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The “Shrinking” THz Gap

Solid-State THz Sources (CW)

10000
. —
1000 = =
e _ THz QCLs -
100 = %*
s = ™
- ]
S 10 - i ** D
5 .. 0
: 1 PR
(@) . 2 . O
o - L
0.1 - - . .
— L
.

0.01 : : : —
Electronic sources (traasistors, Photonic sources limited by
multipliers, diodes) limited by electron electron scattering and

0.001 transit times ‘ ‘ bandgaPs
.01 A1 1 10

Frequency (THz
From Tom Crowe, VDI . y( )

100

)
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The THz Gap

SoIiMCW)

Integration

THz QCLs :

i L, -

‘ i
(1118 .
— L ] -
- i [,‘,_“I E
T ~yy

Frequency (THz)

IEEE-WAD Workshop 2012
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PR _g Integration examples
: Integrated Waveguide
Antenna Coupling .
(I‘EMTI}ICS) | (Sandia)

Femtosecond laser pulse

VQCL
+ VA uston

Cladding
Active Area
Cladding

Dielectric

plunger

Modulator
(U. Paris 7)

Mechanical Tuning
(MIT)

Terahertz probe pulse

Pulse Amplifier

( | le S ) ﬁaagdial
Ecole Normale Sup. onal |
IEEE-WAD Workshop 2012 P Slide 5 Laboratories




Coherent Detector: THz receiver

Mirror/optics

% =
For

LuPL

P oc ElEZCOS((Dl-(DZ) + f(Cl)l) + f(@2)+ f(®1+0)2) @ ﬁaail}gﬁal

IEEE-WAD Workshop 2012 Slide 6 Laboratories



Outline

* Monolithically Integrated Transceiver Description
 Demonstration of Receiver Operation

e Laser Characterization

Sandia
National
IEEE-WAD Workshop 2012 Slide 7 Laboratories



.V,;:;,—/-::/»:'f'/» /
e

~a

Insert diode directly into laser core

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

Sandia
National
[EEE-WAD Workshop 20¥¥anke, Nat. Phot., 4, 565, (2010) Slide 8 @ Laboratores



Completed QCL/Schottky THz IC

3 mm

R B

diode
LASER

: bottom 7 L Nl - i air

bridges

(225 det | curr ‘ WO [mag 0| HEW tit| HV | —— 40 ym——

*|ETD[0.34nA|3.9 mm 1600x!160 pm |52°|5.00kV| FEI Helios NanoLab 600
3mmx15mm  GND

. (TR Sandia
. National
IEEE-WAD Workshop 2012 Slide 9 Laboratories



Diode and Laser DC Properties
Typical QCL L-I-V Properties

|
~3 mW

w- ~r 1

3mm x 1.5 mm

('n-e) ndyno b

ﬂ | | | ] | ]
0 0.1 0Dz 03 04 05 06 07
Current (A)
Typicial Diode DC I-V Properties

18] R=144Q
1 1.6—:
- 01 "E 1~‘2‘-_
201 1 ]
§ s q:_) 101
—_ .8
3" /1 =104 S b
1E-6 0.2—.
1E-7 0.0.
00 02 04 06 08 10 02

T T T T T T T T T T
-10 -08 06 -04 -02 00 02 04 06 08 10

\oltage \oltage

Sandia
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Diode Rectified Response

Laser Power (mW)

* Diode responds to
QCL power

 Butnot linear in
power

[EEY
! L L L !

Diode DC Response
(% change)
N

O 100 200 300 400 500 600 700
QCL Current (mA)
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Integrated Diode THz Mixer

. Laser output to FTIR
g

3mm x 1.5 mm

~13 GHz—» |

-
a [RTOOWES, -

Intensity

e Purposely built a multimoded QCL centered

on 2.81 THz
— QCL emission (FTIR) spectra show
Fabry-Perot modes spaced by ~13 GHz

Sandia
National
Slide 12 Laboratories
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Integrated Diode THz Mixer

Laser output to FTIR

~13 GHz— i«

Intensity

3mm x 1.5 mm

275 280 7 RS

THz
Electrical feed to spectrum analyzer v (THz)

20090313 083305 FP Mode Separmon _ _
K vBoisgpib2c 1 * Diode outputs IF signal at spacing

between QCL modes

1
i
i

1
=)
o

2
=

Amplitude (dBm)
A

1
-]
(-

_80 | 1 1 1 | 1 |
11 11.5 12 125 13 135 14 145 15

Fabry-Perot Mode Separation (GHz) Sandia
@ National
IEEE-WAD Workshop 2012 Slide 13 Laboratories



Laser Power (mW)

IF Amplitude (dBm)

IF dependence on laser power

* |F indicates when laser
turns multimoded.

 |F amplitude is fairly

50 0 , iIndependent of diode
60 e e bias.

0 100 200 300 400 500 600 700
QCL Current (mA)
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Outline

e Monolithically Integrated Transceiver Description
« Demonstration of Receiver Operation

e Laser Characterization
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Integrated THz Receiver
Laser output to FTIR

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

Intensity

3mmx 1.5 mm

Sandia
National
Slide 16 Laboratories
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Integrated THz Receiver

_—_- Laser output to FTIR

~13 GHzZ—»i i Molecular Gas

— Laser Frequency

—_— .
ML Ak
.

 —

| —

—>id

T ——————

—= —
N
P —— 4 ‘Y -

e e ——— m

Intensity

3mm x 1.5 mm

Electrical feed to spectrum analyzer
0 I \

=3 FP Mode Spacing

S 20| |

3 O FP-5 | p,s Hi-res, coherent,
8 2FR-0 reciever

i

5

X

=

5 10 15 20 25

Beat Frequency (GHz) @ ﬁandial
ationa
Slide 17
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& Outline

« Monolithically Integrated Transceiver Description
* Demonstration of Receiver Operation

 Laser Characterization
- Current Tuning / Temperature Tuning
- Injection/Phase Locking
- Feedback Sensitivity

Sandia
National
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Amplitude (a.u.)

Laser Characterization

II I I I II VBOISEpIh2C

Current Tuning

VEBOI3EpIh2C

[
Peak Position

Small redshift with current

—2.7T8 THZ

— 280 THz ||

—— 2814 THz
——2.825THz
——2.84 THz
2.85 THz

- Smaller than FTIR resolution
- Fairly noisy measurement

FTIR
Resolution

| |
400 500 600
Current (mA)

700

IEEE-WAD Workshop 2012
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Current Tuning

13 GHz—»! - 13 GHz

O

13—8 ‘<—> 13+8

s L
12.7 12.8 12.9 13 13.1 13.2

Current

Sandia
National
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Current Tuning

~13 GHz— =

12.7 128 12.9 13 131 13.2

13-6  13+0

Current

Sandia
National
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Current Tuning

~13 GHz— i

12.7 12.8 12.9 13 131 13.2

13 13

Current

Sandia
National
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Current Tuning

~13 GHz—

12.7 i2.8 12.9 13 13.1 13.2

Current

Sandia
National
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Current Tuning

~ 6 MHz / mA

s L
12.7 12.8 12.9 13 13.1

Selected Fabry-Perot Mode Frequencies

700
e
- i FIRL Line -4

630 1 2.841143 THz N
o '
£ ’ =
= 600 [ - D
5 Fabry-Perot S
= Mode Separation @)
=S 550 ~=13 GHz 1
Q i

500 VBO158pIn2E

1 | DR 1 . L I
2825 2830 2835 2840 2845 2850 2855
Frequency (GHz)

IEEE-WAD Workshop 2012

12.7 12.8 12.9 13 13.1
Frequency (GHz)

Slide 24
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Current {(mA)

Current Tuning

700 . = — . !
e
: FIRL Line
650 | {2.841143 THz —
600 - -
Fabry-Perot
Mode Separation
550 ~13 GHz :
o
500 - VBO158pI0EE
A | 090401 | : |
2825 2830 2835 2840 2845 2850 2855
Frequency (GHz)

IEEE-WAD Workshop 2012

Current

Current (mA)

QCL Mode Spacing

T00

s3]

[#)]

=
T

=71

=]

=
T

v=A+B1+CYT
530 - A=126 GHz

B= 1.5 MHz/mA
900 - C = -1.6 kHz / mA®

12.85 12.9 12.95 13
610

600

590

580 : _ - |~

570 b i
-50

560

550

540

530

127 128 129 13 131 132
Frequency (GHz) @Sandia
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N\ Outline

« Monolithically Integrated Transceiver Description
* Demonstration of Receiver Operation

 Laser Characterization
- Current Tuning / Temperature Tuning
- Injection/Phase Locking
- Feedback Sensitivity

Sandia
National
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Frequency/Phase Locked THz IC

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

Spectrum Hwave
Analyzer synthTS|zer
I — uwave freq
; counter
‘_\ 7QCL/diode
7 7\\ DC
power amp

*Following Betz, Opt. Lett. 30, 1837, (2005)
Baryshev, APL, 89, 031115, (2006)

)
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Frequency/Phase Locked THz IC

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

 Locked IF linewidth ~1 Hz

« Extremely stable IF frequency and
amplitude

Time

8 min i
Spectrum Hwave -
Analyzer synthTS|zer ’é
l\ |:|—| a8 -3dB 1 1Hz
P hwave freq ) (instrument
el g -30] resolution)
<QCL/diode O : ]
4—/7\\ = o 60 Hz
power amp S .50 ’WJM‘/ _
2
) _
*Following Betz, Opt. Lett. 30, 1837, (2005) LL
Baryshev, APL, 89, 031115, (2006) -70 100 ' 0 ' 100

Frequency - 12.928 700 000 (Hz)

IEEE-WAD Workshop 2012 Slide 28




Absolute Frequency not
Simultaneously Locked...

Internal F-P DF Spectrum

-20
5 ° -30
DF, =DF__ +¢&+nADF DF, E
ADF=DF.___-DF i E 10
F-P.2 F-P,1 : S
! 5
: | £ g 1
DF : <> DF N
F-P.1 H 1 F-P,2
<7 ! : P> 20
; o : | ~100 50 0 50 100
S e o e e I DF - 12,928,700,000 (Hz)
* |n=2! i : L =2
= i ; i = : > External DF Spectrum
-40
-50

Spectrum Index

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

DF - 18,649.700 (MHz)
|'I'| National
Laboratories
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... Partly because of Temp drift

Internal F-P DF Spectrum

-20
x 9 30
o)
k=
c 10
=
3 15
O
o
20
-100 -50 0 20 100
DF - 12,928,700,000 (Hz)
2.8278 \ \ \
2.8276 | | ‘
N
I
= 28274 | 1 ~
&> I
c € 40 | QCL Mode Q)
% 28272 F 1 Spacing ]
g g % . 2
5 28270 L é_so? FIRL  QCL | —
Q 5
O 2 =70 fane
28268 | & ‘ ‘ ‘ ‘ ‘ .
12.8 13 132 134 136 1338
Beat Frequency (GHz)
2.8266 . . ;

10 15 20 25 30 35 40 45 50 @ ﬁ"’a{‘iﬂﬁal
IEEE-WAD Workshop 2012 Temperature (K) Slide 30 Laboratories



What happens when lasers cross?

* For 6 < 23 MHz, the QCL is injection locked.

\\
\\
\\
“

68

@
o

<«— Injection "

Locked

R
N
/

QCL Current (mA)
QCL Current (mA)

<+— RQ Beat Note
.\
\

12.9 1292 1294 1296 1298 13 12.7 12.8 12.9 13 13.1 13.2
Frequency (GHz) Frequency (GHz)

Sandia
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I | |

- /

« Monolithically Integrated Transceiver Description
* Demonstration of Receiver Operation

 Laser Characterization
- Current Tuning / Temperature Tuning
- Injection/Phase Locking
- Feedback Sensitivity

Sandia
National
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4\g Feedback Sensitivity

et

Some of the QCL emission retroreflects

Sandia
National

IEEE-WAD Workshop 2012 Slide 33 Laboratories




Feedback Sensitivity

Some of the QCL emission retroreflects
- Another laser facet

- Window or lens
- External mixers

Wanke, Proc SPIE, 7953, (2011)

)
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Focal Position Sensitivity

P
Top View | {] Front View I A
QCL . My
_ :‘JU‘\ *+
« Mx—>»t

What happens when we scan the cryostat
to find the FIRL beam?
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p —
@
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S
=
o
S
<

Focal Position Sensitivity

“J\ﬂ l\l éhm WJ “J" M‘ﬁn jf‘“ H” M\ 1’ ‘\ l}(b )\|] |W

129 12,95

FP Mode Separation

J—
I A
My
*+
"« Mx—>»"
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Focal Position Sensitivity

/—-\_/—_

Amplitude (dBm)

1 1 1 1 L 1 1 P
.89 129 12.91 12.92 12.93 12.94 12.95 12.96 12.97 12.8 12.85 12.9 12.95

FP Mode Separation FP Mode Separatfon

13.06
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+. Focal Position Feedback Sensitivity

<« X *

Strong frequency and H

amplitude pulling QCLB

Simple demonstration of Airy
diffraction pattern

IF Frequency

IF Amplitude

-2‘J r T

40 dB
Y (mm)
60 MHz

X (mm) faional
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Cavity Length Sensitivity
i

L
n |

20 MHz

Frequency

Mirror Position

Amplitude

1 mm
9 dB

- Period =1/2 A
Frequency I\/IiI‘I’OI‘ POSition i
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National
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Feedback Effects on FP mode

Not always a single beat frequency

Mirror Position
500 um

12.6 12.7 12.8 12.9 13 13.1 Sandia
Frequency (GHz) @ National
Laboratories



Feedback Effects on FP mode

Region | - Normal Fabry-Perot Modes

A
v

600 MHz

QCL Mixer Spectrurn - 091222-R008

-7.01 10—
-7.008 —
- .
O -7.008
o
= _7 004
7p] £ -30
O -7.002 %
ol 2
c
— 2 40
o S
o
L -6.998 o
| — =
| E _50
2 -6.996
-6.994
| —60
6,992 ! WHW M
-6.99 R -0 :
12.6 12.7 12.8 12.9 13 13.1 12.6 127 12.8 129 13 134

Frequency (GHz)

Frequency
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Feedback Effects on FP mode

Region Il - Fabry-Perot Modes Bifurcate

“ 600 MHz

| |
P 4
= o
S S
> S

-6.998

Mirror Position

S 3 < 2° o ’ L] N
12.6 12.7 12.8 12.9 13

Frequency

IEEE-WAD Workshop 2012

v

e

Mixar Response jdBm)
1

"2 12.7 12.8 128 13 131

QCL Mixer Spectrum - 081222-R003

[£5]
(=

=y
=
T

[41]
(=

[=2]
(=

LU

#thLLJWLh

=J
=

Frequency (GHz)

Stable Spectrum
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Feedback Effects on FP mode

Region Il - Chaos Onset

A

v

600 MHz

QCL Mixer Spectrum - 091222-R019

-7.01 ; 10—
-7.008
- 20
O -7.008
o
" 7,004
(7p) = -30
O _7002 g
al g
c
— PO
o g
S -6.998 o
| - =
| — E _50
2 -6.996
-6.994
-60
-6.992
-6.99 A B -7oL- '
12.6 12.7 12.8 12.9 13 13.1 12.6 12.7 12.8 12.9 13 13.1

Frequency (GHz)

Frequency

Unstable Spectrum
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Q;»When life gives youlemens-peaches...

... use feedback to image the topography

Sandia
National
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Amplitude (dBm)

-35

40+

45+

B0+

55+

60+

-65

-70
-3

Or...

el ... use feedback to measure vibration

I frequency of a reflector
(((—H-))) [

_Oscillating Mirror

FM sidebands

| =
863 Hz!| X
) ——

>

(&)

[

(b]

O

-

(]

| -

LL

| -

o

| -

=

=

2 1 0 1 2 3

-3 -2 1 0

) - 1 2
v - 12,927,489.3 (kHz) v - 12,927,489.3 (kHz)
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Summary

Laser Characterization

THz Integ rated Injection Locking
Transcelver

Vibrometry

il

J“n

iy S' | Feedback / Chaos

3mm x 1.5 mm

» & A <5 N ¢.
:_;‘ rcmm— —%
-

i ..,: v, ¢ J jd -~ (;
L‘Z.M‘ﬁg ..q-?-ﬂ @San_dia
Slide 46
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Extras

Sandia
National
IEEE-WAD Workshop 2012 Slide 47 Laboratories



Feedback Effects for Locked FP
FP Mode [0 Mode’

Mirror Position
200 pm —
50 pm

v
]
86 1287 1288 1289 129 1291 1292 1293 1294 1295 12¢ 16.6 167 16.8 16.9 17 171

« 100 MHz 600 MHz

v

A

FP frequency is locked (~1 Hz) ... but amplitude is not.
.. absolute frequency is not.
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National
Laboratories




External Coupling to Receiver

X (mm)

' ‘ uuuuuuuuu .
IEEE-WAD Workshop 2012 Slide 49 R iaboratories




Integrated Waveguide Performance

THz QCLs * Merges microwave and optical technology
* Output beam pattern defined by horn
« Emission can be moved around on the chip

Light-Current-Voltage

T T
VBO166pJbC2
6 bends

('n"r) indyno 617

—_—

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

Emission Spectra

MESA~uF ab L8ky ZBEB s

Horn Antennae _ | | vepisenie:
= -6 bends i
st —170v] ]
ERl —sov| |
T —_sov

Beam Pattern . /L .
2.7 278 2.8 2.85 2.9
v (THz)
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Mixer Response vs Diode Bias

IF Amplitude (dBm)

_707 A U S H R R RO R BV R |
-08 -06 -04 -0.2 0 02 04 06 0.8

Mixer Bias (V)
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Mirror/optics

Coherent Detector: THz receiver

Poc E,E,cO8(01-0,) + f(wy) + f(w,)+ f(w+m,)

C Heterodyne receivers enable:
1) high sensitivity detection
20000
o  m
\ O\ 0O 18000F JPL Schottky Receiver
@4 3 LO = 2.52 THz
@/~ " = 16000 Ambient Temperature
B
Mixer Block 2 14000
ld_.) L
8 12000+
2 .
z ' ~101° W/Hz
£ 10000+ =
2 |
| 8000L——t——1 1.
Bt 0o 2 4 6 8
~_ gt Ry 5 LO Power (mW)

Sandia
National
Laboratories



Phase Locking Bandwidth

T
0 Averaged Intermediate Frequency o : i i
Averagecl 18 scans ESA and EIP symnad
o} VBw-s0iz -6 IL¥% BW = 250 kHz i Ll 1
EIP BW =10 kHz !
Span = BO x RBW ;
_B5} VBW = 30 Hz 1

Amplitude (dBm)

0
Frequency (Hz)

Averaged Intermediate Frequency

Average of 16 scans
-10| RBW=30Hz
VBW =30 Hz
100323-R014

Peak Amplitude (dBm)

Amplitude (dBm)

o
tn
e

o RHuns 1-15
Runs 16-29

_1{] 1 1 1

o 1 2 3 4 5 &
"™ go0 -600 —400 -200 0 ( 200 400 600 800 1{] -1 G 1 G 1 D 1 {] 1 ﬂ 1 ﬂ
Frequency (Hz) - -
Resolution Bandwidth (Hz)
Averaged Intermediate Frequency
Average of 16 scans
-10 Tawo ank:; Averaged Intermediate Frequency
100323-RO04 0
Average of 16 scans Averaged Intermediate Frequency
of (B ’
=30 Hz
100323-R011 é\ée;”mge‘ Qr'a i 6 scans
10/ UBw -0tz
100323-R007

Amplitude (dBm)

Amplitude (dBm)

=3 -2

0
Frequency (Hz)

i Sandia
Frequency (Hz) x10" NaﬂOﬂﬂ'
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<::/Di@"él"e placement relative to internal field

IEEE-WAD Workshop 2012

(wrl) soueysiq

o

0] 8

0¢

0€

ov

000

Mode intensity

o

o
=
T

Bottom
contact
layer

1

Kohler et al. , Nature, 417, 2002
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Coherent Detector: THz receiver

WV Heterodyne transceivers enable:
1) high sensitivity detection

2) high spectral resolution
Mirror/optics

AN __-10
00N W S
/@ t—» an) -3dB 21— 1Hz
+@/,§‘. 2 (instrument
/ g 30 resolution)
‘ Mixer Block &
ol 60 Hz
T .50
jo)
0p]
LL
-70 . .
-100 0 100

Frequency - 12.928 700 000 (Hz)

P oc E,E,cos(m-m,) + f(,) + f(o,)+ f(o,+o,) @ Nt
Slide 55
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FP Frequency {(GHz)

12.91

12.91

12.9

12.9 |

12.89

12.89

12.88

Similar for Temperature Tuning

~ 0.06 cm’’ e

15.2

4{14.9
{14.6
3rd order curve fit 14.3
{14

413.7

(zHo) Acuanbaid gsn

13.4

Temperature (K)

Can see the small shifts at low
temperature

Can see the FP mode spacing
change

Can see non-monotonic
behavior of the FP mode
spacing

Mixer Reponse {dBm)

-40
45
-50
.55
-60
-65
.70

QCL Temperature (K)

1/4 of FTS instrumental linewidth

10K

AT =25K
5]

N

135 14

Mixing Frequency (GHz)

FP Beat Note

0K
15

145

13 132 134 136 138 14 142 144 146
Frequency (GHz)
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Feedback Effects for Locked FP
FP Mode FP Mode Amplitude

Mirror Position
9 dB

10.45

-10.4
1286 1287 1288 1289 129 1291 1292 1293 1294 1295 12¢

100 MHz > “ 200 um

FP frequency is locked (~1 Hz) ... but amplitude is not.
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Feedback Effects for Locked FP
FP Mode [0 Mode’

Mirror Position
200 pm —
50 pm

v
]
86 1287 1288 1289 129 1291 1292 1293 1294 1295 12¢ 16.6 167 16.8 16.9 17 171

« 100 MHz 600 MHz

v

A

FP frequency is locked (~1 Hz) ... but amplitude is not.
.. absolute frequency is not.
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Proof of asymettric splitting of FP modes
FP Mde

FP

Current

—g_

| “ \llﬂWﬁW /ﬂ M\\\\Wl | "'l"i\\ L ;”/”,M i\\\\\\\"WW | \\N\m;”w mwum/j/ \\\\\Q“

|:requenc:y

: ’ Frequency (GHz) ;
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Focal Position Sensitivity

QCL beat frequency dependence on laser position

Hi-resolution slice

- 3 mm out of focal plane

o
o

- phase flips every 1/4 A

Y-position (mm)
° ,
- 3 o

iy
(6]

2
12.8 12.85 12.9 12.95 13 13.05
Frequency (GHz)
QCL beat frequency dependence on laser position QCL IF Amplitude dependence on laser pasition

12.98 T T T T -30

12.97 -32

12.96 -34
T 1295+ 361 8
T T
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= 1294 = -38f
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& g
S 1293f 4 S 40
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i [
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n
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Feedback over long scan

QCL intramodal beat frequency

i T I I | |

12.95

Intermediate Frequency (GHz)

12.85 | | | | | | | | |
0 1 2 3 4 5 6 7 g 9 10

Mirror position (mm)

Mixing Amplitude feedback dependence
| I I I I I | I |

Mixing Amplituce dBm)
Lo b
o W

| | | | | | |
1 2 3 4 5 6 7 8 9 10

Miror Position (mm)

Regions where signal goes away may be single mode
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7 é

Unique Tool to Explore Feedback Sensitivity

* Found QCL is strongly sensitive to feedback.
— Difficult to measure other ways.
— Bad when frequency stability is needed.
— But possibly useful for viborometery.
— Possible reason for odd beampatterns.
— Demonstrates need for isolators.

FM sidebands

FP Frequency
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Integrated THz Receiver
Laser output to FTIR

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

b

Intensity

3mm x 1.5 mm

v (THz)

Electrical feed to spectrum analyzer

-50 -50
E Internal E
= FP Mode =
g 607 13-8 Separation 13+d g 607 26-0
: :
& &
T o] s
’:':’ -70 = 70+
s s
'BD T T T 'BD T T T
11 12 13 14 15 23.5 24 24.5 25 255
Mixing Frequency (GHz) Mixing Frequency (GHz)
High-resolution, coherent detection of incident radiation @ Sandia
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Mid-scale Integration:
QCLs in rectangular waveguides

Source: A
RF horn

VDI o & e
*«r> — AR
e o 3 h ) - \ .
TN, (P | — b \ ol
R 3 : ".l“.‘ £ ) ) . =20 e
N NN ¢
P Y — ¢ \an Source:

7 alid 7 \ T 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

— $5% @ Sandia
National
Laboratories




Micromachining Rectangular Waveguides

1. Deposit seed
metal and pattern
photoresist

2. Electoplate Au -
" Spenings. g
3. Deposit 2nd

seed, pattern 2nd
PR, and plate lids - - -

openings

4. Remove
photoresist and

2w seed metal [ SiibSrate M

IEEE-WAD Workshop 2012

Rowen, Proc. SPIE, 7590, 2010

MESANuF ab 18kV 188um x 196

» Additive electroplating technique
suitable for various substrates

— Allows waveguide fabrication on
QCLs or other devices

MESA\uFab 18kVU  SBum

@ Sandia
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4 Micromachined THz Waveguides

Photoresist H-Plane Bends
removal holes

Horn antenna

~uUF ab

18kV S88um

End view of
— waveguide

horn antenna
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THz Micromachined Waveguide Components
=

 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 /1)
-0.15 +/- 0.15 dB / bend

» Observed good far-field beam patterns.

Preliminary Antenna Beam Pattern
30

i

r‘
)
7)
.
\

-
LY
i =y

Linear Scale Log Scale

0 5 10 15 20

Length difference (mm)
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Integrated Lasers with Waveguides

Built waveguides
on top of lasers

Chip Tests
 H-plane bends

* E-plane bends

» Magic-Tees

« Combiners

e Horns

* Insertion position
* WG length

Sandia
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Integrated Waveguide Performance

Integrated Far-field beampatterns

Low

Res

High

Res
Linear Log
Scale Scale

* Improvement over bare laser
beampattern

Sandia
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Integrated Waveguide Summary

MESA~uFab 18kU S8B8Mm

—
S EDEEETaEEs

« Successfully merged of
optical and electronic
technologies

* Opens the door for THz on
chip routing and integrated
circuits

MESA\uFab 18kV ZB88um
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Two THz Waveguides

Metal-Metal Surface Plasmon
Waveguide Waveguide

a) b) |

O Contact Metal

B N+ GaasLT-GaAs
B Gass/AlGaAs SL
O Undoged Gass

Kumar, Opt. Exp., 15, 113, 2007 Demichel, Opt. Exp., 14, 5335, 2006
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-50

(Courtesy J. R. Gao, TU Delft)

QCL Far Field Issues

Metal-Metal Surface Plasmon
Waveguide Waveguide
a) b) |

O Contact Metal
B N+ GaAasLT-GaAs

Metal-metal

Vertical angle (deg)

-60 -50 -40 -30-20-10 0 10 20 30 40 50 60

 (deg) 30 20 -10

IEEE-WAD Workshop 2012

Horizontal angle (deg)

B GaA«/AlGaAs SL
O Undoged Gass

0 10 20 30
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Fixing the beam pattern

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

o Maineult, Appl. Phys. Lett. 93, 183508 (2008)
E F _ . —
kasor ridge —— » g S - ggs L
GaAs n' subsirate 5| GaAs
matal layers

¢ (deg)

Lee, Opt. Lett., 32, p2840, 2007
Si Spacer. ‘

5
MM QCL AR Coate - 1 (o) g '
SiLens 2 2
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% 0.8 1 .
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Controlling the Beampattern

Danylov, Appl. Opt. 46, 5051 (2007)
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Amanti, Nat. Phot..3, 586 (2009)
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Yu, J. Opt. Soc. Am. B, 27, B30, 2010
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