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THz QCLs: The Promise

* Miniature, all solid-state source from ~ 2 to 5 THz
— Power output 1 to > 10 mW CW
* Very good intrinsic spectral characteristics
— Decent free-running linewidth & stability
— Can be locked to achieve ~ 10 Hz linewidth with low drift
* Relatively low ~1 W DC input power required
» Scalable production using microelectronic fab

Replace This: | WithThis:

Aura 2.5 THz LO (Coherent-DEQS) Six THz QCLs on chip

30 mW CW output =10 mW CW output (each)
21 kg weight 0.1 kg weight (not including cryostat)

120 W DC input power required 1 W DC input power required

T per laser $ (eventually ¢¢?) per laser @ ﬁaa%gﬁal
ISSTT - 2009 Slide 3 Laboratories



il
e 4 “Hz QCLs: The LO Problems

» QCLs still requires cryogens
— Fundamental THz QCLs work up to 184 K (MIT/Sandia)

— New mixed MIR design gives 8 yW at 300K (Harvard/ETH)

» Difficult to provide precise absolute frequency QCL Beam Patterns
— e.g., Hitting 4.7448 = 0.001 THz is really hard ~_ (DelfMIT/Sandia)
» Lack of connection to existing THz infrastructure gy <"
« Beam quality is fairly poor _®
3

— Sub-wavelength aperture diffraction =
— Highly non-Gaussian beam
— Very inefficient power coupling o

E EEH

Vertical angle [deg)

30 .20 0 0 W 20 W

Horizontal angle (deg)
||'|‘I| Sandia National Laboratories



i
#Hz QCLs: The LO Problems

« QCLs still requires cryogens
— Fundamental THz QCLs work up to 184 K (MIT/Sandia)
— New mixed MIR design gives 8 yW at 300K (Harvard/ETH)

« Difficult to provide precise absolute frequency QCL Beam Patterns
— e.g., Hitting 4.7448 + 0.001 THz is really hard ~ (Delft/MIT/Sandia)
 Lack of connection to existing THz infrastructure |
« Beam quality is fairly poor )
— Sub-wavelength aperture diffraction =
— Highly non-Gaussian beam
— Very inefficient power coupling S N T

1 itk

&
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 THz QCL.: Integration Solutions
1 - Mate the THz QCL into rectangular waveguide
2 - Monolithic integration of a THz QCL/mixer
heterodyne circuit

Vertieal angle [deg)

<30 200 A0 O W0 Z0

Horizontal angle (deg)
|I'|'|| Sandia National Laboratories



7 '
} Solution 1:
Integrate QCLs into rectangular waveguide

RF horn

=

QCL Mixer

» Payoffs
— RWG is a widely used standard
— Propagation mode structure in RWG known
— Horns should improve beampatterns and coupling
— Waveguide elements (couplers, splitters, horns) can be used
— Mixers can also be placed in RWG

Sandia
National
ISSTT - 2009 Slide 6 Laboratories



=5 Integrate QCLs into rectangular waveguide

L

/ \

QCL Mixer

» Payoffs
— RWG is a widely used standard
— Propagation mode structure in RWG known
— Horns should improve beampatterns and coupling
— Waveguide elements (couplers, splitters, horns) can be used
— Mixers can also be placed in RWG

— Problem: Converntional machined split-block RWG
doesn’t work well with QCLs
@ ﬁg?igi:al_
Laboratories




omachining Rectangular Waveguides

 Solution: Build waveguide around QCL
using microfab techniques and additive
electroplating techniques.

Sandia
National
Laboratories



omachining Rectangular Waveguides

1. Deposit seed
metal and pattern
photoresist

Sandia
National
ISSTT - 2009 Slide 9 Laboratories



1. Deposit seed
metal and pattern
photoresist

2. Electoplate Au
in photoresist - - -

openings

ISSTT - 2009

omachining Rectangular

Waveguides

18kU 188um x196)

Sandia
National
Slide 10 Laboratories



1. Deposit seed
metal and pattern
photoresist

2. Electoplate Au
openings [ substrate T

seed metal, -

pattern 2nd - - -
resists, and plate [ substrate "

in opening to
create tops

3. Deposit 24

ISSTT - 2009

MESANuFab

18kU 188um x196)

Slide 11 @
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National
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1. Deposit seed
metal and pattern
photoresist

2. Electoplate Au
openings [ substrate T

3. Deposit 24 - -
seed metal and

plate in opening - - -
to create tops [ Substrate T

4. Remove
photoresist and

2 seed metl | SUBSiFate M

ISSTT - 2009

MESANuFab 18kU 188um

18kV 188um x158

Sandia
National
Slide 12 Laboratories




1. Deposit seed
metal and pattern
photoresist

2. Electoplate Au
N Eenings g
3. Deposit 24

Doposit > [ L
piote in opering IR N [
o create tops L SUDSIEaIe

openings

4. Remove
photoresist and

2 seed metl | SUBSiFate M

ISSTT - 2009

MESANuFab 18kU 188um

« Additive electroplating technique
suitable for various substrates

— Allows waveguide fabrication
on QCL or other wafers

18kV 188um x158

Sandia
National
Slide 13 Laboratories




icromachined THz Waveguides

Photoresist H-Plane Bepds
removal holes

Horn antenna

~uFah

MESA~uUF ab 18k S88um
080711

End view of
— waveguide

horn antenna

Sandia
National
Slide 14 Laboratories




} Promising Waveguide Propagation

£ {mmy

Beam Power Loss

« Made straight waveguides,  * )
bends, tees, splitters, 25 s 2
couplers, horns _ 2

- Low propagation & bend 15 $
losses near 2.9 THz 3 _

— 1.4 dB/mm propagation . 8
loss (0.17 dB/wavelength) ‘//K/

_ £0.15 dB/bend loss 0 5 0 5 2

Length difference (mm)

| | | o
ISSTT - 2009 Siide 15 \CBad Laboratories
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S ' Beampattern

(Empty RWGs)

Scanned pinhole
4.5° resolution

Bolometer

V

FIRL input —— }

AEEEREEER

Waveduide (06-24-08 Row-4 WiG-6) Beam Patern

BolometerPyro (lin) BolometerPyro (log) Puro Besponss
04
— 0.38
=
£
Ny 0.36
0.34

ISSTT - 2009 Slide 16 G Laboratories



- 'Multiple Interference Effects

£ (mm)

2
# M) A mim) A (mim) A mm) # (mm) H ()

Phase periodically oscillates in Y every A/2

Sandia
National
ISSTT - 2009 Slide 17 Laboratories
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P ' Improved Beampattern

EEEEEEE

FIRL input —— = #E \ Bolometer

£ (i)

o
%
1 "=

220 10 0 10 20 220 10 0 10 20
¥ () A{rmm)

)

<
e
o

—2Z=1

TO —x=13

| FROM [}, |23 =)

- —

Y 2

z g

Q 5

2 72

o 015} £

[ ]

o T

01t E

E % 1L

= ]

“ 0.05} =

= =]

S =
& = D | | 0 L L L L
2 =12 -5 0 3] 12 -30 =20 -10 0 10 20

Distance from Center (mm) XorZ{mm) - al
R OO 1 - ZUUY Slide 18 eumud Laboratories




tegrated Lasers with Waveguides

Built waveguides
on top of lasers

Chip Tests

* Insertion position
* WG length

« H-plane bends

» E-plane bends

» Magic-Tees

e Horns

Sandia
National
Slide 19 Laboratories



RS =2
e -

MESA~UFab 18kU ZABMmM 255 MESA“UF ab 1@k m

12 : . 40 | EI'I'IISSI{JIII Spectra |
QCL Emission Ve bonds
306 3T .
> 8 _ )
— with Waveguide o = | — -
5 = =% —
. 2':' E -— ooV
= a 3 — 60V
= = 5 L —sovr
> = il 50V
> 4 w/o Waveguide 1 10 'Fé. %
" - B /\ ]
0 1 0 1 I I
0 0.4 0.8 1.2 2.7 2.75 2.8 2.85 2.9

Current (A) v (THz)

Sandia
National
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qvith long or short waveguides...

Light-Current-Voltage

5 I I I I I
Long Waveguide |
4 Short Waveguide
= 1 2=
25| 12
T2 — 13
> Bl
1 n :
- 1=
4 %.ﬂz 0 002 004 006 008
Current (A)
Spectra from Horn Emission
I I I I I V|Bﬂ159p.|JbE,F
L
 No significant performance 2
o
change with length. g
T
=
S
]
ol

1
26 265 27 275 28 285 29 295 3
v (THz)

Sandia
National
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-
, ' and through various bends

5 Light-Current-Voltage H_pl ane bend

T
VBO166pJbC2
6 bends

('n'e) indino Wb

6 bends

| | | |
0 002 004 006 008 01 0.12
Current (A)

E-plane bend

Light-Current-Voltage

6 — . . . . e Vertical Emission
5 — “ 71 ; |
ar—— 4 1 } "ﬁ
St =
[ab} - =
o 3L =
= -— =)
D 2 r——
= - i
=
1L — L —

0 I 1
0 0.02 0.04 0.06 0.08 0.1 .
; Current (A) @ ﬁaa{ligﬁal
L VY 1sSTT-2009 Slide 22 Laboratories



}. Solution 2:
Monolithically Integrate mixer into a QCL

External THz Signal
Schottky Diode

, | «—Antenna

N

» Payoffs
— No external optics to align LO to mixer.
— Internal field coupling can be much larger.
— Can monitor laser behavior.

Sandia
National
ISSTT - 2009 Slide 23 Laboratories




diode

LASER
Vbott S | : - coar
| bottom . IQD ' e . AR bridges
3mm x 1.5 mm GND |F GND
— Sandia
National

Slide 24 Laboratories



—
P 4 Integrated Diode THz Mixer

— Laser output to FTIR
‘!5 —J —— =065 A ' ' VBOISSpIb2C

b il
-~
— e
_

Laser Power {a.u.)

3mm x 1.5 mm

1 1 1 1
2.7 2.75 2.8 2.85 2.9
v (THz)

* Purposely built a multimoded QCL
centered on 2.81 THz

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

Sandia
National
ISSTT - 2009 Slide 25 Laboratories



3mm x 1.5 mm

Diode detects the QCL LO

I
VEBOISEpIh2C

Laser output to FTIR
= — = ~13 GHz
s M
:
s
K

2.7 2.75 2.8
v (THz)

Electrical feed to spectrum analyzer

Amplitude (dBm)

-50

-55

-60

-65

-70

T I
20090313 083303 FP Mode Separation

VBO158pIb2C T

11.5 12 125 13 135 14 145 15

Fabry-Perot Mode Separation (GHz)

ISSTT - 2009

2.85 2.9

» Diode outputs IF signal at spacing

between QCL modes

» Strong IF power: up to -53 dBm

without amplifiers

Slide 26
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grated Diode acts as THz Transceiver

Demonstration of heterodyne detectlon

=50 T T
External ?D'D*'JD'?H I3|i{|"? VBBISEPIth 20090313 IS{'IAA VBU]5Epr2C
=55 = 55 |
Radiation & ool 13+5| &
% -60 _198_86 Separation USE 7 % -60 - 26-6 |
LR
T 65 T 65 -
g .70 & .70
- -
| 75 75+ .
3 L~ 1 ! ! 1 1 I -80 ] | I
11 11.5 12 125 13 135 14 145 13 235 24 24.5 25 25.:
8 Mixing Frequencies (GHz) Fabry-Perot Mode Separation (GHz)

| | = FIEL LaserLine : 2841143 THz _
—WVB0158-pl-b2C Laser Lines

B UsB LSB 7
1A [ <

B 3 -
~13 GHz

| |
2.82 2.83 2.84 2.85 2.86 2.87
Frequency (THz)

Sandia
National
ISSTT - 2009 Slide 27 Laboratories




Summary

« THz QCLs continue to improve and
hold promise as miniature, solid-state
local oscillators.

» Electroplated rectangular waveguide
circuit elements exhibit good
performance > 2.5 THz.

* QCLs can be integrated into on-chip
rectangular waveguide components
and circuits.

* Heterodyne mixing can be achieved in a
monolithically integrated diode/QCL.

3mm x 1.5 mm Sandia
@ National
ISSTT - 2009 Slide 28 Laboratories



Questions?




