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Dipole photoconductive antennas for broadband terahertz receiver
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Abstract: Terahertz(THz) photoconductive antennas(PCAs) are widely used in the detection of broadband
pulsed terahertz waves and are important components in THz spectroscopy and imaging systems. Due to
its simple structure and ease of fabrication, the dipole photoconductive antenna is the mostly used antenna
for THz receivers. The primary specification of THz antennas is the bandwidth. To study the detection
bandwidth of PCAs, dipole antennas with the arm length of 10, 50 and 150 wm and a bowtie antenna
with the arm length of 178 um were studied theoretically and experimentally. The results showed that the
detection bandwidth decreased with the increase of the antenna arm length, which is consistent with the
microwave antenna theory. Further, a commercial electromagnetic field numerical software was used for
simulation. The results were in good agreement with the theoretical and experimental results and the
model could be able to predict the performance of actual THz PCAs. The simulation can be used to
design broadband and high sensitive THz antennas by optimizing structural parameters. The use of a
hyper-hemispherical silicon substrate lens on the back of the receivers was also studied.
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K 7 %% (Terahertz , THz) 48 9§ /2 8 Ml R 7€ 0.1 ~
10 THz (% K- A£E 30~3 000 m) 22 [8] () B 8% 38, 2 T
22K 5 LT AN Z 8] B HLRE R SN X I, T 20 AR
FE TR PR TRES O A B R 2% I 80 35 X (THZ
time—domain spectroscopy , THz—TDS) K E. 45 48 i
T v AR A M L RRE A £ S R SR B
LR 4 /P S R 0 NG ol i S = 2N "o o (94 < A | D VE
PRI 48 SR AT 1 T2 B H

K25 5t L 5 K 2k (Photoconductive antennas,
PCAs) 1ER H Hii i 0] 5 Fl i by 55 B Kk 2% 2 1F 2
— T T R 2 O VR S KR 2E &
SRR B PRI 100, Ol H S R L AR I % 3 1 PR 2k
it 5 i Y fe P B e S AR IS RN 55 7E A IR B
SR RELA M, RO & AT I = 0 A B
-2 7O 42 R R 11 2 AR (B B 3, 76 P AT
T RE 0 K 2% R BRI L it i ik
{68 FH 6 E 3R 2 R HE O ik vh 2158 PCAs B B[R], DA
T E s 3l S s A A% THz FL G D

T LT R R R 25 TR D 25 1 JE AR HE A 15
WA LU AT BT, TR 2206 HL S R AR 8% 1 A JES
PRI LA 500 W B T A, DA A 2R I Mgt
P, B E M Lk, IR IR A 4L 8K (Low-temperature-
grown GaAs,LT—-GaAs) H T7£ fb & NI Al B fe |
HE R HA ST R a5, R
HAlF B 1.43 eV, Al fifl B 5 Al PRS0 i i 47
W1 Er JGAF CEPOGTE 780 nm I B & Kbk 2%
B, AR RS0 % T ] THz—TDS A 8% th i
FHAFRHE S S S R Ly 98 F 2 PR D
— AR RBOCIK 8 58T A, 7E0~3 THz
T BB P SO Tk v o B X6 SR S i S ke MR A T
UL F7 R M /N DRI SR AR AT R T W R
SR N 1) 5 4 J O (<100 £) LASE IR0 7 5 5
SR S R 5 — M EHERRES)E
RS HIAENAT B STm N, 23 X2 3 i K
R L 7 A R ORI BRI L S R 4 A AR U
e, BRI, anAeg 35 i H AT T S A0 e 17 1) R 2k 45 4
X Y I R R 25 56 L T R R R B 28 DG HL L

R X 981 THz PCAs 454 i 5% TAE A0 45

B B N EE | A TE . IR IRIGSEREAE 1M
Auston K22 RIHRR T~ Rk, DR 25 44y e B8 iy o
TIVEZS By BARE MG, 78 bR 22 I OGS 58 K™
an Tz AT, A AEAE FH AR £ THz PCAs
K H T XA Ehfe , SR, AR R 2 B B I i SR
AR AFAE 7l B AL 2 BRI THz-TDS R4t HY
LR RIS S R RN 2 —

JIT LA B DR 2% AR D L S R 2 R0 4 | 3
T RGBT RILAL , B w8 Al T A e A g iz, K
A FTHE AN THz-TDS FRGEH 70 My 9 , 3 % Kk 2%
EAL2E A MEE S R BA EEE X, B
TR 24 U BT B A GO R, AT A Y L
I TSR M T T 2 0B SE i R 450, M
Bkt KR 2% PRI 2805 o R 2 AR 30 M o
f£ THz 3 R 2 E R, R D7 B AR SRR T
VERRHE LTS & 75 18 . SO BB R AR 2% (8 i+
O RN R L AT S0 B S BT

1 KB ERRESH

1.1 EWiEE

SCrp il THz-TDS 5 4840 't B S #8000 K 48 3
AT B &, SR Ird Y THz-TDS R4:, kLR
SRGEF A 780 nm MPUHOGAR, EAEMA R 100 MHz,
Jik % 7 100 fs (Menlo System ELMO780), #0618 1
O3 CH S BP0 0 R B S AR R4
TR 2% K 5 R R 2R 06 D635 R 20 mW 3
1T 20x B, ISR A R AR B R BR 25O 5 &
SHREERR L b, B EAA R 4 pm(1/e?), 5L
55 rh 78 AR LAHERR ARSI

K 2% 2 5 #% R Y I DL LT-GaAs 4 % JiE 1)
S 17 ) F: K 28 (Coplanar waveguide antenna), K £k
2R 550 10 pm , S FF AR R 50 wm, Tk & 5o
A CE R FETE ST IER A, X RETT LA
YA 5 R 37 800 38 i R 2% R S TR R %% &
S WA [ fin 9 O R 50V, JREEE SR 6.1 mm | B
24 10 mm (148 21 35k v BEL R A RS 328 5% P 1 SR 9 2 4
KKk KRR 2L R 5 .

R R R R 9% U AR 48 DA 4 T )
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BEJE Bl IR AR B R 2% K I R 4L b AR R 26 R
NHPEEREEAT GBS O, RAEJEHEZ 5 mm,
SERG R, Ay AT T AR KA 2 BRBE AT
8 1) B 22 A DR 2 A A e 7, kg PRI A IS 3
BRI AR S ORGSR AS I
IG5,
1.2 R&SH

SCHIFSE Y L SR I R 2R A i Ry 2 4 Zk il Ak
% (semi-insulating GaAs, SI-GaAs) s Ji§ I 4= < AU {IK
TR ER (LT—GaAs) Bk}, 2 26 2 i Al 504 IS 8 JiE
2574 600 wm,LT-GaAs JEEE 224 1 pm, HH 100 nm
JEEHY AlAs 14 2% i )26 SI-GaAs Fil LT-GaAs % .
8 F#FE I -THz #81] (Optical pump—THz probe)
SIS RGNS LT-GaAs 2RI P73 ] £9°40.4 ps,
L FIiER %R 2R 3 000 cm?/ Vs,

THz R KL L5 NI 1) s, Btk 5
A 20 nm 443 8 KA 200 nm (1) 43 & 4 1 FH D' 20 A
P ARG ML, S5 IE T L, 4359120 10 .50
150 wm AR TR, LA KAE MXT e L, A 178 pm
MY K2, L ot S EIPRSE R ¥ 8 5 pm,
KL S d G TERE w 435 20 10 pm,
FI(b) MTENG2F B3 R ARSI LR R IR A

178 um S0pm  10pm 150 pum
bowtie dipole  dipole  dipole

L, d
. 1

w |

(a) (b} A

1 (a) R 5 7R Z 5 (b)LT-GaAs i L DU A [R] 19 K 2%
S5H WA A
Fig.1 (a) Sketch of antenna; (b) microscope image of four

antennas on LT—GaAs substrate

R LR R BE (S B A5 5 0 B2 Y 14 0
B 5 57w 7 i AR (Root-mean-square , RMS) I
FE I LUAEDE o 175 IR S DRI T L TG 58 o=
nepe, e ng HEGEFE, e M FHE, u AT
TR Ao R M S 32 e 24 b PR TR P | TT SR
NN

IRMS= 4kgA oC V n@Lﬂ' (1)

o ks B2 2K B0 AF ARSI 98 5 R K2
] B %) - 25 S Fi BELAE 5 m S 4800 T2, SR 1)
LT-GaAs J HL 5 2 IR by e 1 F B R 2k 5 HiL B 24
F 100 MQ, AH V. ) 1 F48 75 /8 F 100 fA/VHz , ff
PR RS , 15 B AN ] 300 ws, 1] LA 457
WOCTR S T M | 78 20 mW I 0OG I A
T, RELFHIHIZJ 10 MQ, AHR BP0 5 24
600 fA/\/Hz |

2 HR5IR

Bl 2(a)4h T AR R AR A I RE A IS i R 1 1Y
IHAF S . 50 pm B (AR T~ IR 2SR 1) A 2% i 0ég
WA 5516 B ) 5.9nA, 24 10 m B T fo i 06
fHAR % 2.5nA 9 2 4% ,50 pm R FRERATE KR
M) o7 Y S R 22— TR R L. MTEA
R KL K L,=150 pm A9 7R LI IE(E 55
FEXT 50 pom AR FHAK, A 3 nA, JERIFET 150 pm
R BRI FERe A, PR T 3% KA W) 1 Kbk
ZLUERE T E X L T R 2 I 3 ) 1 - e 0
{E°H 6nA, 5 50 um AT RZEH Y,

] 2(b) S & 2(a) 4 B 305 5 28 5 e L i AR 4
Je WS L E AT O A B A R 2R 10 pum A4
W K ER 97 e S 2 T T8, 10% W8 BE AT 9 290 0.1~
2.5 THz,, 50 pm MY fE % F R 1Y 10 % iF B2 717 98
29°50.1~1.5 THz , Sl 3% W {H 249°4 0.6 THz, 1ii 150 pm
A RZ s v i 2s , LA 29 0.1~1 THz, IE{H 2
0.3 THz , 1F % H IR R £ i 0 1 4 5 5 150 pum
AR F R AE Y % T AR Rk, FLERIMN 4 58 bt
L, MBS AR 283X 588 — 2,

FRE LT L, (B T R LR A IR v(n) .

nc

V(n)=ﬁ (2)
A .n=1,2,3, ;& NABNBEFE;c M EHZH
HeE , REAMKE L=L,+2w, R GaAs %
FERZMET , Bl e'=13, 24 n=1 B}, 50 wm F1 150 wm ¥
B A T R R 55 — AN I PR A9 % 43 31 R 0.59 THz Al
0.24 THz, 5525045 800 —50, 10 wm I 7R
FEARAA B AR, HAE — BRI B (E 4 1.39 THz,

R X R i 25 R AT IR, SO TLR SE G
MR R HEAT T E, 5 B T H N g FHEUE g
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Ak CST Microwave Studio,, 17 E-H % Jf Drude A&7
X IR A 2 4 0 DX 3 1 2 A b R AT S 80 D
LALLM BRI %% I BE B R . LT—GaAs JGHL
SRR E X IR 5 wmx5 umx1 pm , %5 2 F M 4R
S 2x10" rad/s , B B[] A 55 fs, K2k 4 @Rk H
SERFHURPEC)ILML, i Hrh R U SECS 505
A —2, Py E XK/ mmx1 mmx0.5 mm,
TEDF B AP R 43 2 8107 A& T, SR A
SRR A IR Sk B ARG L T R R B rp e T2
BRUR 2R 2 W 1) Kbk 2% i G S R vk o D b Rl A

iR
4_
” 10pm dipole
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| /\_.—-H.__,
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Receiver current/nA
=

~6f(a) ,
-2 0
Time/ps
— 10 pm dipole
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g 30t
o
]
5
3 20}
=
E
< 10
0 by

0 05 10 15 20 25
Frequency/THz

P 2 (a) 2500 FRAT AN [R] KR 4 K 24 B 345 55 (b) (L
AR S B AR S
Fig.2 (a) THz time—domain waveforms from different antennas
obtained by experiments; (b) spectral signal after

Fourier transfer

Bl 3(a) i HA5H, = A ik 7 R REIE X
AR I e I S I e B R L D FLE R 10 pm
AR RS — A R #47E1.33 THz, 1] 50 pm
8 — IR AR TE 0.73 THz, 150 um fH#% 7K 2k
5178 pm $E R4 ny IR MR R EE, AH
0.25 THz, 5 3B (B A B — 50k

F T 52 50 rP 0 AR SR R e A R R 2%
HLRE I 1 SE PR BT AFE#EAT 5500 S5 05 BLA5 R
BUEXT L, SR 10 m (8 (R 7 % 2R 95 1% mi 17 A
FZZAES, # 50 pm F1 150 pm AEPE T 178 wm
B T KR 4300 510 pm B9 A R ZR A7 5 HE
3 A O X ARG o 1, pR T MR R S e, SRR
3.5 THz VA b BYEGHE A5 B 22 |, WOoBUE X e A% |
FRi%E A 3.5 THz, XF Eb&5 5 WA 3(b)~(d), NI H
A LSS E e 5 AR RO — B, 50 pm Ak F
REAE 1.2 THz L N A SN, MiAE 1.2~3.5 THz
P BEAH L 10 pum R EZR M I A0 25, 35 R 2R J5 401
WEPRAIRA I, 150 wm AR F 1 178 wm 1552
KA 0.6 THz LA N A 25 5 S py e g, PR e o)
0.6 THz DA T MBI B itb A s i, (L, 358
HY AR B 7 FHBR R R B il . SE 00 5 07 HA5 R Y
— SRR A 1) AR R AT LR R R 2 i A o
B A RE MBI AR A 48 5 5 L,

7 3.0
. (a) (b)
6f — 10 pm dipole
2 —50 pm dipole 5 2.5 50 um dipole
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£ | [\ —178 pm bowtie E2.01
Rl £
3 | 21s
2 3p =
= | 1.0f
LR :
1 0.5f
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(c) (d)
4.8 150 pm dipole

178 um bowtie

Amplitude ratio
R I - e -
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Frequency/THz Frequency/THz

P 3 (a) JLAI R 25 KB 07 FLAE 5L 5 ()50 pom {5 1

(¢)150 pm B T 5 (d)178 wm B K £ 55 R il i ik
B 10 wm AR T R LLEAS B A9 4505 0
TR et AN R

Fig.3 (a) Simulation results of several THz antenna. Ratio of
the frequency response of other antennas to the 10 wm
dipole antenna without a silicon lens, (b) 50 pm dipole,
(¢) 150 wm dipole and (d) 178 wm bowtie,

black: experimental results, red: simulation results
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)5, % TR G B X A ik 1Y 52 ) kA I i
B X R 2% U A B i R AEVE A . Grischkowsky B
Sefdt ik 4] IS 3% B ok 4 =5 THz—TDS R&EMERE"™, 5
LR Z2 2 R RN GBS AT T RE WIS,
T Tk 7 B R 2 Bk 0 55 A5 P S R AT IR
555N R 22 () S M AT T SE g

el FH 8 2 K A Aol G 328 455 i DA 1) b 2% 401 15 4
Kl 4 firos, B 4(a) o 1 3G 0 kRIS & 5 R AR 5 R
A NCEN 1 R 2% I BB o Se gy, Rk 2% 0 52
REIB G B IR, WA R K55 REE

200‘[33 /\/' 10 um dipole
-
£
E 100¢ 50 pm dipole
=
=}
o
B
5 150 pm dipole
o
o
2 -100}
178 pm bowtie
—— —
-200— y ; 7 3
-4 =2 0 2 4 6
Time/ps
350 B
(b) — 10 um dipole
300+ —50 um dipole
= — 150 pm dipole
Z 2500 — 178 pm bowtie
=2
' 200}
3
2 150+
100
el
50
e i i i i L
[1] 0.5 1.0 1.5 20 25 3.0
Frequency/THz

Pl 4 (a) AR o JUR 25 56 15 140 K 2% I S50 5 ; (b) 1 ERL A
J5 R 5
Fig.4 Measurements with a silicon lens on the back of the receiver;
(a) Time-domain waveforms from the different antennas;

(b) Spectra of the waveforms shown in (a)
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50 wm B 7RG IEE 2R 130 nA . Kl 4(b) B R 4%
WSO ) R AR 4 D1 PR R A B T e A . DO AN ) 4544

(R R LR AT T8 s 5, X T 10 m (A% T, (B9
2920 1.0 THz, 10% I8 (B 5o 3% nE) 29 3 THz, =45
A3 R 9 5L R AE T THz B8 A5 GBE B A2 5 0% i
Fb , SO T R A A it AR BE O AL RE R e

Kl 5 K#F2% 10,50 150 wm {45 5 F1 178 wm
WHEFE K2 A (7 P ek Ao IS 328 5 AN G 1l 178 B ST 940 031335
Eb o o TR (B 22 SR, 4 B S5 2047 T H— 1k 4k

1,048} ) LY
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3 E
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P 5 A AT I 325 558 (21 20) FIR A A IS 28 5 (R ) 1Y) S
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Fig.5 Measurement spectral results with (red line) and without

(black line) a silicon lens of (a) 10 wm dipole antenna,
(b) 50 wm dipole antenna, (c¢) 150 wm dipole antenna

and (d) 178 pum bowtie antenna

PR AT OS2 Ak 5 0T AR B2 50 m AT 150 pum 9
T T RN 178 pum A BE T R 28 1 e B4R | Hoiég
TEATY SRS 9 T2 0.6 0.3 ,0.4 THz (AL E, Wiixd T
10 wm PR T R Ek, il FH R Aod i35 B v L4033 A7
S, Hg (0 R Ak — e m A, R AE T 10 wm
B R 2RI TR AT R A5 v, Ik 05 B R X A Pt Bt 1Y
KR B2 WSCRE HE 52 M AR X/, K Sl 2 o o A
W fE A AR A G

3 #RIB

WA FGIE T =8V K 405128 10,50 150 pm

0125002-5



9Nk TAE

www.irla.cn

% 48 %

(B 7 R A —Fh 178 wm AT K 2k, b HA0
i 8 M RO AT T SR MBS IS o S5 R R
e 1 R ISR AT 98 B R LR B A2 7, ol
PRA AW 5 e R BRI B R4 — 2, [Ali
B0 A5 RS BIS LR A R &, X B 3k
Ak BR8N A g ) e R SRR, R
PR LR B B AR T R AR R M2
ARAT BRI B ) S R 0L, U)K R B A A A T
REWIRIE R LIS AP A PEHE P BRI A IS 15 B2
PR SR AR AR, R T4 v R 2% 48 K 2k 1Y
RGP GE BT FE X R 2% AR PRI R 2k 1
Bt RS EARA R S, AT 2% i O S
R AR EAE,

SE k.
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