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What do we need solid state mid-IR

lasers for?
Sensing Ll .
— Organic molecular fingerprints
— LIDAR

Medicine & Dentistry
Material processing

Free space communication

Defense related applications
— Target designation
— IR countermeasures




Three different semiconductor technologies for direct
lasing in Mid-IR
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a) A diode laser generates light from the recombination of electrons and holes across the
semiconductor’s bandgap, and the material’s bandgap determines the wavelength of emission.

b) In a quantum cascade laser, light is generated from an energy transition in the conduction
band of a semiconductor superlattice. By changing the thicknesses of the quantum wells and
barriers in the superlattice, we can change the wavelength of light emitted.

c) In transition metal doped II-VI semiconductors light is generated from an energy transition of

Impurity excited optically or electrically. 2



L Motivation for transition metal
(e.g. Cr?*, Fe?*) doped II-VI (e.g. ZnSe) semiconductor lasers

For femto-chemistry, molecular time-resolved measurements, molecular spectroscopy, trace gas
analysis, biomedical applications, etc. one should directly reach molecular fmgerprmt 2-20 um reglon

- Mid-IR tunable, cw-fs sources are required | | | |

| [ | |
NH,
CO, H.S

Requirements:

e Sufficient bandwidth —
e Low cost, compact, directly diode-pumped -> low threshold CH, %0 HON
e High brightness, i.e. good spatial coherence (TEM,,). CH,
CH, CJH, CHCL, CHCI
Solutions: R
e OPO (bulk ZGP, PPLN, orientation-patterned GaAs): _ h = -
almost ideal solutions, but rather complex and costly 50, N,0
e QCL: nice solution for A > 3.4 um, not as broadband <o, |
e Semiconductor InGaAsSb/GasSb lasers: narrow tuning, no fs, gap around 2.7-3 um ”' |
e Crystalline vibronic lasers: ultrabroadband up to 50 % A, cw-fs, room-temperature “;_t:
_ Ti:S/Cr:LiSAF Co:MgF, Cr:Zn/CdSe Fe: ZnSe/ CdZnTe
Athmospheric ; s
transissij/ thiie /
0.2 . . . 05 / fé .

T

Cr:YAG Tm:laser Molecular frequencies




Absorption

Gain

Cr2*and Fe?* in ZnS, ZnSe, CdSe

1.2

Absorption

Ccr** Fe?*

» High emission and absorption cross
section (10-18cm?)

Cr2*

» High luminescence quantum vyield

» Broad emission band 1.8-3.7 um

1.2

1.0 |

0.8

0.6

0.4

0.2 -

Emission

cr** Fe?"

» Number of available pump sources
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for Cr2+
CW >22W
=Free running > 1]
=GS >20mJ
=Peak Power >1GW
1000 =Mode Locked <50fs, 1W
Fe>*

» Broad emission band 3.0-6.1pum
=CW >1000 mW
* Free running>400 mJ
=GS >5mJ



Bulk Crystal Preparation by a quantitative post-growth

thermal diffusion

Chemical vapor transport Post-growth thermal
polycrystal growth or S diffusion
IR ngolv auz:hase \. 000 Polycrystal
@ <> > C i aP=10 torr
P/olycryst‘al oee Starting Powder 000 EtT: 2?1500;12320 ©
e Fast diffusion of dopant with Unifornghyrémpeda Cr:ZnSe

suppressed sublimation in Zn and Se ox5x20 mm crystal
sub-latticies.

* Low scattering loss (1-2 % per cm) in
thermally diffusion doped crystals;

* Uniformly-doped, reasonably large
samples up to 7 mm thickness;

» Quantitative technology enabling
pre-assigned concentration of dopant
with accuracy better than 3%

» Good for High-Power (tunable) Lasers



UAB Mid-IR Laser Materials and Lasers are featured
In the Laser Focus World and Photonics Spectra
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Tha‘t 1 One years, the raw materials for solid-state lasers have been slow to

H change. Solid-state physics is a complex field, and it has long been
Bnght Idea' cheaper and easier to refine established laser materials such as
glass, YAG, and YLF, than to develop new materials for commercial
use.

nis changing, however, as decades of basicr
producing a better understanding of laser materials. Mew solid-
state lasers are crossing the threshold of practicality, including
semiconductors that are optically pumped rather than powered
electrically. Three of the hottest new classes of materials are
challenging the old standards: ceramic laser hosts, V] crystals
zinc selenide doped with transition metals, and opticall
} yctor lasers (OPSLs).
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Commercialization

O “One local startup is Photonics
Innovations is founded by OS
researchers and produces middle-
infrared gain materials and lasers
out of Innovation Depot. ”

0 UAB-OS start-up Photonics
Innovations, Inc. was acquired by
IPG Photonics Corporation, world
leader in fiber laser technology. Morear Fuanca s o NN Ga00sed o et veatire offors ffconcy and wor coss

Pll was established by researchers at The University of Alabama at Birmingham (UAB)to apply proprietary and patented  LaSer-sintering demonstrations
optical materials, lasers, and spectroscopic technologies to the development and commercialization of state-of-the-art
optical sensing instruments in rapid sensing, identification, and guantification of agents and materials. In addition to

. active and passive laser materials and tunable lasers, PIl develops affordable and reliable middle-infrared microchip and
D UAB R F h as n eg Otl ated th e te rmS external cavity broadly tunable light sources for scientific, sensing, medical and defense related applications. It also
manufactures integrated state-of-the-art middle-infrared optical sensing instruments for rapid sensing, identification, and .y, Incorperated to Webcast FY 2010 Third Quarter

an d Slg n ed I ICe nse ag ree m e nt Wlth quantification of agents and materials. Eamings Conference Call
. . “With the acquisition of Photonics Innovations, we plan to enhance IPG's product portfolio in middle-infrared spectral Publisher Celebrates Brand Launch by Offering Two
IPG PhOtOﬂlCS Cor Oratl()n to range - an exciting emerging market,” said Dr. Valentin Gapontsev, IPG Phatonics Chairman and CEO. “The combining of - Free eBooks
p our state-ofthe-art fiber azer technology with PII's proprietary transition metal doped ZnS and ZnSe based crystal lager .
materials has opened exciting opporunities to build new perfect hybrid laser sources in the range 210 5 um forvarious ~ NEWPOIt Bancorp reports Q1 netincome

e n able the CO m pany to utl I I Ze m I d - applications. Both companies have complementary expertise and a passion for technological innovations. We look Ware Wire News =»

forward to integrating our similar entrepreneurial cultures and further strengthening our leadership position in fiber

IR platform technologies as wellas |~

“We are delighted to join IPG Photonics,” commented Dr. Sergey Mirov, President of Photonics Innovations, Inc. *As a Matching Lenses and Sensors

H result of this merger, the combined company now has significantly more resources and the ability to target many new New Products
to develop COI I " I IerCIaI applications in biomedical, sensing, instrumentations, advanced systems, and material processing. IPG is a natural TRUMPE Inc. makes persannel changes in its laser
strategic fit for PIl and we believe this will benefit both companies’ customers

More News ==

division

appl | Catl O nS . Conttact Martin Laguerre, Vice President, Corporate Development, IPG Photonics Corporation (508) 373-1100. Vision system sorts sirawberm plants
Laser creates wavequides in lab-on-chip




High Power Cr:ZnSe/S fiber-bulk mid-IR hybrids

ﬁ\

T ARRREEEEE

Model FFML-Cr-ZnSe/S-2.25-5

»Multi-Watt Output Power

=Narrow-line fixed wavelength

=Wavelengths within 2000 - 3000 nm available

Target Applications

v’ Plastic Processing:

» Cutting & Welding
» Marking & Drilling

v Medical Applications:
» Tissue & Bone Cutting
> Dental Applications

» Skin Rejuvenation

10



Cr:ZnSe/S Narrow Line Tunable Laser

0 Model HPTLM-CrZnS/Se-2400-3000
O Multi-Watt (20W) Output Power

O Narrow Linewidth Operation, <0.1 nm
available

U Tunable wavelength range up to 1200 nm
(with one set of optics)

O Any central wavelength within 2-3um

O TEM,, Output Beam Quality

Q Applications
U Spectroscopy

OPO Pump Source
Medical Applications
Environmental Monitoring

Industrial Process Control

U 000 0

Material processing

11



Rapidly Tunable Laser Module
RTLM-Cr-ZnS-Se-2350-1000

Sample spectroscopic measurements. The acquisition time for each spectrum

is1 mg
MAIN FEATURES APPLICATIONS
» Up to 1000 spectra per second (i.e. 1kHz wavelength < Rapid Laser Spectroscopy
tuning rep rate). < Medical Applications
» Milli-Watt to Multi-Watt Output Power < Environmental Monitoring

Industrial Process Control
Material processing

» Narrow Linewidth Operation, 0.05-0.5 nm available*
» Tunable wavelength range up to 700 nm

Any central wavelength within 2-3um

* TEM,, Output Beam Quality

* Single-Frequency rapidly-tunable module is under development




Cr:ZnSe/S single-frequency tunable fiber-bulk
hybrids

Output Power vs Wavelength for Different Levels of Pump Power

ZUuu Z1UyU L LUV ZIUuU
Wavelength, nm

Model SFTL-Cr-ZnSe/S-2200-

5000
Multi-Watt Output Power
Narrow Linewidth, <1 MHz
Large tuning range with a single set of
optics (any wavelength within 2000 -
3000 nm tuning range is available)

L4UYU

LIUY

Target Applications
High Resolution
Spectroscopy

OPO Pump Source
Medical Applications
Environmental Monitoring

* Industrial Process Control
» Material processing
* Free Space Communications

13



2 Channel Integrated CW high power tunable and

gain-switched high energy tunable Cr:ZnSe laser

Main Features

O Tunability 2300-3000 nm
0 CW Channel Output power 10
U GS Channel Output Energy up to 3 mJ
O Pulse Duration 5-20 ns
U Repetition Rate 0.1-1 kHz
CW Cr:ZnSe 0 TEMoo Output Beam Quality

Applications
QLaser skin treatment
ULaser scalpel
L Material processing

GS Cr:ZnSe

14



High Energy Free Running Cr:ZnSe mid-IR laser

Output Energy, J

J

15

Pump Laser Specs 9 mm
Pump Sl 1. A=1540 nm. e—|
Palomar 2. Ema=10J
3.  D=800 um.
Er —glass laser 4. NA=0.15
L~10cm; & 15 mm Cr:ZnSe laser
Slope Efficiency 27% T _
0.7 ; ; = i |
|
0.6 | 75 ‘n!l'l | |
05+ E.E’ li. Il‘lg_ ||
04} ge High Energy Limit @ A .
03} ¥ o 1.05 . . . %
0.2 (] R
01} —
0.0 ! 1 I 5 100 | 268%700&(\
' 2660 &
0 1 2 3 :ﬁ, ® 0 i 2600 @\QQ
5 4 2620 %
Incident pump energy @ 7 ms, g 095} * time, s 6
J o I8
0,90 | | | Cr:ZnSe Laser
65 7.0 7.5 8.0 8.5 1. A=2650 nm.
2. E..,=1.05J
Incident pump energy @ 7 ms, 3. t=5-7 ms



High Energy Free-Running, Pulsed, Fixed Frequency

Fe:ZnSe Laser:

Intensity, a.u.

| Oscillation Spectrum

J L
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Wavelength, pm
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Oscillation at 4.1 pum

Model PFFL-Fe-ZnSe

Oscillation at 4500 nm
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Pump Energy, T

MAIN FEATURES APPLICATIONS

* Any wavelength within 3.9-5.1um Spectroscopic
available Sensing

e High Output Energy >400 mJ Medical

e Pulse Duration 200 us
» Max. Repetition Rate >30 Hz

Defense related applications
Seeding, or pumping middle-infrared
optical parametric oscillators

16



CW Narrowline Mid-IR
Tunable Fe:ZnSe Laser

MAIN FEATURES

 Any wavelength within 3.7-4.8um available
e Qutput Power >300 mW
APPLICATIONS

» Spectroscopic

e Sensing

* Medical

» Defense related applications

» Seeding, or pumping middle-infrared
optical parametric oscillators

Laser linewidth Output beam profile

Intensity, mW
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Wavelength, nm

350?| e e e T T T T

300F
250?
200?
150%
100%

50F

0F

37 38 39 40 41 42 43 44 45 46 47 48

Wavelength, um

Typical Tuning Curve
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Gain Switched Mid-IR Fixed Freguency or
Tunable Fe:ZnS/Se Lasers

Main Features:

 Output wavelength within 3.6-5.0um
e Output Energy >0.5 mJ
 Pulse Duration 2-20 ns
» Repetition rate 0.1-1 kHz
* TEM,, Output Beam Quality
« Room Temperature
Operation

Typical Applications:

Medical Applications
Environmental Monitoring
Industrial Process Control
Materials Processing
Sensing

MALDI Mass Spectroscopy

Typical output-input characteristics of
Fe:ZnS laser operating at 3950 nm at 1
kHz rep. rate at RT

18



Middle-Infrared Pulsed/CW Material

LASER OPTIONS

Processing Station

* Pulsed: 2.1-2.7 um, 5-20* mJ, variable pulse

rate (0.1-1kHz)

«CW: 2.0-3.0 um, 5-20* W

» Dual-Wavelength (switchable)

« Continuously tunable option

» Gaussian/Flat-Top beam profile options

MAIN FEATURES

» Class | laser safety enclosure
 Precision XYZ positioning stage

» Galvanometer beam steering

* CNC Controller

» Scan lens for small feature processing
 Variable beam spot at target plane option
» Vacuum chuck options

* Visible guide beam

» Coaxial high-resolution camera

APPLICATIONS

» Polymer material processing (Welding,
Cutting, Drilling, Marking, Ablation)

» Medical research applications

» Medical materials processing

Advantages of Mid-IR lasers for

polymer processing:

 Strong, broad absorption lines in 2-3um
spectral range

* Variable penetration depth

» No contrast additives required

Weld of transparent
textured polymer film (0.4
mm thick)

Weld of transparent PET
film (0.1 mm thick)

Weld of transparent
ETFE film (0.2 mm
thick)

19



Absorption coefficient [{:111'1]

Future Mid-IR Laser Scalpel

S R N

aF 1 i
i | dwhole blgyéd

A melant::c::m ¥ O A
o epid AR EREEEL .

T T T IL I Iy I FETTTIPPLIPRN-. N PR,

Ao AT 0% water |

v e A R R R

100 1,000 1[] DDD

Wavelength [nm]



Medical application of UAB mid-IR lasers. Skin resurfacing

Optical Dichroic
isolator L filter
‘ iﬁ !'“ QW Er ‘ e Cr:ZnSe B| 515W@27-29
) ﬁ (-2.9 um
ZnSe HR ZnSe OC

Skin resurfacing procedures; the
photocoagulation of pigmented
lesions, such as lentigos (age

spots), solar lentigos (sun spots)

and dyschromia; melasma;
treatment of periorbital wrinkles
and for dermatological conditions
requiring the coagulation of soft
tissue.



Fiber-bulk hybrids — new approach for dental lasers

Threshold of
ablation

/

AR
O

time, ms/0mm

¥
N 2. Ayl

35 mm :
Tm-Fiber laser [y
Head End Mirror

20 10 40
EHa G
(7" A M >
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What is mid-IR absorption spectroscopy- “optical nose”?

| [P R X P T T TP

The 2-15 um spectral region is the most desired region by spectroscopists

Resultant Transmission Spectrum — Mid-Infrared Radiation (2-20 um)

23



Middle-infrared Optical Nose

UBy rapidly tuning the wavelength of the OPG, the absorption of a gas mixture is measured as a function of the
wavelength.

UThe instrument will be capable of identifying a large variety of molecular organic trace-gases in multi-compound
gas-mixtures and to quantify them at ultra-low concentration levels in real time.

< ' Detection | 3 | Optical source
( a ' Electronic i i Frequency Locker [y  Pump Laser
v Unit ! —
I ! \ avelengt . e \
| : ! Controller <>

.-

| % i

i f [~ ] L] Zoum i f
s =1 | |

! AU X Tunable
: ﬂ ) ! Unit

_
|
mO N Sample

Preparation
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"Optical Nose” system

Signal

2213
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Wavehn oth, 2235
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Optical detection of the trace ammonia
and ethane using “Optical Nose”
detection system

The system sensitivity was
equal to 5 ppbv for ethane
and 0.11 ppbv for ammonia

* From NSF Website



Future activities
(Stand-off detection of the organic compounds )

Spectrum of the Molecular Marker

Tunable OPG-OPA Laser System

Tunable  ® || e ]
Laser Unit

Develop stand off detection of IED’s and
organic compounds for environmental
monitoring

r
1
1
1
1
1
1
1
1
1
1
1
1
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Future Electrically pumped MID-IR LASER based on TM doped II-VI

semiconductors

n:ZnSe
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We are going to use developed techniques to fabricate
thin films and quantum dots of ZnSe and ZnS doped

with Chromium samples for enhancement of the
electrical excitation of the transition metals.

Output power, W
— b 5%} BN th ot ~1 o0

0.50

0.25

0.00

p-n junction structures for compact, electrically
pumped broadly tunable mid-IR laser sources based
on TM ions in 1I-VI Materials

\\ .. LT - .. \\\_>
\\..__r// .. \&t
+¥ning curve of Cr:znS laste
i %

°
Tilted HR

2400 2600 2800

Wavelength, nm

2200

Tuning curve of Fe:ZnSe laser
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40
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Development of electrically pumped mid-IR
lasers for ultra-portable trace gas detection
systems

U Fabricate TM doped II-VI structures - goal electrically pumped, tunable mid-IR light sources

Milestones: _
O First demonstration of mid-IR lasing of |
PLD grown Cr:ZnSe/sapphire waveguide
structures under optical excitation
O Demonstration of a strong mid-IR
electroluminescence in bulk Cr:ZnSe

Single Cr:ZnSe
electroluminescence |

T single crystals
@ Ms. Konak |
PhD Defense,

In April 2013

n~22 Al:ZnS |

n~24 CpZnS ‘ [ P TP S TR S I SR SR SRR
n~272 <‘><><"><>Q. 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600
) Al:ZnS Current effort Wavelength, nm
L E O optimize TM doped nanocomposite and thin film
e structures for “electrically excited mid-IR light sources.
O Study transition metal doped bulk, thin film and QD II-VI

structures for “electrically pumped, tunable mid-IR light
Planar Waveguide Configuration sources”.

J. E. Williams, V.V. Fedorov, D. V. Martyshkin, R. P. Camata, and S. B. Mirov; “Mid-IR laser oscillation in Cr?*;:ZnSe planar
waveguide,” Optics Express 18, 25999-26006 (2010).
S.B. Mirov, V.V. Fedorov, D.V. Martyshkin, I.S. Moskalev, M.S. Mirov, and V.P. Gapontsev, “Progress in Mid-IR Cr2+ and Fe2+
doped II-VI materials and Lasers (invited)”, Optical Materials Express, 1, 898-910 (2011).
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Future Quartz Enhanced Photo-Acoustic Spectroscopy
“*QEPAS- Optical Nose”

QEPAS allows to increase f, = 32 768Hz = 215 Hz
sensitivity of few orders of High stability

magnitude with respect to PAS Compactness

Sample size ~ 1mm?3

7
Gas samp%\fs chamber with QTF Pump
) - Gas outlet

c Single Mode Broadband :
HO/EI‘._YAG Tunable Mid-IR Gas inle 5
pumping Cr2*:ZnSe laser Source C ower
source for Modulated at QTF T
Cr2t:ZnSe Frequency of 32768Hz

Focusing lens
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~ P Future Dual Frequency Comb Optical

Intensity, a.u.

Nose

Dual mid-IR comb
Sample

Fe:Cd, Zn  Te

Photolumi b E g
otoluminescence e S Tt B B S
Fe:Cd, Zn  Te v
/Random Lasing g

D 0 l ‘ l l l B L T o

Fe:ZnSe

N

3000

Wavelength, nm

4000 5000 6000 7000 8000 D . 0 l l l l l

Spectrum
Ll
—

Two similar mid-IR femtosecond oscillators have slightly different line spacing. One of the
beams interrogates a multiple-pass cell, which contains the analyte and than both radiations
are heterodyned against each other on a single fast photodetector, yielding a down-converted
radio-frequency comb containing information on the absorption losses experienced by each
line of the interrogating fs laser. The electrical signal is digitized and is Fourier transformed
using a fast Fourier-transform algorithm.

30



Mid-IR Lasers Closing words.
Analogy with Ti:sapphire

The Ti:sapphire laser was
the result of about a
decade of concentration
on a single idea - tunable
near-IR solid state lasers.

Thank you (not) - MIT
Patent Office (the old
one)

Estimate that over $600
million in laser systems
have resulted, along with
at least two Nobel prizes

The Cr:ZnSe/S laser was
also the result of about a
decade of concentration
on a single idea - tunable
mid-IR solid state lasers.

Thank you - UAB RF

Hope to show at least
the same performance
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