National
Laboratories

Integrated THz Quantum Cascade Laser Technology

Mike Wanke
Rice University
Oct. 24, 2013

Q; EN ERGY ///’ VA',S&% Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed

Martin Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000. 2




o Sandia
Outline rh) feors

= |ntegration Motivation

Background

Heterodyne receiver example

» |ntegrated Schottky diodes and THz QCLs

Schottky diode review

Integration description

Diode response to internal laser fields
Receiver operation

Using the transceiver

" |ntegrated Schottky diodes and MIR QCLs




7 TR T
The “Shrinking” THz Gap ) e,
Solid-State THz Sources (CW)
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The THz Gap

Solid-STaTe-Fhiz-Sanrces (CW)

Integration

___—"___:_ _ THz QCLs

gO

Frequency (THz)
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“Monolithic” Integration examples )

Modulator

(U. Paris 7) Integrated Waveguide

(Sandia)

Antenna Coupling
(IEMN/CNRS)

Active Area
Cladding

Femtosecond laser pulse

VQCL
+ VA uston

Dielectric

plunger

Yty EEEE

Terahertz probe pulse THZ Transceiver

Pulse Amplifier (Sandia)
(Ecole Normale Sup.)

Mechanical Tuning
(MIT)




Basic Heterodyne Receiver

Mirror/optics

Local

Oscillator

P oc E E cos(m4-0,) + f(wq) + f(,)+ f(oq+m,)
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Coherent Detector: THz receiver ) i

W Heterodyne receivers enable:
1) high sensitivity detection

Mirror/optics 20000

18000

O\\ C% -
7. ;\fﬁ * A - JPL Schottky Receiver
5 U\, S LO =2.52 THz
/ - g 16000~ Ambient Temperature
Mixer g [
5 14000} i
Local o I
Oscillator 2 12000
‘ 2 B
Z. ~ 101" W/Hz
& 10000} =
7 _ B
2 800 "
0 0 L | L | L | L |
9 QC% 0o 2 4 6 8

LO Power (mW)
P oc E E cos(m4-0,) + f(wq) + f(,)+ f(oq+m,)
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Coherent Detector: THz receiver L

W Heterodyne receivers enable:
1) high sensitivity detection
Mirror/optics ©1 2) high spectral resolution
O\\ * ’é\ -10
Ne—— .
0)2 Q"@;\ % 3dB —}— 1Hz
5 -30
Mixer %
Local D—c; 00 Rz
Oscillator S -0
| %
L
-70 . .
I -100 0 100
Frequency - 12.928 700 000 (Hz)

P oc E E cos(m4-0,) + f(wq) + f(,)+ f(oq+m,)

Lee, IEEE JSTQE, 14, 370, (2008)
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Integration Roadmap ) S,

‘ < N = (Quasi-Optical Receiver
N E

= Rectangular Waveguide Integration

= Monolithic Integration

RF horn

External THz Signal
Schottky Diode

[ | «— Antenna




Today’s Topic ) e,

= Monolithic Integration
» Schottky diode with THz QCL

External THz Signal
Schottky Dlode

| «—Antenna

e - mw




Schottky Diode Essentials ),

Metal  Semiconductor

(b) Reverse bias (1,<0) (a) Equilibrium (c) Forward bias (>0
I
Important Point:
Need the potential drop Diode
near the interface. RY;

13

McKelvey — “Solid State and Semiconductor Physics”



Diode Video (Rectified) Response )

Current

Meltage

V(t) = Vo + Acos(wit) + A cos(wat)
| -‘/'b i

14



Diode Heterodyne Response ) .
Current

ORF (w1 — wz)\ M.MHMA |

Meltage

V(t) = Vo + Acos(wit) + A cos(wat)
| -‘/'b i

15



Schottky Diodes meet THz QCLs ) .

Reminder:
Need the potential drop QCL Mode Profile
near the interface.
i | Metal layer
- Bottom
-, 0.04 contact
’é layer
o
£
y 3
Ry L
+
++T++
Jp"'__—. + - &
Metal  ~ 1Y% Semiconductor 20 30

(n-type) Distance (um)

(a) Equilibrium




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

17

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




Fabricated Device rih)

o

det | curr ‘ WD |mag O| HFW

GND IF GND

mm | 1600 x | 180 ym




Diode and THz Laser DC Properties LUl

Typical QCL L-I-V Properties

Light-Current-Voltage

|
~3 mwW

3mm x 1.5 mm

('n'e) indino Wb

ﬂ 1 1 1 1
0 01 02 03 04 05 06 07
Current (A)

Typicial Diode DC I-V Properties

18 R=144 Q
14 1.6
0.1+ 1.4
&4)‘017 2;'2'
£ 1.0+
JE34 =
o Lo.8
E4 3 1
E 0.6+
1E-5 04
1E-6 02
1E-7 0.0
& 02

T 1 1 17 —r T 1 1 1
10 -08 06 -04 02 00 02 04 06 08 10
Voltage
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Does the diode sense the laser fields?




Diode Video (rectified) Response ) S

=
S
o
=
O
o
@
7))
@©
—
© - Diode responds to QCL
g power
Qo
g 2 : :
¥ o * Non-linearity due to
Qo difference in spatial
2 : :
o< overlap of diode with
é’ different laser modes
0 100 200 300 400 500 600 700
QCL Current (mA)




But, something is strange.... ) e

Why is there a rectified response below threshold for negative bias?

Laser Threshold

312711 (%)

0 150 300 450 600
I mA)

aot |

Dyer, Optics Exp., 21, 3996, (2013)



Looking a little closer ... h
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Diode responds depends on both laser power and laser temperature.

Simple Diode Equation
Ip (V,T) = Iy (exp [qV/KT] — 1)

81.°N1 (%)

Expression for current change 0 150 300 450 600
61l =1(Vp + AV, T+ AT) - I(Vp,T)

Keeping only lowest order terms in

Taylor Seri '
aylor Series expansion AT

10%Ip 0lp "~

0I5 = 1972 (5VTHZ+ 5PQCL@T

| aser Laser Laser 0 0. 00
Power Joule Thermal v, (V)

Heating Conductance

Dyer, Optics Exp., 21, 3996, (2013)
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Can the diode mix multiple laser modes?




Laser Spectrum ) e,
Laser output to FTIR

~13 GHz— =

Intensity

3mm x 1.5 mm

 Multimoded QCL centered on 2.81 THz

— QCL emission (FTIR) spectra show
Fabry-Perot modes spaced by ~13 GHz




Demonstration of Mixing ) =,
Laser output to FTIR

~13 GHz— =

-

Intensity

3mm x 1.5 mm

275 280 7 RS

v (THZz)

5ﬂ‘EIectricaI feed to spectrum analyzer

T |
20090313 083303 FP Mode Separation
55 + VBO0158pIb2C

= Diode outputs IF signal at the spacing
. between QCL modes

-00

-65

-70

Amplitude (dBm)

-15 ¢

_E.I] 1 1 1 1 1 1 1
11 11,5 12 125 13 135 14 145 15

Fabry-Perot Mode Separation (GHz) 26



Heterodyne Receiver Demo ) i,
Laser output to FTIR

~13 GHzZ—»i i Molecular Gas
N Laser Frequency

Intensity

3mm x 1.5 mm




Heterodyne Receiver Demo ) .
Laser output to FTIR

~13 GHZ—» e Molecular Gas
P Laser Freguency

i

Intensity

i ° Resolves multiple mixing signals
simultaneously.

, Electrical feed to spectrum analyzer v (THz)
=3 FP Mode Spacing
T 20| |
® 0 )
2 P01 Fp4s
8 40 4 2FP - 62FP « Detects external signals
(O]
i
o
=
=

AL
0 5 10 15 20 25

Beat Frequency (GHz)

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



Sandia
m National
Laboratories

What can we learn and do with an
integrated transceiver ?
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What can we learn and do with an
integrated transceiver ?

Example 1 : Feedback Effects




Feedback Sensitivity )i,

et

Molecular Gas
Laser

Some of the QCL emission retroreflects




Feedback Sensitivity )i,

et

Why should we care?

There is always other components such as:
- Another laser facet
- Window or lens
- External mixers




Focal Position Feedback Sensitivity

/—-\_/—_

Top View ﬂ Front View
QCL

"« Mx—>»"
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What happens when we scan the cryostat to find the FIRL beam?




Focal Position Sensitivity ) s,

-« Mx—»

Overlayed RF spectra

Y=0,...,-1

=
) ——
%
~— '60
o p—{
-
i i
gt
il ‘m‘\
- 8 O L L L L L L L p
.89 12.9 12.91 12.92 12.93 12.94 12.95 12.96 12.97 12.8 12.85 12.9 12.95 13 13.05

FP Mode Separation FP Mode Separation




Focal Position Feedback Sensitivity

<« X—>»

« Strong frequency and amplitude

pulling QCLB
« Simple demonstration of Airy

diffraction pattern _
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<« <>

« Phase Sensitive Detector

IF Amplitude IF Frequency
' r ; w ‘ ‘._ B, w f .

Wanke, Proc SPIE, 7953, (2011)




When life gives you lemeons peaches... @

... use feedback to image the topography

Wanke, Proc SPIE, 8031, (2011)



Or...

Amplitude (dBm)

-35

40+

45+

B0

551

-60

-65

-70

_Oscillating Mirror

863 Hz |

-2 -1 0 1 2 3

v - 12,927,489.3 (kHz)

Mirror Freugency (Hz)
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el ... use feedback to measure vibration
/A frequency of a reflector

FM sidebands
<t | [

923
803
683
563
443

323

203
-3 -2 1 0

R 1
v - 12,927,489.3 (kHz)
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What can we learn and do with an
integrated transceiver ?

Example 2 : Phase Locking




Frequency/Phase Locked THz IC

« Use integrated diode’s IF output as
feedback to lock the QCL modes
against differential fluctuations*

Mwave
synthesizer

Spectrum
Analyzer

o

N1 /QCL/diode
' /7\\ DC

power amp

*Following Betz, Opt. Lett. 30, 1837, (2005)
Baryshev, APL, 89, 031115, (2006)
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Phase Locked THz IC '11

| I‘I | ql
Il IX Il IF
- Use integrated diode’s IF output as Mn HJJ I‘gs il
feedback to lock the QCL modes o | " | )
against differential fluctuations* E ﬂl Wh”' H':
* Locked IF linewidth ~1 Hz ”f ‘u'l' { U' \
- Extremely stable IF frequency and I'l(' ?:'l' '”I i
amplitude v Wt \
8 min L 4 hlllq ” '" h'
Spectrum —
Ana|'yzer 5 3dB —— 1Hz
l|> — 2 (instrument
¥ g -30] resolution)
N~ ~QCL/diode O : -
4—/7\\ - D—(\; 60 Hz
power amp c -50 1
2
o !
*Following Betz, Opt. Lett. 30, 1837, (2005) LL
Baryshev, APL, 89, 031115, (2006) -70 00 5 ' 100

Frequency - 12.928 700 000 (Hz)
Wanke, Nat. Phot., 4, 565, (2010)




Absolute Frequency not =,
Simultaneously Locked...

Laboratories

Internal F-P DF Spectrum

-20
x 9 30
DFn=DFF_P1 +¢&+nADF DF 'g
) n _—
ADF=DF __-DF i E 10
F-P2 F-P,1 i 5
I =
' 8 15
€ O
DF N DF 0
F-P,1 I FP2
< > : < > 20
: n=0 : -100 50 0 50 100
1 ‘ i
. n=-1 ”j : DF - 12,928,700,000 (Hz)
ln=-2 L n=2
- i i : > External DF Spectrum
-40
-50

Spectrum Index

st "0
(FP,+10 MHz) -40 20 0 20 40

DF - 18,649.700 (MHz)

Wanke, Opt. Express, 19, 24810 (2011)




which allows tuning of the comb... &

Internal F-P DF Spectrum

-20
== x 5 30
e olecular Gas e
A& AW -
315
O
w
20
-100 -50 0 50 100
DF - 12,928,700,000 (Hz)
2.8278 ‘

2.8276

2.8274

QCL Mode

2.8272 Spacing

2.8270 Yem Yoo

QCL Frequency (THz)

:g-
2
%)
5

2.8268
13 132 134 136

Beat Frequency (GHz)

2.8266
10 15 20 25 30 35 40 45 50

Temperature (K)




... and dual comb spectroscopy. ) .

a Lens A4

Borrowed from
Faist, et.al, ITQW

2013 Abstract
Lens A/4 NDF Lens MCT
detector
Comb 2
b -401 — Without Water
451 - Water

; HJJM ugl_,u |

100 200 300 00 500 6
Frequency (MHz)

!Olh,

700

Wanke, Opt. Express, 19, 24810 (2011)
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Coupling to the diode )

.55

£ -60

£

. -65
-70

Wanke, Proc SPIE, 7953, (2011)
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Antenna Coupling vs Surface Plasmon Coupling ) fouea,

Antenna Coupling

Antenna

weak field in
antenna coupled
depletion region

Schottky Contact

Depletion Region

n-doped
Semiconductor

Ohmic Contact

Surface Plasmon
Coupling

Suggests possibility of MIR operation of planar Schottky diodes !




MIR mode profile ) i,

Normally no field at metal interface

0.6 —— .".a.s’e'f Moclle De?th F.,rlofll.e. ——— lop two layers differ:
—— TypicalMIRLaser |1 * 100A (1E20)/ 3500A (8E18)

Modified Mixer Laser E « 500A (5E18) / 3000A (1E18)
04L ]

0.5 _

0.3 _ _

Re(H)

0.2 _ _

0.1 _

O _, [l [l | [l [l [l | [l [l [l | [l [l [l | [l [l [l l i I I 7
0 2 4 6 8 10 12 14

Depth from Surface (um)

Compromise between loss and surface coupling 47



MIR device structure ) e

Laser

« 8 um wavelength
» Active region courtesy of C.Gmachl
« Cladding courtesy of A. Belyanin

« 20r3mmx 25 um diode  sjo,
 |InGaAs/AllnAs/InP

Au trace

Diode
e 2 or5um diameter Au
* TiAu on InGaAs

 Recessed below n+




Demonstration of MIR mixing ) .

EB3564 pK b10B
0.03
r 130405 ]
0.025 L 300K B
—~ F 0.2us PW 1
> - 4 kHzrep. 1
—_—) g 0.02:
ToFTIR & .
_-li) L
c 0.01
)
[
— 0.005
1242 1251 1260
k (cm™)
-2474%:54 ‘K516|§ o “ o Laser‘SetVoIts .
- 300K 250V | -
= 28 20 I — .
@ - Diode responds to and
S 32 (17 - . .
= | o 25v ) mixes internal modes at
3 room temperature !
L

Still much more to learn....

Frequency (GHz)

49
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Phase Locking
Laser Characterization Mode Coupling

THz Integrated Injection Locking Comb Locking Vibrometry
Transceiver

E
e;lid ”{‘A 1 2 i
i '" | "' :!\

Wanke, Proc. SPIE, 7953, 2010 Wanke, Opt. Exp., 19 24810, 2011

Feedback / Chaos
Phase/Topo Imaglng Comb Offset Stability Dynamics

3mm x 1.5 mm

Wanke, Proc. SPIE, 7953, 2010

Wanke, Opt. Express, 19, 24810, 2011
Wanke, Proc. SPIE, 8031, 2011
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Diode Response vs Laser Power ) e,

: : Simple Picture
121 5 (@) m=-1 A B

m=+1

0.8/ |

0.4- -

Laser Power (mW)

o
|

L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L

L B e o L AN A e
Vdiode = 0.6 V —
T =20K 7
110707

N
T

w
I
|

[ T e e T o e e e B e e s s s e

Diode DC Response
(% change)
e AREE

o

100 200 300 400 500 600 700 _
QCL Current (mA) X (um) X (um)

Lumerical Simulation

Diode response is not linear with laser power. -
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Diode Response vs Laser Power ) e,

Why is the response not linear with laser power?

vm m .
—5 3 3
— & <
—5| B =
—i = oF
—_— )
— +2
5
1 0 ; s 1
e \ o0 /o P e29%0s 3
"N, e/ 0
.('/ )::{” / o] 8 1
././ / 7 x..f o
Jd ./ ®® .' .....'..l B — ]
T+ T ?’ " ..’L..I—:_.... w — 1 v T ' T ' T 7 T T T T T T T
480 560 640 720 480 560 640 720 400 480 560 640 720 400 480 560 640 720
loc, (MA) loc, (MA) o (MA) e, (MA)
All modes do not have same overlap/coupling to diode.
53




Cavity Length Sensitivity ) s,

20 MHz

FI* ﬁ
Frequency
——

Mirror Position
Amplitude

1 mm
9 dB

" Period = 1/2 A

Mirrof Position

Frequency




Feedback Effects on FP mode ) i,

Not always a single beat frequency

Mirror Position
500 um

|"'ifll

12.6 127 12.8 12.9 13 131
Frequency (GHz)
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Feedback Effects on FP mode ) fe,

< 600 MHz >

FP Modes Split into
multiple lines

Mirror Position
20 um

. ¥ . = d o B =
12.6 127 12.8 129 13 131

Frequency




Feedback Effects on FP mode ) i,

Region | - Normal Fabry-Perot Modes

< 600 MHz

v

QCL Mixer Spectrurm - 081222-R008

Mirror Position

e T P o T

. f o A =
1286 12.7 12.8 2.9 13 134 12.6 127 12.8 12.9 13 13.1

Frequency (GHz)
Frequency




Feedback Effects on FP mode ) i,

Region Il - Fabry-Perot Modes Bifurcate

< 600 MHz

v

QCL Mixer Spectrum - 081222-R009
=10

=30

|

Mixer Raspanse JdBm)
A
=]

Mirror Position

-60 uwthL,r,,L,urL.th

i - of L | . 1 1
Tizs 127 12.8 12.9 13 134 12.6 12.7 12.8 12.9 13 13.1

Frequency (GHz)
Frequency

Stable Spectrum




Feedback Effects on FP mode ) i,

Region Il - Chaos Onset

< 600 MHz

v

QCL Mixer Spectrum - 091222-R019
=10

-30

nse (dBm)

|

Mixer Res)

Mirror Position

| . o a7 B = 7oL 1
12.6 127 12.8 12.9 13 1341 126 12.7 128 129 13 13.1

Frequency (GHz)
Frequency

Unstable Spectrum




Phase Locking Bandwidth

Amplitude (dBm)

Averaged Intermediate Frequency

Average of 16 scans
RBW =1Hz

VBW = 30 Hz
100323-R001

Amplitude (dBm)

o
Frequency (Hz)

Averaged Intermediate Frequency

Average of 16 scans
RBW = 30 Hz
VBW =30 Hz
100323-R014

-800 -600 -400 -2

00 o 200
Frequency (Hz)

Averaged Intermediate Frequency

Average of 16 scans
kHz

LN
o

VBW = 30 Hz
100323-R004

‘Amplitude (dBm)
1 1 I
8 8 &

)
8

Peak Amplitude (dBm)

-5.5

I
©o
tn

HeHHPEH

ESA and EIP synched
IL¥ BW = 250 kHz
EIP BW = 10 kHz
Span = B0 x RBW

HeH

[ X1
B KM
L=

]

Runs 1-15

Runs 16-29

Averaged Intermediate Frequency

10

o1t 100 10!
Resolution Bandwidth {Hz)

10°

Averaged Intermediate Frequency

=10

| |
3 3

‘Amplitude (dBm)
&

Average of 16 scans
RBW = 30 kHz

VBW =30 Hz
100323-R011

Average of 16 scans
Hz

—101 vew-30Hz

100323-R007

| |
3 3

Amplitude (dBm)
&
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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




Only pulsed operation ),

Aftermath of CW operation attempt.

Pulsed operation much harder for heterodyne
measurements.




Not a receiver yet. ) S,

Issue with pulsed operation — Chirp!

Time (ns)
150 100 50 0
l I _— EDl mTorr Nzo '
—— 500 MHz etalon

Example 8 um laser chirp
from literature

=
k= * 40 GHz chirp
« 200 ns pulse

-0.15

1 -0.10
1252.0 1252.5 1253.0 1253.5
Wavenumber (cm™

Any beat frequency generated by mixing against stable external signal
can be changing by ~ 200 MHz / ns.




Diode and MIR Laser DC Properties ) .

QCL L-I-V 3
10— : 110
| EB3564 pM b13D i
o
-8 =
— ~
> 5
~ 6
) Py
(@)] D
8 S
S 4 o
> 7
21 @
=
O L L T R I TR T \7 O
0 0.5 1 1.5 2 25

Laser Current (A)

EB3564 pM bXXD

—01
—02

-
—
o b vovwd ol ved ol vl vl vl ol ol ol

dwell| HV [
10 ps|1.00 kv | 3 2 - ‘ o Ll




QCL Far Field Issues rh) e

Metal-Metal Surface Plasmon
Waveguide Waveguide

a) b) |

O Contact Maetal

B N+ Gads'LT-(GadAs
B GaA«/AlGaAs SL
B Undoged Gas

" Metal-metal
(c) oy

B
= 3
g $
= &
©
RS
S
=
-50 — — |
-60 -50 -40 -30-20-10 0 10 20 30 40 50 60 M
1 (deg) 30 -20 10 O 10 20 30
SCourtesx J. R. Gao, TU Delftz Horizontal angle (deg)




Fixing the beam pattern

Amanti, Elec. Lett., 43, p573, 2007

laser ndge

|
I GaAs n’ subsirate 5l Ga.ﬂns\

maptal layers

Lee, Opt. Lett., 32, p2840, 2007

AR Coate

Si Lens
/

Si Spacer
MM QCL \

bdrlboanwpan

x-section

Normalized Amplitude [a.u.]

0.4
Retainin -
Clip Far Field
Copper / 0.2 Measurement |
Carrier %o
0 : 2
-15 -10 -5 0 5 10 15

Angle [Deg]

7-6/5432101234567 |

h
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Maineult, Appl. Phys. Lett. 93, 183508 (2008)

¢ (deg)




Controlling the Beampattern )

Output dewar
window

pyres e |

Yu, J. Opt. Soc. Am. B, 27, B30, 2010

| 45 10 5 0 5
N Position (mm)

4020 10 0 10 20
0 (°

15
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Amanti, Nat. Phot..3, 586 (2009)

(£ W 7 i A e

| Active region (10.6 pm)

" Substrate

f (deg)




Hybrid Integration: =
QCLs in rectangular waveguides

Laboratories

Source: &R _

RF horn

— +\;
‘\ﬂ\l

)
Source:

/ \ INAF

ISSTT-08
QCL Mixer

 Why Rectangular Waveguides
— RWG is a widely used standard
— Propagation mode structure in RWG known
— Horns should improve beampatterns and coupling
— Waveguide elements (couplers, splitters, ...) exist

— Can mate directly to mixers in existing RWG (no optics)
* Problems with Existing Waveguides

— Conventional machined split-block RWG doesn’t work well
with QCLs

— §§§ / labor intensive**




Sandia

Micromachining Rectangular Waveguid&8i.

1. Deposit seed
metal and pattern
photoresist

2. EIeCtOp/ateAU - - - MESA\uFab 18kU 108 um x199
in photoresist |
ISUbStrateliiiN . Additive electroplating technique

suitable for various substrates

3. Deposit 2 - - — Allows waveguide fabrication on
seed, pattern 2"

QCLs or other devices
PR, and plate lids - - -

openings

4. Remove
photoresist and

27 seed metal  |INSUBS A




The dirty little secret... ) i,

Removing Photores:st

Alignment

Nonun/form Electroplatlng

Delamination

...simple processes are never simple



Micromachined THz Waveguides ) .

Lo b L 4

Photoresist H-Plane Bepds
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. . . Sandia
cromachined Waveguide Components ) feums,

* 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+/-0.15dB/mm  (.15dB/2)
-0.15+/-0.15dB / bend

» Observed good far-field beam patterns.

Transmission through various components
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Sandia

Integrated Lasers with Waveguides )

Built waveguides on
top of lasers

Chip Tests

* H-plane bends
* E-plane bends
» Magic-Tees
» Combiners
* Horns

'|l|I|l| 1 l' ||l|l ||I|| ll 1 | | g

Note: parallel assembly advantage




Integrated Waveguide Performance ) e
THz QCLs - Merges microwave and optical technology

T~ - Output beam pattern defined by horn

 Emission can be moved around on the chip
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