DARPA Joint Contractor Review of
EHF Monolithic Devices

January 25, 1989
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COST GOALS MiMIC

DEMONSTRATE THAT MONOLITHIC DEVICES CAN BE
DELIVERED IN FUNCTIONAL MODULES AT:

e $2.50 CHIP COST, IN A

e $25 PACKAGE, WITH LESS THAN
e $250 OF TEST DATA
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60-100 GHz S11 Measurements

o Sii
MODEL

o Sii
MEASURED

Short

f1: 60. 0000
f2 100. 000
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