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= THz basics
= THz definition for this talk
= promises

= some reality

= THz Quantum Cascade Lasers
= Basic performance status
= Status on few key metrics and application impacts

= Selected THz device work at Sandia




THz Definition .

N LSRN
Solar Emisajs

This
Talk

Commonly
called
THz

Note : When people say THz can do something it most often applies over

a limited frequency range! A




Molecular Identification rih)

e Rotational resonances in the THz
— Depends on mass distribution
— Many distinctive spectral lines

e Potentially better chem detection & ID than using other
spectral regions.*

e Caveat: high specificity normally requires low pressure
(measure in vacuum not air)

* (see Sensing with Terahertz Radiation,Dan Mittleman, (ed.))

Plasma Diagnostics

_Explosives ID

\

\
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340 350
Frequency (GHz)

(courtesy D. Naylor, Univ. of Lethbridge)

DNT
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Solids Identification ) i
Process / Quality Control e Variety of physical mechanisms

o o o 2 2000 = Phonons, index, transit times, collective
o _ excitations, spin precesion, cyclotron
3 - § 39cm resonance, confinement energies, bending
- < modes, ....
. _ = Caveat: Signatures are broad and often at

e o higher frequencies where transmission is
low and devices are limited.

Materials
. Characterization Explosives ID
Drug ID g Semier]
I SrTiO3 crystal | Codiene Cocaine Sucrose - ‘ ///\N\ '
121 E PE4
5 10| - o
= 3| Wm;
=2 =3 E
e 0.8 g_ 3 HMX 3
0.6F <t g
0.4 M. Lee, SNL 01123 | '—Kemp _Proc of SPIE 5070, 2003 -

[
F

0 1 2 3 4 5 6 0 1 2
Frequency (THz) Tonouchi, Nat Phot 1, 2007 Frequency (THz)




Non-Destructive Evaluation

Shuttle Void /Corrosion Detection

R

Source : picometrix

Pharmaceuticals

4

Tonouchi, Nat Phot 1, 2007

Sandia
m National

Laboratories

Paper Thickness Monitor

_.r y #

Source : picometrix

Automotive




THz Imaging h) e,

= Many fabrics, packaging
materials opaque to
microwave and/or IR/vis are
(semi)transparent in THz*

Danylov, Proc SPIE, 7601, 2010

] - £

l&:

- s~ - "Qing Hu, MIT
Chattopadhyay, Proc. ISSTT, 2008 Lee, IEEE PTL, 18, 1415 (2006)

* Caveat: In general transmission generally decreases with
increasing frequency. 3




High Bandwidth Communication ) S,

)> Commercial wireless cell phones (3G
CDMA):
« Carrier frequency = 2 GHz
 Data rate ~ 3 MB/s max
* Transmission range ~ 1 km

"o TERAHERTZ
. . . WALL: The power
Using a THz carrier compared to microwaves... 75 - needed to send

data at terahertz
frequencies would
be impractically
high in rmany
cases. For a line-
of-sight terrestrial
communication

* Higher carrier = higher data rates (~10 GB/s)
» Shorter wavelength = higher directionality
» Atmospherically limited range < 100 m

Trars mitted power (decibel-milliwatts)
()
]

link using fixed-gain
H H 1 10 migters antennas, shown
= less susceptible to intercept / interference 25 - bl
at distances of less
50 1 meter than 100 meters
Is the only way
— Gond weather to avoid the
75 —— Ranandfog “terahertz wall.”
-100 T T T
0.0 al 1.0 10
Frequency. terahertz
9




Spectral Exitance (W/m? sr um)

Issues with THz Applications *

0.01
10° |
10° | .
10° | B
i Pheonix Summer Day : 120 F |
-10
10 Washington Spring Day : 72 F 7
Antartica in Winter : - 125 F
-12 | |
0.1 1 10 100
Frequency (THz)

Everything emits THz
(including the atmosphere)

Sandia
National
Laboratories

h

Courtesy of F. C. De Lucia

10000
1000 | I'l 2|
J|Fog (0.1gm) |
—_ Excessive ram |\ isibility S0m
g 100 (150mmy/ i, L
é e o !
= O [ ‘ l llm v orain t CO,pA |
= Smm/h) "
e wk o il " - oo
-] -1 H,0 || |
ﬁ ] ,0 Co,
E 1 co, |
é ;%C::lam "'-LU'E'E!“M) Hzﬂ
2 == r- =
< H,0, t
01] -/ . ) [ —
0.01 min " Submm infrared visible
0.01 0.1 1 10 100 1000
Frequency (THz)

* Strong atmospheric absorption

—> For open air applications probably need coherent
detection to mitigate strong losses and large backgrounds

Good reference to assess THz applications Carter Armstrong, “The Truth about Terahertz”, IEEE Spectrum, 36, Sept 2012.

10




Atmospheric Impacts on Spectroscopy @&z

Ren, APL, 97, 161105, (2010)

300F T ab | af T 3 13 THE UNDETECTED:
200 Poon [ fi 0-93"'5&2 3 When attermpting
W = o 1 toidentify unknown
100 : : ; , 7 3 substances at a
300+ ’ ' ' ' ' 1 éamﬂar' E E Refe o Reflection distance, nearly
200 + ' g E ] s%narﬁzcr: — }ggn:;i:_s all of the terahertz
3 100 11_\# §=] 0.01 3 signal will be lost
® a90fF - - - : : — = 3 ordistorted by the
2 1.72mBar o ] atmosphere. Here,
:g 200+ /\/\_’V_\,W_ k] 0,001 the graylineisa
E 100 ‘*“""‘"":"M. . . : J £ E fictitious signature
r 300 T ' ' ' ' ) '15 R g 1 for E:;Ij‘ll:lleﬂbeitlja
@ -15mBar 2 pro in reflection
E 2001 ] - 0000 E mode. At distances
§ 100 W : : : : _::!__13 ] of 10 meters and
300 + p 1 100 meters [blue
200} wr- % 0.00001 -3 and red lines], the
100 frammene" 4 2 3 sample's distinct
. . ; | | | 1 spectral features
300 4.28mBard 0.000001 T S B S are washed away.
200 ‘_N‘_’,M/ ] 0 ] 2 3
100 F ; . . . . . . Frequency, terahertz
800 900 1000 1100 1200 1300 1400 1500
IF Frequency (MHz)
FIG. 3. {Color online) Measured methanol (CH;OH) emission spectra . .
within the IF range between (L8 and 1.5 GHz at different gas cell pressure Atmospherlc attenutatlon may

which varies from (.93 to 3.28 mbar. The QCL's frequency is 2915.6 GHz.

dominate spectral features

Pressure broadening of lines
may wipe out features.
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Compact Sources — still limited ) S

Tonouchi, Nat. Phot. v1, 97, (2007)

108

104 my IMPATT -V lases

1,000 | ;
QcL

=
% 100 — Gunn
=
2 10~
a
=
= 1 —
Lead-salt laser
01—
: Multiptexer
0.01 —
0.001 a - '
0.01 0.1 1 10 100 1,000

Frequency (THz)

12




Selected Commercial THz Sources* ) i,
*That go above 1 THz

3 . T . - -0
Standard Package + Spectroscopy Kit

OPOs

BWOs

CW photomixers
Time-domain systems
Harmonic mixers
Molecular gas lasers
Quantum cascade lasers




T H Z QC LS m Il\!'iaéi?r:e??rlnies

THz QCL based Integrated Transceiver
= Advantages | -

" compact

= frequency agile

" narrow linewidth

= phase lockable
= high modulation rates
" integratable

= Disadvantages
= still cryogenic
= currently low wall plug efficiency
= relatively low output powers
= |imited direct active tuning

14



THz QCL Performance* Lt

Taken from : B.S. Willams, Nat. Phot. 1, 517 (2007)

1000 Output Power 00 Operation Tgmperature
o G 175 s &
-~ ¢ BTC-pulsed O _ A
R S N e N
= mrow 90 ¢ L. v 125 A2 a ﬁﬁ
RO (I L O g‘?&
5 - S 0, X7, 0 A
g 1 :— s .!. Q..% N © 50— f‘ .“ i £
m o’ ® 25
: |O ‘I? - | 0 ' T ; = . - .
"o 1 2 3 4 5 6 1 2 3 4 5

Frequency (TH2) Emission frequency, THz

. Wavelength — 60 um — 250 um (1.2 — 5.0 THz) * updated plot from Mikhail Belkin
 Temperature — up to 200 K (pulsed), 117 K (cw)

« Power-248 mW pulsed, 138 mMWcw @ 10 K, 1.5 mWcw @ 77 K

* Threshold - J, ~1-1000 Alcm? 200 typical

« Max wall plug efficiency — 5%

* Linewidth -6 kHz freq. locked, 10 Hz phase locked

« Single Mode — DFB structure
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Room Temperature “THz” QCLs

Use difference frequency generation to generate THz

* Relatively small powers \
Nat. Phot. 1, 288, 2007 - Limited efficiency
Highest output power at 300K
v
« Widely tunable v

Lu, Opt Exp,21, 968 (2013)

b

]
b

)
(4]
[=]
THz power (W)
=

2ar b 3 3 3
mid-IR power product WJ

e First DFG demo

i} 1 2 3 4 g é % 8
Current (A)

Widely tunable external-cavity
« 65 uW at 300K

THz DFG-QCLs
Lu APL 101, 251121 (2012
o o ( ) Courtesy of M Belkln U T. Austin
35— . 5 250
e i ! s g § gy &
- N __ 1.8THz =25¢ » " g 41200 §
s | 23TH = " . 1538 =3 =
s ] 2,6 THa “g?‘f’- e L3 g Z =
i I 3.1 TH2 2.5l 5 5 {150 &
84 34 TH 3 o : o £
= [ agTH N1OF gy . 2
2F 4.2 THz = sl i T ' E e 100 &
0 PR Y showig-a - ® | L
2 3 4 5 & 057015202530 35404550 & s
Frequency (THz) . Freguency (THz) N 150 @&
o o
. i g
Tuning from 1 to 4.6 THz 0 ©

30 uW at room temperature

Frequency (THz)
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Towards Room Temperature “THz” QCLs™ .

Using “1D”-confinement

Use nanopillars to create “1D” transport
Amanti, Opt. Exp., 21, 10917, 2013

Use B-field to create “1D” transport
Wade, Nat. Phot., 3, 41, 2008

8K 77K 193T
0.1 H’°° T,(3TH2)=179K 130K 460 3THz
EJUO 180K

b 200K
—~ 0.014 "o w e m
3 T ﬂ 55K . . T e
s - n- 0 sG _
o ; ! 31T y T WL -
300F T (1THz)= 8K d ¥ -
g i To(1THz)=159K 77K 130K 1 THz i " & |
o ‘Ea00 160K
S 180K
0.147 200K
0.01- R T NK o
0 100 200 300

J (A/cm?)
Fig Courtesy of Qing Hu - MIT Strong-coupling approaches also

promising approach to higher
temperatures




QCL Direct Modulation Rate Limits =

APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 16 15 OCTOBER 2001

High-frequency modulation without the relaxation oscillation resonance
in quantum cascade lasers
Roberto Paiella,® Rainer Martini, Federico Capasso,? Claire Gmachl, Harold Y. Hwang,

Deborah L. Siveo, James N. Baillargeon,® and Alfred Y. Cho
Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jfersey 07974

Edward A. Whittaker
Department of Physics and Engineering Physics, Stevens Institute of Technology,
Hoboken, New Jersey 07030

H. C. Liu
Institute for Microstructural Sciences, National Research Council, Ontawa, Ontario KIA R6, Canada

* Demonstrated 10 GHz modulation
* Predicted intrinsic speed around 1 THz

APPLIED PHYSICS LETTERS 96, 021108 (2010)

Microwave modulation of terahertz quantum cascade lasers:
a transmission-line approach

W. Maineult," L. Ding," P, Gellie,' P. Filloux,' C. Sirtori,' S. Barbieri,"® T. Akalin,2
J.-F. Lampin,? |. Sagnes,® H. E. Beere,* and D. A. Ritchie*

Laboratoire Matériaux et Phénoménes Quantiques (MPQ), UMR CNRS 7162, Université Paris 7, 10,
rue A. Domont et L. Duguet, 75205 Paris, France

nstitut d 'Electronique de Microélectronique et de Nanotechnologie (IEMN), UMR CNRS 8520,
Université de Lille 1, Avenue Poincaré B.P. 60069, 59652 Villeneuve d'Ascq, France

*Laboratoire LPN, Route de Nozay, 91460 Marcoussis, France

*Cavendish Laboratory, University of Cambridge, J. J. Thomson Avenue, Cambridge CB3 OHE,
United Kingdom

e Demonstrated 25 GHz modulation
e Estimated circuit limited BW of 70 GHz

Intensity (arb. units)

.50 . T=20K (a) J
a0 M

-50
60| 300mA

Modulation response (dB)

1

0.1 1 10
Frequency (GHz)
7 LI T
; 7 —— Mod. off
3 5 ——24.0GHz
; £ ——— 24.4GHz
- éu.s ——24.7GHz
i 2
£21.5GHz £
3 225 230 235
F20.5GHz Frequency (THz)

F 20.0GHz
f 19.5GHz

£19.0GHz A N
F18.5GHz " A “ A

F18.0GHz ’\ " A “ h

1 M M " L 1 " L s s 1

2.22 2.28 2.34
Frequency (THz)
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Communication Link Demo

Wireless communication demonstration at
4.1 THz using quantum cascade laser and
quantum well photodetector

Z. Chen, Z.Y. Tan, Y.J. Han, R. Zhang, X.G. Guo, H. Li,
J.C. Cao and H.C. Liu

A wireless terahertz (THz) analogue communication link using a
quantum cascade laser (QCL) as the source and a quantum well photo-
detector as the receiver is demonstrated. The QCL operates in
continuous-wave mode. By directly modulating the QCL emitting at

4.1 THz, analogue signals are transmitted over a distance of 2
The circuit-limited modulation bandwidth is about 580 kHz.

Chen, Elec. Lett., 47,1002, 2011

>
©
c

modular sig

audio signal

+

e

DC voltage

HP filter

Sandia

THz QCL -

THz QWP -

s

11.6-
11.4-
11.2+
11.0+
10.8+
10.6-
10.4 -
10.2

0

National _
Laboratories

received signal, V



Capable of Broadband Spectroscopy ) .

Integrated MEMs Comb Spectroscopy
Tuning Element - employ wide gain bandwidth of QCLs

Comb 1

Direct tuning over

Detector

Eg' 5; |~ blue shift tuned by metal plunger
28~ d shift
§55 " wn iy Increased
A threshold
€ o Atmosphere
3 =0 Transmission ﬂ
-45
H
38 3.85 39 3. f:smg Freqtency (TH42)05 4 1 415 42 A(:)2=A(l)l+6
Qin, Opt. Lett. 36, 693, (2011 :
P 2017) Essentials for combs already

demonstrated in MIR and THz QCLs

Hugi, Nature, 492, 229 (2012)
Barbieri, Nat. Phot., 5, 306 (2011)

Integ rated Laser Arrays

isopropanol

acetone

050 1080 10 10 demonstrated in MIR

aaaaaaa ber (1/cm)

Fig. courtesy of F. Capasso, Harvard 20




THz QCL as heterodyne local oscillator ) &=..

For high sensitivity detection and high resolution spectroscopy

THz Heterodyne Receiver with QCL LO
Gao, APL, 86, 244104, 2005

300 & X
= 2000 £ 4.7THz QCL LO
N = ; B | R
= E GUSSTO
= o) Gal/Xga/ U/LDB :
O 1500 g' Spectroscopic/Stratospheri
100 2 THz Observatory. = . i
® 270nW ) o ey
® 300 nW @ : ‘
® 3300W 3
0 A i A L i 1 A 1000
0 1 2 3 4 5

Voltage (mV )

Heterodyne Receiver with 4.7 THz QCL
Kloosteman, APL, 102, 011123 (2013)

—— Measured data
——— Simulation using JPL
database at 0.26 mbar

o

2200 2300 2400 2500 2600

Sos

&

5 0.6

3 i

3 0.4 —— :

- Response ti ’N‘AS’A‘AO NNH08ZDAO0090-EXI MO& 3 “nONE

02 == —CoreelgNASERO: ZDAD0JO-EXR TUDelft sSRONE
’ e = Aaees > ebuetidlll b

I
=]

500 1000 1500 2000 2500 3000
Intermediate Frequency (MHz)
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Sandia THz Devices and Integration Efforts ™).

QCL Model Development
QCL/Waveguide ,.@nd Optimization Codes
Integration : , '

THz Tunable Plasmon Detectors

0.02[

aa16 \ , 5 Ohmic contact to DQW’s

Grating

Gate Insulator

v\ Quantum Wells

Gate Insulator
Surrogate Substrate JEH Backgate

MESA West 18kV Zum x5, 588

THz High Pass Filters

TH filter sample.fd
MESA\uFab 18kV  S58um

THz filter samplel
MESANuFab 18kU 1mm



Monolithically Integrated Transceiver Wt

Inserts diode directly into laser core

Benefits
— Reduces size
— Eliminate components
— Ensures constant ‘alignment’
— Enhances laser/diode coupling

— Enables probing of laser
dynamics not otherwise possible

Wanke, Nat. Phot., 4, 565, (2010)

23




Integrated Heterodyne Receiver Demo @&,

Laser output to FTIR
R T

~13 GHzZ—»i i Molecular Gas
— s — P Laser Freguency

i

Intensity

1340 emhen133
T E T T T T T e T

2.75 2.80 2.85

, Electrical feed to spectrum analyzer v (THz)
=3 FP Mode Spacing
T 20| |
® 0 )
2 P01 Fp4s
Q 40 | oFP -8
o oFP
T
o i
X
=
i
° ° o1 20025 . Wanke, Nat Phot., 4, 565, (2010)

Beat Frequency (GHz)
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Beyond TuT : Science Enabling Device

Laser Characterization
THz Integrated Injection Locking Vibrometry

Transceiver

L] S
| u
h |
i
: g
| Y
| -
i K
‘w
- ]

Phase Locking
Mode Locking

Feedback / Chaos
Dynamics

N U l1 gy
3 “I \

S
E
To)
*
=
£
™

o

N Lr W

Wanke, Proc. SPIE, 7953, 2010

Wanke, Proc. SPIE, 8031, 2011




Also works in the MIR rh) e

Pulsed Laser L-I-V Pulsed Laser Spectrum
2 B EB3564 pK b10B
A 3D IO ERIBAPNDIID . o 003 PR
' ] ” b 130405 ]
R B 0.025F 300K E
] o N L 0.2us PW 1
_— 125107 = > 4kHzrep. |
= ] P s _e 0.02[ 7
1210 . i ]
& ] Y ‘20.015; ]
=2 11510" 2 = B ‘ ]
2 ] =1 2 001
= 110" @ S ]
L1} c F ]
510° D —=0.005 ]
0 05 1 1.5 2 2.5 1224 1233 1242 1251 1260
Laser Current (A) k (cm™)

Diode |-V Diode IF Spectrum !!

= VAL T ]
4 -24 [ EB3564pKb10B Laser Set Volts |
V/ E [ 130405 ]
E [ 300K 250V | 1
1 —~ -281L 200ns —— 245V |
3 1S F 4 kHz —— 240V | |
3 m H —— 235V
z EB3564 pM bXXD ] T 30 —— 230V | ]
< o1 g [ —— 225V
S E o [ \
g 02 E 2 360 || —— 215V | ]
o RX=\ 0] ] 8 i \ ——210v
1 r 1
,,,,,,,,, 2] 3 L 40f L
—13| ] |
B3 44 B “
E n B \' I I ]
10 0.5 0 0.5 1 15 2 14.3 14.35 14.4 14.45 14.5 14.55 14.6
Bias (V) Frequency (GHz)

Integrated Schottky diode acts as detector and mixes internal MIR
laser modes to generate heterodyne beat signal. May enable
sensitive, spectrally selective, room temperature detection.




Micromachining THz Waveguides

1. Deposit seed
metal and pattern
photoresist

2. Electoplate Au
in photoresist - - -

openings

Sandia
m National
Laboratories

MESANuF ab 18kV 188um %199

- substrate Additive electroplating technique

suitable for various substrates
3. Deposit 2" - - — Allows waveguide fabrication on

seed, pattern 2"

PR, and plate lids - - -
- substrate

4. Remove
photoresist and

27 seed metal  |INSUBS A

QCLs or other devices




THz Micromachined Waveguide Components ()i

Laboratories

* Demonstrated THz components
(waveguides, bends, tees, and couplers)
needed for THz integrated circuits.

» Achieved low propagation and bend
losses (at 2.9 THz).

-1.4+/-015dB/mm  (15dB/2)
-0.15 +/- 0.15 dB / bend

» Observed good far-field beam patterns.

Transmission through various components

Antenna Beam Pattern
30

25 - Beam Power Loss «

o 8
224

Loss (dB)

-
o
!

(9]
!

-
LY
i =y

Linear Scale Log-ScaIe

Length difference (mm)
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Integrated Lasers with Waveguides )

Built waveguides on
top of lasers

Wavequides include
* H-plane bends

* E-plane bends

» Magic-Tees

« Combiners

* Horns

'|l|-||l|llllllll ||l|l_ Iml ll

Note: parallel assembly advantage




Integrated Waveguide Performance ) e

THz QCLs

| Y

MESA~uF ab LEEU ZBE M

Horn Antennae

 Merges microwave and optical technology

* Output beam pattern defined by horn

 Emission can be moved around on the chip

Laser output {a.u.)

Light-Current-Voltage

T T
VBO166pJbC2
6 bends

('n'e) indino 617

—_—

1 | 1 |
0 002 004 006 008 01 012
Current (A)

Emission Spectra

' ' 'VB0166pJbC2
6 bends

-6 bends 1

— 70V

ooV
— 60V




Other THz QCL Integration Examples @)

plunger

,_“.;._"..-r T s .

Antenna Coupling . :
(IEMN/CNRS) MeChanlcal Tunlng Femtosecond laser pulse

(MIT)

VQCL
. VA uston

MOdUlator Terahertz probe pulse

(U. Paris 7) Pulse Amplifier
(Ecole Normale Sup.) 31




