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= Motivation
- What are THz waves?
- Development of THz components
- Requirement of THz detectors

= Zero-Bias Schottky Diode (ZBSD) based detectors
- ZBSD & it's operational principle
- Antenna analysis
- Detector fabrication

- In-house characterization
- With free electron laser, HZDR (FELBE) characterization

= Summary

= Qutlook
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THz post-detection

detection

Source : Toptica Photonics AG
THz Power:
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Motivation : development of THz components
Table top system Free electron laser,

HZDR, Dresden

THz sources THz detectors -

Laser 1

THz

technology Sample

ST THZRx
laser2 — Laser
THz post-detection

detection Pulse energy: up to 2 pJ
Source : Toptica Photonics AG THz Power ~ 1 to 100 W

THz Power: (depending on wavelength
100 GHz ~ 100 IJW andpbeamgparameters) ’
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ZBSD based detectors : ZBSD & it’s operational principal

= Fast and sensitive room temperature B
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ZBSD based detectors : ZBSD & it’s operational principal
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Uy (t) = Uycos(wt)
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= By using Taylor series expansion up-to 2 Antenna coupled ZBSD
order, diode current is given by:

Su9| - IS
|leubis zH | juapliou|

Uy (t) = Uycos(wt)

UNIVERSITY OF APPLIED SCIENCES Rahul Yadav | rahul.yadav@iem.thm.de



I <7 - Z‘ T : : pe 1211 INTERNATIONAL BEAM
::: H M = ﬁ' Liﬁ;'gggﬁ;{? . == Dn CS I \“(I technische universitat INSTRUMENTATION CONFERENCE
EEE A HELMHOLTZ ZENT num qy'?f dortmund SSSSSSSSS , CANADA

" P c DARMSTADT DRESDEN ROSSENDOR or Te fir Tech September 10-14, 2023

TECHNISCHE HOCHSCHULE MITTELHESSEN

Comdan Convecansdn
wwwwwwwwwww

Paper ID: WE1CO03

ZBSD based detectors : ZBSD & it’s operational principal

= By using Taylor series expansion up-to 2 Antenna coupled ZBSD
order, diode current is given by:

Iy (t) = AU, cos(wt) + AZUOZ cos(wt) + ---

1 1
= AU, cos(wt) + EAzUoz + = A,U, cos(2wt)
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= By using Taylor series expansion up-to 2 Antenna coupled ZBSD
order, diode current is given by:

Iy (t) = AU, cos(wt) + AZUOZ cos(wt) + ---

1
— A,U, cos(2wt)

2 \ 4

1
= AU, cos(wt) + EAzUoz +

where, A{= R
dif f

1
A2= —

2+ Rajff-n-Ur
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n . ZBSD ideality factor
Rqirx - ZBSD differential resistance .
Ur : InGaAs thermal voltage UO (t) — UOCOS(a)t)
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= By using Taylor series expansion up-to 2 Antenna coupled ZBSD
order, diode current is given by:

Iy (t) = AU, cos(wt) + AZUO2 cos(wt) + ---

1,1 e >
= AUy cos(wt) + =A,Uy" + = A,U, cos(2wt) Q.
2 2 4 — O
2 @
where, A= ' '?"
" Raigy Post-detection o 4
. -] -
L 1 electronics 7 N
* 2 Ryp-n- Uy é
= The rectified signal is read-out by the post- a

detection electronics
: ZBSD ideality factor

= The term A, is directly proportlonal to detector R : ZBSD differential resistance
responsivity because Inc = 42Uo” Uy InGans themal voitage U (£) = Ugcos(wt)
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= |nvestigation on antenna parameters with
variable dielectric constant
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= |nvestigation on antenna parameters with
variable dielectric constant

Channellis 10*8 um?

1.17 mm
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= |nvestigation on antenna parameters with °
variable dielectric constant g 7]
D >
Channel is 10*8 uym?2 o °
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S
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e
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@)
= |nvestigation on antenna parameters with °
variable dielectric constant g 7]
D >
Channel is 10*8 uym?2 o °
s | @
S
N
= S
B o
N
o
0.557 «© — Zo
m y %k b<6 Z, =
NS V2(e; + &)

Z, : Antenna radiation impedance

Z, : Impedance in free space ( 377 Ohm)
g1 . Air dielectric constant

&, . Material dielectric constant
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n
= |nvestigation on antenna parameters with = 3§
variable dielectric constant O D
3 3
Channel is 10*8 pm? o
= | @
=
N~ 300 . . . . : . . . .
— O<\‘ 250 —e|=2.8 —|c |=8.8 ]
- ‘ Real Z, —lel=48 —|c|=108
\c;\\a\\o“ 200 !\ j A e | =68 — e =128 . 5
6"\ S | -cgj C:D
« Z : o
0557mm 1{)&6“\ ZA — 0 F?; | 8 2
QO \/2(51"‘52) £ 1 o
Z, : Antenna radiation impedance 3 T
Z, : Impedance in free space ( 377 Ohm) o
g1 . Air dielectric constant =

&, . Material dielectric constant 02 04 06 08 1 12 1416182
Frequency [THz]|
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Mask design Device fabrication Detector packaging

K-connector

Mg Agp F 0%o° 00 Z Omm -I Yo E
dPadedeae £ n ;
:-‘|-+++ D—DD—E||:| + =100 +m 4 o000 ++++ Zoomed S Lol LU o | _
i
Packaged SD
THz detector
E Abbreviations Length (mm)
E Lens thickness (T) 5.95
Lens diameter (D) 10
Si substrate thickness (H) 0.5
Si substrate length (L) 5
Microstrip line width (w) 0.96
Microstrip line length (l) 15

R. Yadav, et. al, Sensors 2023, 23, 3469.
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= Experimental set-up

FET/SD
TiA THz
Detector
Lock-in
PM
CW-Tx
e
OF
CW laser
system

R. Yaday, et. al, Sensors 2023, 23, 3469.
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= Experimental set-up

FET/SD
TIA THz
Detector
Lock-in M
CW-Tx

CW-Tx: Continuous wave — Tor
transmitter cwiaser| ™ TOptica TeraScan 1550
OF: Opt|Ca| fiber system | o THz Power:
PM: Parabolic mirror 100 GHz ~ 100 W
SD: Schottky diode detector 1 THz ~ 1 pW

TIA: Trans-impedance amplifier Rectified signal by device

Dynamic range (dB) = 20 X log;,(

R. Yadav, et. al, Sensors 2023, 23, 3469. Noise floor of device
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100

——Dynamic range
= Experimental set-up % -
80 -
FET/SD @
TIA THz g 70 7
Detector S 60 i
£
g 50 4
E —— n —_— |} —_— n —_— |} —_— n <
Lock-in a0 .
PM — S— ~ .
30 ~
CW-Tx ~ ., 'S
20 0:5 '; 1:5 ~ .; 2?5 * \
. S
CW‘TX: CO”U”UOUS wave OF Frequency [THz] @‘ I I I I—Dynalmic rangel
transmitter cwiaser| ™ TOptica TeraScan 1550 S
OF: Optical fiber system | o THz Power: :
PM: Parabolic mirror 100 GHz ~ 100 yW 5
SD: Schottky diode detector 1 THz ~ 1 yW -
TIA: Trans-impedance amplifier P ey

Frequency [THz]

D , IB) = 20 X I Rectified signal by device
R. Yadav, et. al, Sensors 2023, 23, 3469. ynamic range (dB) = 20 X logs o Noise floor of device
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FEL at ELBE, HZDR, Germany

FELBE U37 FELBE U100 TELBE U300
Wavelength 5-40 pm 18-250 pum 120-3000 pm
Frequency 7.5-60 THz 1.2-17 THz 0.1-2.5 THz
Repetition rate 13 MHz 13 MHz 0-500 kHz
Pulse energy <2pl <2l <10 pJ
Bandwidth 0.5-2% 0.5-3% 10-20%
# periods 54 38 8

electron-laser
interaction

radio biology
detector studies

M. Helm, et. al, Eur. Phys. J. Plus 138, 158 (2023).
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ZBSD based detectors : with FELBE characterization
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ZBSD based detectors : with FELBE characterization

- Experlmental Set-up -S|0W measurement setup .

Lock-in —

Fast measurement setup
Detector
20 GHz
Oscilloscope PM : h :
: opper :

FEL EXIT
PORT

LNA: Low noise amplifier

M: Mirror

PM: Parabolic mirror

TIA: Trans-impedance amplifier
SD: Schottky diode detector

R. Yaday, et. al, Sensors 2023, 23, 3469.
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= Experimental set-up f'owmeamme”t setup ; : Oscilloscope Lock-in amplifier with chopper
odein Higher THz power as no Lower THz power due to
chopper chopper
Fast measurement setup 5 Not temperature Temperature dependent
NA SDTHz | i TIA dependent (Bolometric effects)
Detector : :
Use for THz pulse Use to investigate detectors
., detection and working principle and
- L LAz ) | \ synchronization developments
Z - |
Oscilloscope PM : Chopper : g
LNA: Low noise amplifier v\ THz Ray "oRT.

M: Mirror

PM: Parabolic mirror

TIA: Trans-impedance amplifier
SD: Schottky diode detector

R. Yaday, et. al, Sensors 2023, 23, 3469.
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ZBSD based detectors : with FELBE characterization

= Slow measurements

= Responsivity of 102 rnW‘A‘from
0.2t0 0.6 THz

. W
NEP of 10@
from 0.210 0.6 THz

Responsivity roll-off f~°

Current responsivity [mA/W]

R. Yaday, et. al, Sensors 2023, 23, 3469.

UNIVERSITY OF APPLIED SCIENCES

10*

102

10°

Comparison of in-house (table-top) and FELBE measurements

T T T T T T 108
E ~T T E]
F A —— Current responsivity 3
L Table-top - - e ]
E able-top ~ .. NEP FELBE ?
: IR - - - £ fit e 3
\\\ L’ 6
F .. x -
\\ ,/
E R 3
: x ¥ 5
E- \\\ .7 _5104

10°
Frequency [THz]
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ZBSD based detectors : with FELBE characterization

= Slow measurements

= Responsivity of 102 rnW‘A‘from N
0.2t0 0.6 THz

. pw
NEP of 10@
from 0.210 0.6 THz

] 100

Responsivity roll-off f~°

Current responsivity [mA/W]

R. Yaday, et. al, Sensors 2023, 23, 3469.
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Comparison of in-house (table-top) and FELBE measurements

T T T T T T 108
E Sl 1 |
E A —— Current responsivity 3
[ Table-top > -/ fit ]
E able-top ~ .. NEP FELBE ?
: IR - - - £ fit e 3
\\\ ’/ 6
E S * ’¢' E
\\ ,/
E R 3
: *x ¥ :
E- \\\ .7 _5104

100 10!

Frequency [THz]
Note: Table-top (in-house results here are not with same device as in slide 10)
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Fast measurement at 1.99 THz with FEL

100

0
-100
z FWHM|of/ 60 ps
= -200 +—> -
=]
A THz power = 0.49 mW
-300 .
-400 .
-500 1 1 1 1 1 1 1 1 1 1
2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8

Time [ns]
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ZBSD based detectors : with FELBE characterization

Fast measurement at 1.99 THz with FEL Fast measurement at 4.84 THz with FEL

100
0
-100
> FWHMFi 60 ps 2T FWHM pf 80 ps ]
< 200 1 5.5k i
5 g THz power = 0.69 mW
5 THz power = 0.49 mW 2,1 P _
-300 = -
25 -
400 k= | -30 -
=35 .
-500 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 18.6 18.8 19 19.2 19.4 19.6 19.8

Time [ns]
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Fast measurements

10V T T

=§ FELBE :1.99 THz at 0.49 mW
wh FELBE : 3.08 THz at 0.35 mW
, wig FELBE : 4.84 THz at 0.69 mW
'&_:‘w ‘." smmaFit (N f_4)
s ’0‘
1ot}
' *

= S

= .

= e

- — "_

L8

=i to,

i

% * "»*'

- 9

o 1072} Sea,

&0 .,

« e

= ey

2 Ta,

= %

10

1.5 2 2.5 3 3.0 4 4.5
Frequency [THz]

by |
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10V

[a—y
—_
—
|
—

[a—
—_
-
|
[

108

1.

Fast measurements

=§ FELBE :1.99 THz at 0.49 mW
wfc FELBE : 3.08 THz at 0.35 mW
wig FELBE : 4.84 THz at 0.69 mW

Current responsivity [mA/W]

Frequency [THz|

UNIVERSITY OF APPLIED SCIENCES

‘.’ smmaFit (N f_4)
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*
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»
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e
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H 2 2.5 3 3.5 4 4.5 5

,_.
]
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Slow and fast measurement comparison

=8 Oscilloscope measurement technique
Lock-in measurement technique

2.5 3 3.5 4 4.5 5 55 6

Frequency [THZz]
R. Yaday, et. al, Sensors 2023, 23, 3469.
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