H27P) A THz 518 A7) W 02 free

electron laser, Gunn oscillators, photoconductive

antenna, electro-optic crystal, air plasma 5% ©]843
= ¥o] it} ol% photoconductive antenmnadl] o3
THz ¥} &48o] 713 2 THz powers SAIAZITH 17
a3 A THz 9 AE3e YHOZE bolometer,

pyroelectric detector, photoconductive antenna,

electro-optic crystal, air plasma 52 o]-&3k= W0l
9lom  o|& photoconductive antennadl 2l& THz 7
Zo| 714 & wzh=(sensitivity) & 7H 3 itk Wt
A ol2@ Ao AR TH2E HAAT A
Z3l W 92 photoconductive antenna® de] AR
33t 9)¢h. Photoconductive antennat w=Y
Grischkowsky <ol 23 #2222 A= Ao
Grischkowsky antennaghil E2]o1x]7]1% g}, 19863

=) —]

= Bl SR

Sampling

Exciting 2
eam

Beam

Detection

Silicon Niobium

e s Sl

3% 1. Top and cross-sectional view of the transmission line geometry
43}
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Photoconductive Antenna

MEROI”

silicon on sapphire (SOS) 7|#¢jell FH 02 o] Fof
2 THz photoconductive 29X & o]-83led 2 13} 2
o] THzE HAA7| 2 HES ol (1) 98 F57<] THz
£ 71} photoconductive antennazt 274 ST},

E 7)29M%E photoconductive antenna®t A€ 1)
719 (substrate) 2) THz el 24 (generation) 3) THz
9] A% (detection) 4) THz 7] 2% (measurement)
o8 A7) star} gt

1) Photoconductive antenna 7|

W4 photoconductive antenna’} & THz&
transmitter 2 receiver chip2 A 2817] ¢l Aol %
£ 719E A slojol gt} UWHECR transmitterd
713 g2 oA B (femtosecond laser pulse)ll
oJ&) 2AE photo 720l (carrier) 9] =71 WHE F, ©]
E5 (mohility) 7} -2 7188 Alg3todo} ol A2 THz
pulse2 TE F o™ receiverd 71 #H
photoconductive dipole antenna®] Z~$1%| SHELE
=0]7] Y8) Aelo] 4 (lifetime)o] &L 71 AHE-5}
ofok gt}

A7), o2l 71e] BAEE ofel Hlo| B
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Photoconductive Antenna

Table 1. Characteristics of ultrafast photoconductive materials (2)

Resistivity
Photoconductive Carrier Mobility (Q. cm) Band gap
materials litetime (ps) em2/V . s) (Breakdown field, evaR T)
V/cm)
Crdoped SHGaAs 50-100.0 ~ 1000 10 143
LT-GaAs 0.3 150-200 10°(5X10°) 143
SHnP 50-100.0 =~ 1000 4X10 134
lon—Implanted InP 2-40 200 >10° 134
RD-S0S 06 30 110
Amorphous Si 08-200 1 10 110
MOCVD CdTe 05 180 149
LT-IroAbsAS 04 5 145
lon—implanted Ge 06 100 0.66

AEo] ALEEHO gom, olgd AE st2d,
transmitter$ 7] & Si-GaAs 18] L receiver 7}#&
RD-SOS(Radiation Damaged-Silicon On Sapphire) 9}
LT-GaAs(Low-Temperature GaAs)°] 71 Bo| AF&5)

<) (implanting)3le] A2} 317 Hot. A F44%k o
off 2Jgk o] 25| 742 £33 (dislocation) 72|}
e BA B4 skl 9% vIAA Aok wEhA
RD-80S¢] 7Helo] 4782 1@ o} 9] gl 433] <

4 o o

i §ik
Unkd o 2 RD-SOSe 28 17} Zo| 320 um F19)
sapphire 713 9ol 1 an 572 5082 - em(100) silicon

25 =1, okl 2382% pump-and-probe WHORE
ZA% o] F9 ol wlE RD-S08¢] ¢ ¥ale &
Aol £33 o] & FY Je] BAE RAFE Al

HHH(film) &2 o] 9127 argon, silicon, oxygenion 5 9] BHFHE O+ o9 =7t ¢ 2x1014/cm2% W)

L 20 3 s D L ¥ SR A ML 4 B et e ¥

®);

100 pr—vrrr—r

10p

* e

[
+ 2.1

CARRIER LIFETIME (psec)

PRI USRS S ST SN WO W't S ST W ¥ S

mwn ol 1013 I0M 1015 1016
Ot ION IMPLANTATION (em'2)

Py ry £ i i

4 8 12 16
TIME DELAY (ps)

38l 2. (a) measured change in reflectivity for RD-SOS samples ion implanted at doses of 2X1015¢m-2 (a1) and 1X1013 cm-2 (a2). Smooth curves
are fits obtained using a 140 fs instrument response convolution with 0,65ps (a1) and 4.8ps (a2) exponential decays, (b) Carrier lifetimes vs.
ion-implantation dose. Lifetimes are derived from individual reflectivity data at each dose. The solid line shown has a slope of unity (3}
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LT-GaAs= 3349 sub-33 3 (picosecond, pico=10~
12)9] Al2lo] 37} Hiid o 2 Aeo] olsk, &
< o9 AY 54 7P wet 2ng BRA 28
(ultrafast optoelectronic applications)?l] #Hg e
THo| gt} LT-GaAs®l 542 MBE o 9 4%
2 (growth condition) ¥} 3434 019 (post-growth
annealing)el 2|&3tet, 473 WAl 3 Fo)o] opAld (As)
< AsGad] F2 YE(1017~1020em-3)4] Z9E 44
(point defects) & AT HH o]8 3 A- e 23 ule
7 (midgap band)& #AsK Aelo] $HL TEA7E=
v A% W=7 A8 (nonradiative recombination
centers) 2 P3P Ak 4% 20t ¢ vow o #
£ d3o] Ao} Flgle] $HE o FolRlA €k o]
o, A& S7H1717] 984 LT-Cads 4SS 1 A
A4 (in situ) STEHEHA Bk, & g2l opiy A
A 600 ° C B} Bre Ld|xjo] ojde).e Telo] o)A
Y 2414 (Asrich precipitates)7} @49t} ¥)2 433
LT-GaAse AU 2% (room temperature) ol A At)a o
2 B =102 - an)& wARE ojdEld LT-CaAs
< WHEEA (semi-insulating, p~1072 - cm)e] A&
7HIA Et 5 dee) 2437 oY Aol s B
3L, o9 E LT-GaAs9] & o|%%(Hall mobility) («
=1000cm?/(V - 8))& AW 50 FL Ao 898
FABAA BidoR g} 143 15 m F79) LT-
GaAs H(film)2 400 tn F712] WHEEA GaAs 719
Ao} g A7) ok 9% 38 3L Tkt v &
Tl st 2 Ao M (in situ) AEF 3 LT-
GaAs9| AIE delxe] vk} #skE vehd T o]
I, 0BF I8 AlEo] sun Y 2% ko] A4S
HAFT A% L27} 2455, Fjelo) £ gold &

UWAHOZ receiver chipdl] AHEHE RD-SOS 7|2
Y2 THz spectrum ™% Z(bandwidth)& 7% LT-
GaAs 7132 intensity”} 2 THz pulseE 9 4= it}

2) Photoconductive antenna®] 2Jot
THz &7

THz transmitter A AEle] E2)H9 EAL 2wt

04

ARMR (arb.units)

1
§ 10 F
*
25 F
E 20 o
15 § ®
gi.o 3
05 § ® , |
on ’ , ’ 4 1 5 1 S 1

160 200 240 280 320
Growth Temperature ( C)

a8l 3. (a) Time-resolved reflectance changes for LT-GaAs grown at
temperatures 160 °C, 180° C, 200°C, 225° C, 275 ° C and 300
° C measured at A=835nm. The peak values are normalized to
unity. The inversion between the 160 ° C and 180 ° C curves is
attributed to the crystallinity of the film. Each film above 180 °C
is single-crystalline-like and the film of 160 ° C is polycrystalline
like, (b) Growth-temperature dependence of the carrier lifetime
for LT-GaAs layers (4)

To]Z (Hertzian dipole) 24 #%3he 18 4 o)A Kol
71 photoconductive antennadl] 712& Fu A¥c}.
Photoconductive antenna 78 Afelel] wk=Ale] wi= 7}
(Aol M Galse] Bg=1436V) B} o 2 oUix|2 7}
A HERe] F P2 B o) AF AHE)F A=
HOFED)e AR, of w, A Vb F H=F 5
=of A= o] 9z, 711z Astel| el PAJ== nfolo]
2(bias) Bl 93] B H2ot EAldhs B¢ AAE
2 E930 8 710 A A, AEle] £ JslM A
=& AF<(time constant)ell whe} Fdaso] Aok 22
3}, photoconductive antermacld 3z He} o &2
AIZE Well Fe Fefe] B {7 DA Hof, g3z
Ho o & Axr] A=(EM transient), £ THz B4
7t AR A == Aolth, 2 Bt A 9] 71 EA49 =
# ot tho]Z qhevl=(Hertzian dipole antenna) Az
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Photoconductive Antenna

r(8Al RO o WA AIE tellA 9] WabE A
g,
le  8J@)

E(r,t)= sing o
’ dmegctr Ot

aJ(t)
ot

o} Zo] ZAH, (o] W, J@t)& Tl BolM 9] AF, I,
£ tolZe] FE (effective)Zo], g A9 444, ¢
E Ao Ye| &£ b= tlo] Z vigko 2 HE|] 7}
Tolr})

4 A WA 2712 #E FAF (transient
photocurrent)] A7t WHekE, 2 FE St o] o )
#3lA ©c}. A7 == (photocurrent density) =

j(t) o [(t) ® [n(t)q'u(t)]

o} Zo] xddAh (®e ZEFA F(convolution
product) & EAIL I(t)e= F A7l Z234U (optical
intensity profile)e]™ q, n(t)m v(t)= % 7leloie] Asl,
25, o[t} wteA|dx ol o] LAE A Azt
9] E98Hdynamics)& 143 Drude 4 (classical
Drude model)el] 2J8l4] 2 Ardso] A}, o] Bdof u}
29, 2 AM2]ol (free carriers) 2] B ST n|E A
4y, @) ), gy o gar, o] i), re £5F ¢
38} AlZHmomentum relaxation time), me 72lo19] #
F deoltt. AF 2= n(t)gv(t)= PC LHU] B2
S (impulse response) 02 UERNH | wj2}r Baka]
29] de} A whgskA At

olg] 2@ 5% WA (emitter) oA 2] FAF Lo} vt
Al HHE THz far B=9] APAQ Al w2 P55

OC bias

substrate Coplarar

Transmission line [_lM
THz puise laser spot
<]
hertzian
I dipcie
antenna
o M
N
/ ultrafast
current puse

gt
Top view
38! 4. Standard THz-pulse generation from a PC antenna pumped with

a femtosecond optical pulse. Propagation of current pulses along
the coplanar transmission line ar shown in the top view (5)
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i
emitter photocurrent
1| optiesl
i P/"*“
S radiated THz & field
o 0.5 1 15 2
ime (ps)

23 5. Calculated photocurrent in the emitter and amplitude of the
radiated field vs. time. The temporal shape of the optical pulse
is drawn as a dotted line (6)

S Mol F Hao] B AR B F 1o
o, ¥ e THz pulse® 715 0.2 58 WAL, <t
o] &d)) wel, f4 S49) e A8k tho] & ¢t
Bk €7] oI 2ok the, <) o) e ¥ (power)
o2 WAEL (e 7] vl )

19914 dipole antenna 7-22] THz transmitter?} &
2] coplanar transmission line 21l 60V DC biasE
o7} 3 & B (positive) line®] AAH HEZX laser
H-S Ql7}sled THz pulsed] Z71E <F 48] 12l:
spectrum bandwidth7} ¥zt 7148 THz pulse® A4
AZATh (7). ol dipole antenna®] TS ¥A817] $l3)
10V mgke] ALE d7kslokst she A7 22 Hel 2o
A coplanar transmission lineol &2 A4S A7IEt
o 27148 ¥4 g 5 ok 27 62 80 1] H4
< 714 coplanar transmission lineoll 60V DC A< ¢
7} & A% 29 THz A 5.9 371E laser beam®] YAt
Aol whel BAG a-delrt (8). 17T Zo| ¢
transmission line®] A H-8 ZA oA ol & THz 4l
7} EATS & & e ol OE 63 2o A3
A717o] ZA4) 3l 471€ photo FH|o1E Bt 2] 7}
& A § 97 dEelth, olE 729 THz
transmittere 259 9] AHSS T Yot

3) Photoconductive antenna®j &J¢t
THz 8&

THz 4% (receiver)?l %€ F AF =0
transmitter] At V til, AF 717t AZ2=o] 3l
T}, oA A9 g uke} 2ho] photoconductive antenna 7|
o] Fgle] e THz 9 Bt} o gt} ulehy 9§
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2% 6. Measured THz signal as a function of illumination position for an electrode bias of 67 V. (a) Potential distribution, (b) Electric field near the
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s

29 golx BAE THz 229 #¥& 4=
(sampling)dle AEE AlEZA B2gT, o2
photoconductive antenna A& 0]2kar gvt, THz WA
As} 7ol 3 Pt |labslE Bt Aozt o3 =,
o] wj A7+ QoA HA & 71 THz pulse?} thol &
QtEL} Zhol) QAlsle] o] AAe] 2Jeir FhzloiEe] 714
sjojA]an, oA o5 sRoA &AE = e AR A
2E 7RA At

% 72 photoconductivity antennas ©]-8& THz
system 8ot} $=41%5-¢] dipole antennadl] YAFEE
HEZ #olx Hxad o A€ 7lelol+= dipole

28 7. THz system and photoconductive switch

Y

2@ 8. THz sampling method

antenna® =% (short)A1# THz pulseel] 2l3l| 43435
#2527 g} |9 LA Alole] o] ofF
#o}l =24 dipole antennat T W&t (open) "t of
A€ 13 73 20| dipole antennat v dlo|A B
o 2Ja on F of7} H= AR S A Frt. v
laser beame] A3sh= 2 2o] AH-E-5 W3S A1A dipole
antennall E@ER= dlolA a9} THz pulse Atojell Al
7 o] THz pulse®] & Gl sldele 4FE L
% 87} o] sampling #4102 S48 4 it

4) Photoconductivity dipole antenna
Zolo] 2 THz pulse? %

1% 99} o] transmitter chip Si-GaAs 7] o]
Ohmic HZ& ¢18) 100 nm < 500 nm $79] Elehs
FE3 471 E $4.08 39 transmission lines A
g1l om 24219 line?tA-& 80 pm 2123 3 line® %
2 10 tm ot} (S-GaAs 10-80-10). Receiver chip<
RD-SOS chips AH&-51od 713 99} 2] dipole antenna
T7%9] chip& AH&3199t}. Antenna Ale]9] 2L 5 pm
o2 343 line?] F& 5 um & 10 ane]H 5 line
Atele} 744 (dipole o] 2°})- 200 pm, 30 Am, 10 sm=
] dlod 249 THz pulse 2 71 spectrum-e o}l =1
2 1000 2HzE Vel givt 29 10(a)e SOS 7]gel| &
10 pm, line Atel9) 2¥20] 200 2! dipole antenna®
transmitter chip (SOS 10-200-10) &2 AMg-81%oH
receiver chipe 22 129 RD-S0S chipE (RS-80S
10-200-10) ARSI Al7E G 9o)xe] THz pulses
o}& broad 31 spectrum®) HAEL 28 0.5 THz= A
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o &7 1S

THz Source
- ~25mm

THzDetector

ohmic contacts

* Semi-insulating GaAs

* Resistivity > 10% Q-cm

* ~10 mW optical damage threshold
* ~ 100V bias across 80 pum gap

* Mechanically fragile

« Silicon (1 pm) on Sapphire
« Oxygen ion implantation:
10% con? @ 100 & 200 keV
» 10°s mW optical damage threshold
+ 10V bias across 5 um gap
« Mechanically tough

28l 9. THz transmitter(source) chip and THz receiver(detector) chip with dipole antenna

73 999 spectrum 549& 7T 28 10(b)9)
transmitter chip& SI-GaAs 713l Z 10 #m, line Alo]
©] ¥4 80 #m¢<] coplanar transmission line2 (SI-
GaAs 10-80-10) AH8-315.21 receiver chip& RD-SOS
71l Z 10 pm, line Ato]9] 7¥2o] 30 #m?! dipole
antenna—g‘ (RD-S0S 10-30-10) A}8-31v}. Spectrum

e E 2k 3.5 THZKA SHE0SS & & Aok vl
o2 13 10(0% 2 10(b)9) transmitter chip?} 2

21 receiver chipS RD-SOS 718)] £ 5 um, line A}l
9} 744 10 #m9 dipole antenna® (RD-SOS 5-10-5)
A3, olnf S49 Y92 oF 4.5 THz7H &
HAeE 94 & 5 k. adoA 9 2] dipole
antenna®] Ze|7t 2 Al THz pulse %S 2
% T 4 9J21 dipole antenma®] Zol7} Z}Q‘-’Fi ot
9] THz pulse® 333814 WL THz g3 717
THz spectrums 8 5= Ut
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28 10. Measured THz pulses and spectra. (a) Tx: SOS 10-200-10 & Rx: RD-SOS 10-200-10
(b) Tx: SHGaAs 10-80-10 & Rx: RD-SOS 10-30-10

(c) Tx: SHGaAs 10-80-10 & Rx: RD-SOS 5-10-5
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