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Optical fiber network in Japan&Worldwide

Background: activities in Tohoku University

Semiconductor Optical fiber Avalanche photodiode
JEEr 00 Graded Index fiber (1964) ~ Pin photodiode (1950)

Light propagation detection
—— Source

Optical fiber network (NTT) I i—;

Fiber network (domestic) NG
D
Pacific
ocean
Fiber To The Home(FTTH)

Total length
13200km

Oversea cable

Fiber cable under the sea

(Kagoshima-Okinawa 1000km) Multi-media new frontier
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BS,CS bands from satellite to the earth
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OUTPUT POWER vs FREQUENCY OF SEMICONDUCTOR
DEVICES

10* IkYm 100m 10m Im 10cm lIcm Imm 100#m 10#m 12m
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Operation Frequency (Hz)

*NIR DFG: Near Infrared laser induced TARGET DEVICES
Differential Frequency Generation - ‘ TODAY’S ISSUE

*ISIT: Ideal static induction transistor
*TUNNETT: Tunnel injection transit time effect diode - - LAB’S TARGET DEVICES



LASER
Light Amplification by Stimulated Emission of Radiation

From MASER (Microwave Amplification by Stimulated Emission of Radiation

reonaor QAR o Fesona
(cavity) (cavity)
Spontaneous <_ugm_> ~
Emission [
I I g ht ] Lower energy state
Stimulated
emission
Energy distribution of Eg;il.igriumc’s'ggg?geous
electron RFERI

Fermi-Dirac distribution Négative temperature
, distribution < stimulated mwmw
A0RE

(inversion) emission



Laser is composed with
Laser material, a set of parallel mirror (cavity)

Methods to realize the inversion distribution (REERTH)
Flash lamp (solid laser etc.)
Electron injection (semiconductor laser: LD)
Gas discharge (gas laser)
LD excitation Phase term

/—j%

27T
. . A= —71-27+
Characteristic feature of laser oo 2-2mta)

Coherent :interference due to well defined phase
Directional: parallel beam nl=2L
Monochromatic light due to resonance

High energy density
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2qVDS I Source/Drain
1.2 pm 4nm

< 0.16 ps 4nm channel length transistor
structure
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Ip direction: [017)

Vesmax = +1.0V //

operation principle of ISIT 4 | Voo 0av / é 7
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___—extrinsic gats « induced potential barrier 2 /// Y77 v
50\“59 Intrinslc gate . . . 1 / g 2 /
« gate: homejunction or G
heterojunction or MIS 0 %
ballistic electrons 00 02 04 06 08 10 12
« potential barrier modulated with Vos V]
tunneling electrons gate potential but also with g n[v Vos j
drain potential Sy~ AT exp g\ M
scatterad electrons kT
drai® Ballistic electron transport From Bethe theory (thermo ionic emission)
No scattering of electrons with lattices
o themionic Injection Operation frequency (estimated)
slectrons - Up to 800GHz (0.8THz)
Tunnel transport
Ve ~ Lk Ballistic electron injection efficiency
Vpsz” Vpsi F Angm KT ?

(E. —E.f epr— 2m’ (¥, ~ E; )WH From Simmons theory,
Jgp(tunnel) N 3h WKB approximation
J¢p(therm —ionic) Y, —E
< ISIT(Ideal Static Induction > 2kgT* exp(—‘?(_rcj
Transistor) B

Tunnel injection

invented in 1979 by J.Nishizawa dominated condition
(J. Nishizawa, Proc. 1979 IEEE Int. 3h v _E OK2T 2 GaAs 25nm (RT)
Conf. Solid State Devices, Wiyl & B¢ _ n( B 2] 90nm (77K)
1979.)Washington DC 8 2m’ (W, —E.)| kel (Er —Ec) Case: ¥, E. 0.855V



Categories of semiconductor devices

Electric vehicle

[ Electron transport
devices

Electronic devices

HEMT
FET

HBT
TUNNETT
ISIT

NRD

IGBT

(High Electron Mobaility Transistor)

(Field Effect Transistor)

(Hetero Bipolar Transistor)

(Tunnel mjection Transit Time effect diode)
(Ideal Static Induction Transistor)
(Negative Resistance Diode)

(Insulated Gate Bipolar Transistor)

Thyristor, power diode, IGBT(Insulating gate
bipolar transistor)

*Low power consumption devices
Mobile phones, pad

MOS(Metal Oxide Semiconductor) device
GaAs FET

*High frequency (RF) devices
Microwave telecommunication
High speed CPU
Satellite broadcast

Short channel MOS
HEMT, HBT device
NRD device
TUNNETT, ISIT
IMPATT, GUNN




Opto devices
(optoelectronics)

[ Light }
emission

ﬁNaveIength \

FarIR  PbTe, QCLD(quantum
cascade LD)
Near IR InGaAs.....
Visible AlGaAs, InGaAIP ......
Blue InGaN, SiC, ZnO
wv GaN, Diamond /

[ Light detection }

Se

(laser diode:LD)
Optical telecommunication
DVD CD writer/pickup
Welding (high power)

Simple edge emitting LD(stripe

LD)

Quantum well LD

Surface emitting LD
(vertical cavity LD)
Quantum cascade LD
Multi-stripe LD(high power)

4

Light emitting diode (LED)
Indicator
Pin, avalanche diode n

Quantum well/dot
detector




Principle semiconductor device process flow g sppEee)
automated test

vice decion

Device :
( _ W In-process monitor

characterizati J
on

Circuit/device size requires low PR )
. /) temp. low damage In-situ’monitoring of
Reductign of J process process
cost/time v
[ Device design } g Reproducibi
N lity test
problems

Develop new |

pr Burn-in &

From pum to nm accelerated

Field test




Principle device elements of semiconductor

devices

Device structures }

|

Metal, Semiconductor, Insulator (Ceramics)

Semiconductor

~

Single crystal material

Others
Amorphous (TFT Tr. LCD driver)
Polycrystalline (solar cells)
Organic semiconductors

/




Detailed reaction processes of Epitaxial growth
Vapor phase or solution reaction

‘ Si
Cl

[ Cl H Diffusion to the surface
desorption H

desorption H
/ tion in the

Surface adsorption

migration = Surface reaction

nucleation adsorption
surface reaction

Surface diffusion
(migration)

nucleation

Real surface reaction
process in MLE Si

[Si_react
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DETAILED CRITICAL PROCESSES FOR ISIT

METAL/CERAMICS/SEMICONDUCTOR BREAKTHROUGH PROCESSES

SELECTIVE EPITAXY LOW p. CONTACT(METAL/SEMI CONTACT)

(SELF-ALIGN PROCESS) NON-ALLOYED
VERY THIN MIXED LAYER

LOW-T&DAMAGE SiN CVD Gate

(REMOTE PLASMA CVD) gGaas

ULTRA SHALLOW GROVE

(PHOTO-STIMULATED GAS FLOW ETCHING)

MISH— {A'Ga”‘s
GaAs

Source

L S.1. substrate HEAVY DOPING
LOW-T&DAMAGE ETCHING | DOPING EPITAXY 101°-1020cm-3

(SURFACE STOICHIOMETRY CONTROL)

35A
gl HIGH QUALITY
LOW-T& SELECTIVE REGROWN INTERFACE
MOLECULAR LAYER EPITAXY (MLE) (SURFACE STOICHIOMETRY CONTROL)

WITH ATOMIC ACCURACY (AA)



Gate

TiIAU~_

Source

(9)

Gate

Source

(h)

S.1. GaAs substrate

2.5 um
g ’| AuGe/Au
o

n+ GaAs:Se 5.6 nm selectively regrown Drain Ce / Source
undop. AlIGaAs 11.9 nm ... ~ channel/ gate TiAu n+ GaAs:Se 5.6 nm

n+ GaAs:Se3.5nm - ; SN~ undop. AlIGaAs 11.9 nm

n+ GaAs:Se 3.5 nm
35 nm
30 nm p++
A1 s substrate
|
1.2 um ( )

S/D=3.5nm




pin diode Rectification-demodulation
(alternate curr. AC—direct curr. DC)
pn diode
Storage of minority carrier limits RF operation

NE! Majority carrier in p-type: hole
minority carrier:electron

Majority carrier in n-type:electron
minority carrier:hole

pin diode Carrier recombination in i-layer
= NZ Fast operation

Insertion of high purity i-layer

= &

=i High breakdown voltage

Photo detector application  pmms) Fast light detection



Lateral pin photo detector application
APL 1998, J. N. Haralson I, J. W. Parks, Jr., and K. F. Brennan
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F1G. 2. Calculated frequency response in dB for the p-m-n LPIN and MSM
photodetectors shown in Fig. 1. The inset shows the temporal response of
the photodetectors showing the higher responsivities of the p--n structure
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HEMT( High Electron Mobility Transistor)
BEFRBES BEXVvITRE-BHEEIVAIFIVR 9, BRAKEE

2D electron gas 22RTTEFH R

gate

Insulator

N- doping layern® F#tiprk—T7 =

111111111111111111111111111111111111

Undoped layer 7> F—J2

Substrate E ik
+F1
T, Undoped
Insulator <
Mechanism for high
conductance
Carrier supply & carrier Ty STES
transport
=
Achievement of high carrier
concentration & Electron supply | Electron transport EFE{T4EE
High carrier mobility E 7O

No scattering—high mobility
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[JleMVA High-frequency performance of
pseudomorphic-channel InP-HEMT

T M8 Structure of InNP-HEMT F—r)£R

Ref; Nano-Gate Transistor —

World’s Fastest INP-HEMT — R () SEM cross-sectional image of tri- ,‘g’fh gate ’?”9';” of 30 nm and muifi-
. layer resist immediately after develop- yer cap siruciure
SHINOHARA Keisuke and MATSUI ment; (b) TEM cross-sectional image
. q. of T-shaped gate
Toshiaki
Journal of the National Institute of Mushroom gate

Information and Communications
Technology Vol.51 Nos.1/2 2004
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HBT(Hetero Bipolar Tr.) H
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PRINCIPLE OF TUNNETT DIODE

TUNNETT:tunnel injection transit time effect diode

For THz oscillation solid source (invented by J.Nishizawa Tohoku Univ.)

Tunnel injection under reverse bias
1 | low operating voltage
L}

++ ++ | i
p N i Iayer nt low noise

(a)

@
D
2 . .
=
= drift region
.-_:,h \ = TUNNETT - transit time diode with tunnel type injection of electrons
S ; ; 1o
- - - 100 4
emitter ( b ) F
80 1
Ec pt{n*| o ot \
g R E : 7
H L et R IR LE LI ®
tunnel injection Vin —
L aan structure and electric field profile 100 500 1000

transit distance [A]

expected performance with
‘ballistic mode transport in
transit region

p*n* tunnel injection layer requires ( C )
Very thin (nm) n* layer with atomic accuracy
with very steep impurity profile

Application of MLE



®Performance in brief
<TUNNETT

TUNNETT oscillation measured with FTIR

FTIR ! .

;;E gas voice
Schottky Jf/) bearing | | coil

detector — = =

CPU
y
i TUNNETT
diode
bias pin
horn _— ‘

antenna E
—

sliding
Auartz TUNN ETT
standoff  diode

TUNNETT oscillator in a waveguide
cavity coupled to a horn antenna

o o o =
IN o ® o

Intensity [arb. unit]

o
N

1 543GHz

1231GHZ

489GHz

369GHz 252GHz
! l

0
20

16 12 8 4
Wavenumber [cm1]

oscillation spectra




®Performance in brief
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RF power (arbitrary)

RF power (arbitrary)
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TUNNETT oscillator tuning

rectangular metal waveguide resonator:
waveguide resonater  \WR-03 (220-325 GHz, 0.86x0.43 mm)

E/H tuner

short g

i& 1

TUNNETT SBD

0.826mm (251.0GHz)

0 ﬁ?mm (289 dgHz)

tuning:
—— forward

—#— back

pulse oscillation, duty 5.0%, 10KHz

0

05 1 1.5 2 25
resonator short position (mm)

0.9mm (240.4GHz) 0.68mm (280.5GHz)
< r >

> >

10
P [dBm]
20

pulse oscillation, duty 5.0%, 10KHz

0.5 1 15 2 25
detector short position (mm)

One TUNNETT structure

in different resonator cavities

- max. frequency limited by cavity Q
not by GaAs structure

00

CW oscillation

Output power (dBm)

‘@ VVR-06 resonator
AWR-04 resonator
W VWR-03 resonator

200 250 300
Frequency (GHz)

oscillation in WR-04 cavity

WR-04 (170-260 GHz) rectangular waveguide cavity
TUNNETT CW operation, 160 mA, 1.47e4 A/lcm2, 105 V bias

mkr 251.726 GHz
¥

]

-30
-40
50 |
60 |

-80 1
-90

251 2515 252 2525
f [GHz)
from 250.780 GHz to 252.780 GHz

ResBW 1 MHz  VidBW 7MHz  SWP10s Span 2.0 GHz




TUNNETT Oscillator (with and without PLL)

SRR REEREE

T with PLL

i
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PLL circuit
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ﬁpr'l 10. 0ute

Stabilized
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e 1 !
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I by
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-40.0
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200 160 KHz M
-100.01
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27 dB + 10log ResBW
= 27 + 10 log 30000
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430 - 510 GHz CW, fundamental mode
WR-1.5 cavity (0.381 X 0.191 mm)

25 \ . | | \
Fabry Perot Lock-in =510 GHz ~
Interferometer Amp . = 589 um lpias = 560 MA
olle < > Vo= 843V
Si 20
TUNNETT - Bolometer Oscilloscope
Back short ' S
_% * g 9 15
7/ O O
4

10

R

RF power [arb. units]

Ge

Tunnett Horn THz Lenz
Cavity Antenna
0 T T T T T T T
5 t d 0 500 100b 1500 2000
o . erated pawer.[arh..units]

25

_|_|_|_|_ Generator
9

f =430 GHz

20

15 A

10 A

RF power [arb. units]

By SRR ERBURIE Y AT L
(F72)RA—FFEFHV AT L) = 1
Generateg

0
0 500 1000 1500 2000

Fabry-Perot mesh displacement [pum]



Application of sub-THz osc devices
for imaging
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Ref. [1]J). Nishizawa, P. Plotka, H. Makabe, and T. Kurabayashi, “GaAs TUNNETT Diodes Oscillating at 430-
655 GHz in CW Fundamental Mode”, IEEE microwave and wireless components letters, Vol. 15, No. 9,

pp. 597-599, Sep. 2005.

[2] Federal Communications Commission Office of Engineering and Technology New Technology
Development Division, Millimeter Wave Propagation: Spectrum Management Implications, No. 70, July,1997
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