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Interband Cascade Laser: Overview
Semiconductor optical sources between 3-4 um

Semiconductor emission wavelength

vs, lattice constant Dominant decay in mid-IR semiconductors
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+ Stubborn materials: GaSb growth & fab intrinsically harder
« High loss: Free carrier absorption scales as A? to A3
« Short upper-state lifetime: Rapid Auger decay of upper lasing level
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Interband Cascade Laser: Overview
Quantum Cascade Lasers (QCL)

ABANDON THE DIODE!

* QCL exploits optical transitions
between electron subbands in a QW —
No holes, so not a diode

1E”er9y Gap  Very different regime from diodes —
v IO = s Upper lasing level lifetime ~ 1 ps
_ rather than = 1 ns
S - Tune 2 with QW width (2.6 - 700 um!)
— ,J“" « With cascade staircase, 1 electron in

can yield 30-40 photons out!
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Energy (eV)

Interband Cascade Laser: Overview
Semiconductor optical sources between 3-4 um

ICL active medium
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Interband Cascade Laser: Overview
|ICL progress (DFBs)
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Interband Cascade Laser: Overview
ICL progress (laser on silicon)
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Power (mW)

Interband Cascade Laser: Overview

Interband Cascade VCSELs
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Optical Frequency Comb

What is an optical comb?

il ‘l Ill)

o] e Offset fl;equency 5 | Repetitionffrequency

0 r

A frequency spectrum that consists of a discrete, regularly spaced series of sharp lines

fm =fo+ mf,
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Optical Frequency Comb

Generation: mode-locked laser
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Optical Frequency Comb

Generation: Kerr comb (FWM in optical resonators)
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Optical Frequency Comb

Generation: Soliton comb
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Optical Frequency Comb

Nonlinear optical processes

OPO-based optical frequency comb
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Optical Frequency Comb

Quantum Cascade Lasers

a = b
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The Fabry-Perot modes are locked via Kerr nonlinearities!
A. Hugi et al., Nature, 4 9 2, (2012),

A. Hugi (2013) (Doctoral dissertation)
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Optical Frequency Comb

GaSb-Based cascade diode lasers
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Tao Feng, et al., ACS Photonics 2018 5 (12), 4978-4985
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Optical Frequency Comb

|ICL frequency comb
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Passively Mode-Locked Lasers

Principles of passive mode-locking

A ﬂ gain
<
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gain
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| Intensity 1(1) |

Tlmc

saturable
absorber

time for photon round trip in cavity (tr)
gain recovery time (tg)
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Gain dynamics for mode-locking

° Tg << 1R

the gain reacts nearly instantaneously to the
intensity of the pulse; suppresses mode-
locking (cw)

° Tg < 1R

multiple pulses can propagate in the cavity,
separated approximately by the gain
recovery time

° Tg > TR

a single laser pulse oscillating in the cavity

depletes the gain and prevents the formation
of other pulses
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Passively Mode-Locked Lasers
Principles of passive mode-locking

Impediment to mode-locking a QCL Actively-mode-locked QCL
* Gain recovery time: t5< 1 ps 5
- vs. g > 50 ps for a 2 mm long cavity e A=
— - 17.36 GHz
g o JUN, 17.76 GHz
« Thus passive mode-locking is inherently S S— )TV
inhibited = pooooq I | [T
2 ol W ireni. 787 2
© T 17.88 GHz
 This condition also impedes the formation 15‘%5 I
of high-intensity pulses through active Wavenumber (cm!)
mode-locking

C. Y. Wang et al. “Mode-locked pulses from mid-
infrared Quantum Cascade Lasers”, OPTICS
EXPRESS 17, 12929 (2009).
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Passively Mode-Locked Lasers
Principles of passive mode-locking
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Saturable absorber requirements

- Small saturation energy

hwA
99
aN

Saturable absorber length

E, =

* Fast saturable absorber recovery

IEEE Summer Topicals

The SA must recover before to its initial
state before the pulse makes its round-trip
The recovery due to spontaneous
emission is not enough (~ns)

Create defects

Reverse bias
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Passively Mode-Locked ICLs

Carrier Lifetime

Carrier lifetime measurement using
optical modulation response technique
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Passively Mode-Locked ICLs

Carrier Lifetime

Measured frequency response of a interband
cascade structure photoluminescence
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Passively Mode-Locked ICLs

Carrier Lifetime: H+ bombardment

+ 1 1 . . .
H* penetration in InSb compounds H* penetration profile in IC PL structure
@300 keV
1 1 1 1 1 1 1
Depth vs. Y-Axis 60k | 3
|| &
50k - E — 50 KeV
£ —— 30KeV
1l <
40k -
:g, 30k -
I -
20k -
10k
— Target Depth — ] Y
Or~——F—T—r——T—T T 7
0 2000 4000 6000 8000 10000120001400016000
DEPTH (Ang.)

JPL



Passively Mode-Locked ICLs

Carrier Lifetime: H+ bombardment

Measured PL spectra for the as-grown PL PL intensity drop ratio as a function of
structures (black) and the |rrad|ated samples ion dose
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Depth (um)

Passively Mode-Locked ICLs

Carrier Lifetime: H+ bombardment

H+ penetration depth and concentration
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Passively Mode-Locked ICLs

Carrier Lifetime: H+ bombardment

LI characteristics of ICLs under different H+

08 dose radiation « Threshold increases with IB dose
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ICL combs

ICL comb devices: split contact geometry

Nabaoben®

Forward bias
(gain)

Due to ICLs low lateral resistance, this
design does not provide enough electrical
isolation between the two contacts
(separation <50 um)
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ICL combs

ICL comb devices: split contact geometry

Gain/SA isolation via carrier diffusion

Sedsonaderoftage Herassoithdod éwice
contacts when gain section is biased

Gain section
Saturable absorber

Voltage (V)

LEl  50kV X200
0 20 40 60

Current (mA)
July 09. 2019 IEEE Summer Topicals

100um

WD 12.9mm

80

100
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ICL comb

Implanted split contact ICL fabrication

ICL Wafer
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ICL comb

Implanted split contact ICL fabrication

Alignment marks
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ICL comb

Implanted split contact ICL fabrication

Implantation box via Au
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ICL comb

Implanted split contact ICL fabrication

Etch waveguides
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ICL comb

Implanted split contact ICL fabrication

Narrow metal stripes
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ICL comb

Implanted split contact ICL fabrication

Deposit SiNx
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ICL comb

Implanted split contact ICL fabrication

Open up vias/Metalize

R

LR

IEEE Summer Topicals 34 JPL



ICL comb

Implanted split contact ICL fabrication

Contact Pads
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ICL combs

Interband Cascade Mode-locked Lasers

Current
Source ‘
Reverse o !

( Bias ) :W I [ FTR )

Amplifier

()

Spectrum Analyzer

Anode (+)

Cathode (-)
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ICL combs

Interband Cascade Mode-locked Lasers

Extracted optical loss (bottom) and mode Extracted optical loss (bottom) and mode
spacing (top) from a 300um-400um device spacing (top) from a 2mm-long cavity (no SA)
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ICL combs

Interband Cascade Mode-locked Lasers

Collected LIVs for devices with 300um (solid Collected LIVs at 10°C as a function of SA
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ICL combs
Interband Cascade Mode-locked Lasers

Wavelength (um)
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ICL combs

Interband Cascade Mode-locked Lasers

Intensity (a.u.)

Intensity (a.u.)
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A linewidth of ~ 700Hz was extracted
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ICL combs

Interband Cascade Mode-locked Lasers
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ICL combs
ICL FP devices
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ICL combs
ICL FP devices

Collected output power (left) and junction
voltage (right)

50 — L 10

s >
E ®
= (o)
o ©
003_20— E
10 +
0 — T T T 1 0

L) l L) l L)
0 25 50 75 100 125 150
Current (mA)

Power (dBm)

Collected RF beat-notes

1 ——74 mA——77 mA
——75mMA——78 mA
—76m

T T T T T N
9.666 9.668 9.670 9.672 9.674 9.676 9.678

——83 mA——86 mA
——84 mA——87 mA

y T y T y T y T
90 9.692 9.694 9.696 9.698 9.700
1 1 1 L

1 —95mA
—96 mA

T T T T T T T T T T T
9.670 9.672 9.674 9.676 9.678 9.680
Frequency (GHz)
JPL



ICL combs

Injection locking of ICLs

DC bias OSA DC bias
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ICL combs

Injection locking of ICLs

T140501_2, 3.27 um, Saturable absorber as a photodetector a4 Injection locked ICL as a source
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ICL combs

Injection locking of ICLs
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RF injection of ICL frequency combs

Constant RF power, varied injection frequency

locking

-10 -5 0 5 10
Optical beat note frequency (MHz) + fO

15

b Constant frequency, varied RF power

9

Af=
1 MHz

o]

:

Optical beat note power (dB)
Normalized RF power + offset (a.u.)

.

0 L L

g

45 dB

|

S
M.Eni

I“\ ’h\ 1
v V'\a -10 dBm
e

P =

inj

+5 dBm_

-15 dBm|

4 2

Frequency (MHz) + 9.5855 GHz

IEEE Summer Topicals

4

Effect on optical spectrum

220 inj

Intensity (a.u.)
3

-60

Q.

Locking range (MHz)
- N w BN w ()]

3230

Py =+ 5dBm

3250 3260

3270 3280

Wavelength (nm)

r| * Measured data
Model fit

AF oy N\/Pinj

1.5 2 2.5 3
Injected power (mW)

3.5 4

46 JPL



ICL combs

Injection locking of ICLs

Evolution of optical spectrum
subject to RF injection
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Comb Spectrometers
Dual frequency comb spectroscopy
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Comb Spectrometers
Dual frequency comb spectroscopy
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Comb Spectrometers
Dual frequency comb spectroscopy
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Comb Spectrometers
Dual frequency comb spectroscopy
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Interband Cascade devices
Second harmonic generation

Two photon absorption measurement setup Measured pptitaapesitun ndisricsr
Lock-in amplifier 001 Smﬁgmmlcutlﬁifﬁwé‘ﬁa@ngy
1o ik s itr !
) }yé assfilter —— 200 mA oo

_ B0WAS

(o) o 0 1E-3 ‘Y’ ',\ .

chopper controller

[ oo |
XYZ stage

@.:DJ chopper iy I
: []:D »_‘:B
L .'
objective lens f focusmg 1E-6
lens

cooled InGaAs

&)

Intensity (a.

InGaAs Current (mA)

high pass filter
cut-off: 2.4 um 1E-7 5 T
2db0 2980

1L
L ll LA /" w || " ' v
36 5800 5980 6680
current (mA)
Wavenumber (cm )
52 JPL

July 09. 2019 IEEE Summer Topicals



Interband Cascade devices
Second harmonic generation
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Interband Cascade devices
Second harmonic generation

Evolution of the optical (MIR: left, NIR: middle) and radio frequency (right) spectra
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Interband Cascade devices
Second harmonic generation

Preservation of the mode spacing and water vapor absorption in the near-IR
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Conclusion
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