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TRANSISTOR  PRINCIPLES :  FETs  &  PETs
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PETs
’ ’

δΦ

Φ

V CE

Speed  increases  with  current  until

exponential  law  fails  at  high  currents

PET               FET

τ limited by transit time across
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Charge  Injection  Transistor  (CHINT)

Operating  principle: Control  of
cathode  temperature
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Ballistic  Electrons & Hot  Electrons

Ballistic  Transistors
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Real  Space  Transfer
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CHINT   Structures
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P.Mensz, P.Garbinski,
A.Cho, D.Sivco, S.Luryi
Appl. Phys. Lett.      , 2563 (1990)57
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Hot-Electron  Instabilities in CHINT
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W = µm25µmL = 0.8
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Speed  Limits  of  CHINT

A
o

2000

S D

C

Limiting
mechanisms:

a.  Establishment of
      hot-electron ensemble

Phonons: ~ 1 ps
e-e interaction < 1ps
(if concentration not too low)

b. Charging  time

transit over high-field regions

~ 2-3 ps 80 - 50 GHzf T
~

S D

C

presently  dominates

c. Parasitic             capacitance C-D

Collector-top
CHINT  preferable

"FET  like" 
not  limited by
time of flight S->D
in small-signal operation

but

K. Maezawa and T. Mizutani,
Jpn. J. Appl. Phys. 30, 1190 (1991)

CHINT vs FET
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Physical  Picture

Hot electron ensemble
equilibrates  via  e-e interaction

RST  is  due  to  electrons  in high-energy tails
of the  distribution  function

Tails are repolutated
"instantaneously" from
the main part of  distr.
(at high enough conc.)

The  effective  temperature
of electrons is determined 
by  energy balance

Te

Φ Ε

ρ

Te

can be very high,
more  than  1000 K

Can  interchange
DS

collector  current
will  not  change !

The  fundamental  symmetry
of  charge  injection by RST

Te =  f (   V       )SD| |

D S

C
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CHINT  logic

L = XOR  ( S , D )
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S.Luryi, P.Mensz, M.Pinto, P.Garbinski, A.Cho, D.Sivco
Appl. Phys. Lett.       ,  1787  (1990)57
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EC

EVEF

VFB

VC hν

RST

Equilibrium

Flat bands

Operating
regime

Light-Emitting  CHINT

S. Luryi, Appl. Phys. Lett. 58, 1727 (1990)

RST of electrons
into a complementary collector
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Mastrapasqua et al
Appl. Phys. Lett. 60, 2415 (1992)
IEEE TED-40, 250 (1993)
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Band  alignment  in
InGaAs/InAlAs/InGaAs
n-i-p  heterostructure

FEe

EF
h

∆ EC

∆ EV

Φh

Φe

∆ EV =  0.2 eV

∆ EC =  0.5 eV

Leakage: holes from collector
RST: electrons from emitter channel
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VCVD ,[ ] VD VC VD( ), ][

Symmetry  of  the  CHINT

DS

C

Collector current
invariant under
interchange

DS

reflection  plane

VGVD ,[ ] VD VG VD( ), ][

a  similar  symmetry  exists  in  FET:

but  not  so  important, because

G  is  not  the  output  terminal



-27-11Lect
TransistorsTransferSpaceReal

X1

X3

X2

X3X3 X1 X2

OUT

R L

VCC

BARRIER

COLLECTOR

OUT = NORAND  ( X   , X   , X   )1        2        3

1X 3X2X( ) 1X 3X2X( )=

CHINT  logic

0

0

1

1

0

1

1X 2X 3X OUT

0        0        0               1
1        0        0               0
0        1        0               0
1        1        0               0

0        0        1               0
1        0        1               0
0        1        1               0
1        1        1               1

N
O
R

A
N
D
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M. Mastrapasqua et al.,
IEDM-92, p. 659;
IEEE TED-40  (Aug, 1993)

Light-Emitting Device
with OR-NAND  Logic  Function

L =  OR ( 1 , 2 )

L =  NAND ( 1 , 2 )

if 

if 

 3 = low

 3 = high

2

C

L ch

a

d

c

b
InGaAs channel

InAlAs collector contact layer

(Si: 3x10 17  )

InP    substrate

e

1   mµ

1000 A
o

a:  200 A  InGaAs,

b:   25 A  InAlAs,

c:   15 A  InGaAs  (undoped)

o

o

o
n (Sn: 1020 )

n (Sn: 1019 )

d: 300 A  Ti / 1800 A  Au

e: 800 A  AuBe / 2000 A  Au
o

o

o o

InAlAs barrier                         (undoped)

InGaAs collector active region  (Be: 3x10  17 )

InAlAs collector confinement layer (Be: 10 18 )

(Be: 10 19 )

400 A
o

1500 A
o

2000 A
o

313
~

(Zn: 5x1018   )

L



-29-11Lect
TransistorsTransferSpaceReal

17 18 18 1816 16

0 .066

33 3335 36 3440

6
0

10

20

20

40

1

V3

V2

V1

IC
(mA)

PL

µW( )

ORNAND

0

1

0

1

0

time

OR-NAND  Logic

input
voltages:

"0" = 0
"1" = 3 V V   = 2.4 Vc

T  =  300 K



-30-11Lect
TransistorsTransferSpaceReal

2

C

InGaAs channel

InAlAs collector contact layer

(Si: 5x10 17  )

InP    substrate

InAlAs barrier                         (undoped)

InGaAs collector active region  (Be: 3x10  17 )

InAlAs collector confinement layer (Be: 10 18 )

(Be: 10 19 )

L ch

313
~

L chL ch

Cancellation  of  symmetry  break
by  off-center  trench  misalignment

2 3
2 11

~
3

1 2
1

~
3

2 3

3 2

~
3 1

2 1

~
3 1

3 2
1 2

0 0 1 11 0 0 1

V3 = 0

V3 = 1

or

V1 V2, , , , ,

nand

input

"working"  channels



-31-11Lect
TransistorsTransferSpaceReal

Characteristics  of 
nearest pairs  of  electrodes
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Leakage vs RST

InGaAs

In
A

lA
s

InGaAs InAlAs

e

RST

hole
leakage

holes injected in the channel recombine non-radiatively

vastly different
radiative efficiency
(InGaAs/InAlAs)

In contrast: InGaAs/InP devices exhibit
similar electrical and optical behavior
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Physics with CHINT

Top collector complementary and unipolar devices

Microwave studies: slow roll-off at high frequencies
Electroluminescence spectra of
   hot  electron-hole plasma in active layer
Hot-carrier thermometer

Hot-electron instabilities

Broken symmetry
Collector-controlled states
Formation of hot-electron domains
Multiply-connected   IV

Impact  ionization studies

RST  of secondary holes from the channel

Noise  studies

Space-charge smoothing of shot noise ?

...

Lot of fun
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EF

Real-space transfer of secondary holes

band diagram
near the source
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Summary

Transistor  Principles

PETs  &  FETs
Ballistic and  Hot electrons
Real Space Transfer
CHINT

Charge  Injection  Logic

Symmetry  of  CHINT
Multi-terminal  logic  elements
NORAND

Light  emitting  RST  devices

Complementary  CHINT
InGaAs/InAlAs  implementation
ORNAND

Future

More  fun
Reprogrammable  circuits
Self-organizing  systems ?
Logic  lasers
Massively  parallel  systems


