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cal (thermochemical/cn¥) 4.184 000 x E -2 mega joule/m’ (MJ/nt)
curie 3.700 000 x E +1 *giga bacquerel (GBq)
degree (angle) 1.745 329 x E -2 radian (rad)
degree Fahrenheit t, = (t°f + 459.67)/1.8 degree kelvin (K)
electron volt 1.602 19 x E -19 joule (J)
erg 1.000 000 x E -7 joule (J)
erg/second 1.000 000 x E =7 watt (W)
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absorbed 1.000 000 Gray (Gy)
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kip/inch® (ksi) 6.894 757 x E +3 kilo pascal (kPa)
ktap 1.000 000 x E +2 newton-second/m’ (N-s/m’)
micron 1.000 000 x E -6 meter (m)
mil 2.540 000 x E -5 meter (m)
mile (international) 1.609 344 x E +3 meter (m)
ounce 2.834 952 x E -2 kilogram (kqg)
pound-force (lbs avoirdupois) 4.448 222 newton (N)
pound-force inch 1.129 848 x E -1 newton-meter (N-m)
pound-force/inch 1.751 268 x E +2 newton/meter (N/m)
pound-force/ foot? 4.788 026 x E -2 kilo pascal (kPa)
pound-force/inch® (psi) 6.894 757 kilo pascal (kPa)
pound-mass (lbm avoirdupois) 4.535 924 x E -1 kilogram (kg)
pound-mass-foot® (moment of inertia) 4.214 011 x E -2 kilogram-meter® (kg-m’)
pound-mass/foot> 1.601 846 x E +1 kilogram-meter’ (kg/m’)
rad (radiation dose absorbed) 1.000 000 x E -2 **Gray (Gy)
roentgen 2.579 760 x E -4 coulomb/kilogram (C/kg)
shake 1.000 000 x E -8 second (s)
slug 1.459 390 x E +1 kilogram (kg)
torr (mm Hg, 0° ¢) 1.333 22 x E -1 kilo pascal (kPa)

*The bacquerel (Bg) is the SI unit of radiocactivity; 1 Bg = 1 event/s.
**The Gray (GY) is the SI unit of absorbed radiation.
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Ref. Contract: DTRA01-03-D-0009-0026 “Chirped Grating Tunable Lasers for the In-
frared Molecular Fingerprint Spectral Region”

Abstract

A new approach to tunable mid-infrared lasers, an optically pumped, type-
I, InGaSb/InAs gain medium with a chirped distributed feedback grating,
has been developed. The chirped grating is patterned using an
interferometric lithography (IL) technique with spherical wave fronts and
etched into the top cladding of the laser slab waveguide structure. A re-
duced longitudinal chirp grating fabrication technique has been developed
that dramatically extends the single frequency tuning range. Continuous
tuning of 80 nm around 3.1 um with 320 mW single facet output power at
80K and a 1.6 nm FWHM is reported. The present device is designed in
the 3- to 4-um range which matches a low loss atmospheric transmission
window, and covers an important region of molecular vibration spectra, in
particular, the hydrocarbon C-H stretch at ~ 3.3 um, making it suitable for
atmospheric pressure remote gas sensing of industrially important small
molecules such as methane, hydrogen chloride and ammonia.

The details of the work on this project are included in the attachments that include a pa-
per to be published in the Proceedings of the SPIE and presentation materials from Pho-
tonics West 2012 and CLEO 2012. In addition to these presentations, a provisional patent
application has been filed with the US Patent Office on the improved device capabilities
developed during this program and on the new approach to low longitudinal chirp grating
fabrication.

Highlights by task include:

1. Task 1. Demonstrate lasing in new, tighter confinement structure at 3.1.m center
Wavelength.

e New device designed, material grown and tested. Results were improved over
previous design.

2. Task 2. Modeling of longitudinally and transversely chirped grating DFB lasers.

e Detailed model of chirped grating DFB lasers developed.

e Successfully explained initially puzzling results on tuning and mode jumps of
DFB laser.

e Demonstrated that longitudinal chirp of the grating was the major issue.
e New fabrication technique developed to significantly (~ 10X) reduce chirp and
provide better tuning performance.



3. Task 3. Investigate tuning characteristics of DFB lasers with chirped gratings and
compare both normal DFB (pump stripe perpendicular to grating) and a-DFB (pump
stripe perpendicular to facets) operation.

e Achieved continuous tuning of over 80 nm in a DFB configuration. Highest con-
tinuous tuning range ever reported. (probably the major result of the program)

e Reduced chirp devices also operated at significantly higher power as a result of
the longer effective cavity length. Important for stand-off detection.

e Compared both grating normal and facet normal configurations.

4. Task 4. Iterate tasks 1 and 2 as appropriate as additional experimental and model-
ing information becomes available.

e Results captured in highlights for 1-3.
Task 5. Develop laser source at 3.3 xm optimized for hydrocarbon spectroscopy.
Material supplied by AFRL as part of program
Device fabrication with new low-longitudinal chirp design underway.

Demonstration of CH, spectroscopy (with previous laser designs).
Combination will provide optimum device structure.

Task 6. Demonstrate molecular absorption spectroscopy (atmospheric pressure).

e Initial demonstration of CH, spectroscopy.

e New device was at shorter wavelength, no convenient molecular species availa-
ble.

e Used Fabry-Perot Interferometer as “spectroscopy simulator.”

e Demonstrated high resolution, long wavelength span tuning.

e Developed approach to high speed modulation using high-speed galvonometer to
modulate at ~ 5 kHz rates.

e Ultimate sensitivity will be achieved with higher modulation speeds (acousto-
optic modulator) to put modulation frequency above laser noise frequencies.

Task 7. Investigate use of multiple heterogeneous quantum wells to extend tuning range.

e Increased gain bandwidth has been demonstrated in prior work at AFRL.

e Modeling is underway to estimated the available tuning range within the limits of
the longitudinal chirp and the device size. Certainly, devices can be provided to
cover the entire gain bandwidth.
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ABSTRACT

A new approach to tunable mid-infrared lasers, jtically pumped, type-Il, InGaSb/InAs gain mediurithna chirped
distributed feedback grating, has been developkd. chirped grating is patterned using an interfetoim lithography
(IL) technique with spherical wave fronts and etth&o the top cladding of the laser slab waveguiglecture. Because
the period of grating increases gradually laterallgvelength tuning is implemented by shifting pustiipe to different
positions on the device with different grating pels. Fabry-Perot modes from the cleaved facetswreessfully sup-
pressed by fabricating the grating #ited with respect to facets and adjusting thenpustripe normal to the grating.
Continuous tuning of 30 nm around 3.1 um with 32 single facet output power at 80K and a 1.6 nm RMK re-
ported. The present device is designed in¥hto 4-um range which matches a low loss atmogplr@nsmission win-
dow, and covers an important region of molecularation spectra, in particular, the hydrocarbon Gti¢tch at ~ 3.3
um, making it suitable for atmospheric pressure tengas sensing of industrially important small noales such as
methane, hydrogen chloride and ammonia.

Keywords. Tunable, DFB, Mid-IR, Semiconductor Laser, intesfaetric lithography, chirped grating,

1. INTRODUCTION

Mid-infrared (Mid-IR) semiconductor lasers have iagted significant advances in performance overpast decade.
Generally, there are three major types of highqrerhnce mid-IR semiconductor-based lasers: eledlifipumped in-
tersubband quantum cascade (QC) laS&mectrically pumped interband cascade (IC) laS&mnd optically pumped
interband lasers:*® With the exception of the QC lasers, these midyife-I1 lasers are based on the “W” shaped InAs
and InGaSb quantum well structure, first proposgd/eyeret al.,*° shown in Fig. 1a). The “W” shape takes its name
from the pattern of the alignment of the differgoaintum well layers of different materials as shofvn

Top Clad: GaSb Im
n=3.82 Jf

laser Emission

Active Region(Core)
14 sets of
IA/InAs/InGaSb/InAs/IA JEsgts
W-shaped Stucture
—=0O--O=- n=3.842
Substrate: GaSb

n=3.82

Figure 1. a) Generic epitaxial structure designdptically pumped semiconductor laser. The aligrnun
the energy bands of the different material layersnt a “W” shaped pattern. The purple and blue elhsh
lines represent the effective conduction and vadmend edges. The solid and open circles standléor
trons and holes respectively. b) Cross section withie structure of our laser device. In the dayer of the
slab waveguide, there are 14 sets of the W-shapaciige shown in a) to fully absorb the pump lgsswer.

*xianghe @unm.edu; phone 1 505 272-7920; fax 1 5057801



QC lasers have the advantage of room temperatweaiign with several hundred mW output power beirtbutput
power drops as temperature increases. One of itieaktdrawbacks of QC lasers is that the efficigdcops rapidly as
the output wavelength becomes shorter than ~4.5npaking them unsuitable for the important 3- tprB-atmospheric
window. For the mid-IR range, IC lasers do not aehihigh power output with electrical pumping. bmparison, opti-
cally pumped type-Il IC lasers uniquely provide taWatt, continuous-wave, narrow linewidth operatim the im-
portant atmospheric transmission widow range db3.5-um. They are suitable for applications imo& gas sensing,
absorption vibration spectroscopy and mid-IR couméasures. This paper provides details on a ngyaloach to an
optically pumped, rapidly, widely and continuousiyable, mid-IR DFB laser.

By varying the thickness of the InAs layer, typeséimiconductor lasers cover the range from ~2.32tpm, including
the bulk of the molecular fingerprint spectral magi The laser presented in this paper is an optipaimped type-II
tunable DFB laser, operating continuous-wave (CVithwa single longitudinal mode (SLM), a narrow dpaklin-
ewidth, high output power, a wide and continuousrtg range and good beam quality. All these featuneke it a suit-
able candidate for application to remote sensimgyéses such as methane and ammonia in the middRerve gases
in the LWIR.

Fig. 1b) shows the cross section view of epitastalicture of the wafer. The slab waveguide strectargrown on a
GaSb wafer. In the core of the waveguide, thereldreets of integrated absorber-InAs/InGaSb/InAsgrated absorber
structures, evenly distributed across the totalkiméss of 1.5um which is designed so to fully albgbe pump power
and allows fundamental transverse mode to lase.iffibgrated absorber is composed of (Ga@)sy gsShy 171 lat-
tice matched and band adjusted to uniformly absieebl.908um pump laser power. The effective refractive index
the core layer is only 0.02 higher than in the dtaers, providing a low confinement factor thas lhetter beam quality
and suppresses filamenfg?

2. METHODOLOGY

Our approach to achieve a mid-IR tunable DFB l&seovel compared with the traditional tunable tassased on DFB
thermal tunability, external cavities with a gratimirror?>* or Vernier-effect DFB lasers with super structuggdl-

ing2*? These designs achieve tunability either by chamghe temperature and refractive index that reguar by
using a frequency selective the grating. Thermaihiyiis slow and restricted to small wavelengthgesm External cavi-

ty grating approaches require precise alignmentange, heavy vibration isolation approaches.

Our laser is an index-coupled DFB laser which mehagyrating is only fabricated in the clad layarthe design of this
laser, there are mainly three constraints we neexitiress: the grating period; the coupling sttenand the transverse
mode profile. First, the grating period needs tonithin the gain spectrum of the active regiontlits case centered at
about 3.06 pm at 80 K. By Bragg equation, the gegagieriod should be in the vicinity of the 419 rgiven that the ef-
fective refractive index is about 3.71.

ABragg = 2neffiective/\ (1)

WhereAgyq is the Bragg wavelengthgsrecive, the modal index and is the grating period. Second, the coupling stifeng
kL should be in a range between 1 to 3 to give prigeztback without introduction of spatial hole Haghphenomena.

e=2m-rel,_An,_ 260 , @
(nl + nz)/\ n\ /]Bragg
Wherex is the coupling coefficient anti,2 correspond to the effective index of the top orogesegment of the grat-
ing in the top clad, and is the cavity length. The equation is for the denpase of a straight grating with 50% duty
cycle. For tunability, the grating perigdis a function of the location on device. Thirde thptical confinement of the
laser should be above 0.35 but not so high asrmpoamise the output beam quality and result imfaatation at high
pump levels. Using standard DFB laser design ratespptimum grating depth in the top clad is deteed to be 500

nm. Modal index and optical confinement factorhe tdesign of this laser are calculated with onéipécal simulation
software LIGHTS® by Dr. Andrew Sarangan at University of Dayton.



Instead of fabricating a uniform grating to seldw operational wavelength of laser, we made a mqtiadlly chirped
grating using an interferometric lithography (llechnique by interfering two spherical wavefrontheTexperimental
setup for IL is shown in Fig. 2. In the Fig. 2a)e tcollimated % harmonic output of a Nd:YAG laser at 355 nm is-inc
dent from the left hand side. Half of the beanedily illuminates the plano-convex lens, the othalf is reflected from
the Lloyd’s mirror onto the lens. The lens conveis planar wavefronts to spherical wavefronts #ratfocused to the
two virtual foci A, and B. L is the separationtb& two foci and D is their distance to the badKaste of the lens, both
are incident angl® dependent and graphically solved with Matlab paogbased on simple ray tracing. To avoid Fab-
ry-Perot (F-P) modes in the laser output, we ratadedie/sample®6as shown in the figure 2b) to tilt the gratingemita-
tion. In this way, when we adjust the pump stripéé normal to the grating, the F-P modes are sg@déy suppressed
as shown in lasing results.

a)

5 . 5
3rd Harmonic Rotation
Nd:YAG Laser Stage i <
at355nm = —

Figure 2 a) Modified Lloyd IL Setup with extra pconvex lens shown in light blue to convert thanglr
wave fronts of incident beams to spherical and eages them to two virtual foci A, B behind photdsesoat-

ed die shown in dark blue. b) The die is rotatetlolise 68 to make grating tilted with respect to the edge as
shown by the gray square.

The grating period on the DFB laser as a functibthe coordinates and IL laser wavelength and dleation of the two
virtual foci is given by the equation:

—_ AIL
A(X,y) = X+L/2 x-L/2

J(x+L7127+D?+y?*  \/(x-L/2)>+D?+y?

®3)

Wherex, y are the coordinates on the die. A grating permutaur plot including the %tilt to the facets is shown in Fig.
3a).

Comogr of Grating Pitch on the Sample (nm)

0~ S L 1
S ERN
S 48003 gy DY B
a) 8 4320176 1 Top Clad n=3.82
19 429.2349. 1 Active Region(Core)

14; 4264523 4 n=3.842

12! 423.6696-

Substrate
n=3.82

5 5 ~

X%mm) < L
Figure 3. a) Contour plot of the grating pitch asdtion of location in a 12x20mm zone, for the cafsdie
rotated 8. The blue square corresponds to the 10x10mm difr@o AFRL lab and the grey rectangle repre-
sents the 2.5x4 niDFB device cleaved out from the die. b) Crossisratiew of the device. Grating period
of A~419 nm is etched into the top clad for D = 500 Bubstrate is thinned to T~150 um for better thérma
conduction. ¢) SEM picture taken of the gratinghettinto top clad of device.




Once the grating is patterned in the photoredist pattern is transferred into the top of laseéb svaveguide structure
shown in Fig. 3b), ¢) using an inductively coupfddsma (ICP). The grating etch depth into top ¢a800 nm as de-
signed. In figure 3c) shows a SEM picture of thatigg after ICP etch. Then the die is thinned ddavabout 150 um
and a 4x2.5 mMDFB device is cleaved from the center of the dislown as the gray rectangle in figure 3a). 4 BIm i
the lateral dimension of the device, which is pithe give as wide as possible tunable range witlsoatking issues
from non-uniform thermal expansion due to localtimeaby the pump laser. 2.5 mm is the cavity lemgjttked to give
proper coupling strength, also allowing comparisath previously made devices with the same dimansicthe final
step (Fig. 4a) is indium mounting the device ontmpper heat sink and then to the cold fingerafitl nitrogen Dewar.

1.908um Pump Stripe . . o .
g I - Grating Normal Configuration(GNC) Facet Normal Configuration(FNC)

Pump normal to grating Pump nogmal to facet
|

Copper Heat Sink /

Dewar Cold Finger

| |

Figure 4. a)Pumping geometry for laser charactgoma Device is indium mounted on to a copper lsas
then screwed onto the cold finger of liquid nitrod@ewar. b) Two different pumping configurationNG,
pumping normal to the grating; FNC, pumping norioahe facets.

In characterization, a thulium fiber laser at 1.908 wavelength is chosen to be the pump laser. Rairige is formed
with a Cak cylindrical lens. Benefiting from the flexibilitgf optical pump, we can rotate the cylindrical lénsadjust
the pumping stripe’s direction to either perpentiictio the cleaved facets [facet normal configomat{fFNC)] or per-
pendicular to the grating orientation [grating nafroonfiguration (GNC)], as shown in Fig. 4b). Thetput beam is
coupled into a monochromator or Fabry-Perot interfeeter together with InSb detector for spectrabhsueement or
into a power meter for output power measurememniceSwe have a varying grating period on the devgeshifting the
device in lateral direction with pump beam fixece pump a different grating period and hence hag#farent output
wavelength.

3. RESULTS

Grating normal configuration is the preferred opieraconfiguration, since it successfully suppreste F-P modes as
shown in the plots. All the results shown hereimengcquired in GNC. We did operate the laser in Fdif@omparison.
The device operates in a DFB mode only under aicepump power, for higher pump power the F-P mag®ear in
the spectrum and eventually dominate the outputtepa as the pump power is further increased. Wherdevice op-
erates in FNC mode under DFB control, the outputelgth is given by equation (1) with an extradaof cosp),
wheref3 = 6°, corresponds to the titling of the grating orieiota with respect to the facets. The other issuthisf con-
figuration found in the previously fabricated devis the impact from F-P modes in the compositérggéedge reflector
cavity. During wavelength tuning, the spectral pekhe output emission jumps from one F-P modi¢oneighboring
modes, so the tuning is not continuous. Becaugkeolong cavity length, 2.m, the longitudinal mode spacing is less
than a pressure broadened molecular linewidth|l socdecular lines are observed.

All the characterization is at 80K. The device sh@lout 30 nm of continuous tuning around 3.08 gishawn in Fig.
5. The device does not lase at both top and bagtiges of the chip, probably due to defects froravétey. Single facet
output power is also measured as function of theppower. The output power is limited by the auadiapump power,
without any evidence of saturation. Together witl B, we can conclude that within the whole purogver range,
DFB laser operates stably with a single longitubdinade; the F-P modes are successfully suppressed.



In figure 5a), the blue dots are the experimendigh @nd the red curve is the quadratic fittinghefdata to the theoreti-
cal expectation of the lasing wavelength from Edlt3 experimental data agree with theory fairlyiwewever, there
are a few jumps of the lasing wavelength showintpaiiwavelength changes above or below the thealetkpecta-
tion, and sometime device lases on either sideeoftteoretical value. This is likely due to the elggracy of DFB
modes, and interaction with the longitudinal chaffihe grating, this will be discussed more fullyeavhere. To address
this problem, we plan to deposit metal into theoges of the grating, to introduce asymmetric logs$ favor a single
longitudinal mode. The waterfall plot in figure$hows that across the whole tunable range, theeeyerates in sin-
gle longitudinal mode. The F-P modes have beenrssppd successfully.

Spectral Peak Positon vs. Pump Stripe Position Tunability Test at Pump Power ~2Watts
3105

3100 A

@
S
@
a

Spectral Amplitude (a.u.)

Spectral Peak Position (nm)

1 2
Pump Stripe Position (mm)

3080 3085

Wavelength (nm)
Figure 5. Left: Plot of tunability of the DFB deei@at 2W pump power, about ~2X threshold. The blots d
are the experimental data and the red curve igtladratic fitting. Right: Waterfall plot of the sgeal at dif-
ferent pump positions, at about 2X threshold of @Whp powers.

Single Facet Ouput Power vs. Pump Power Spectra at Different Pump Position, ~2.5XThreshold
035
—— Output Power at Pump Position 0.15mm ~—— Spectum at Pump Position 0.15mm
0.30 4 Output Power at Pump Position 1.8mm 6 Spectrum at Pump Position 1.8mm
—— Output Power at Pump Position 3. 4mm £ —— Spectrum at Pump Position 3.4mm
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Figure 6. Left: A plot of output power as functiohpump power at three different pump stripe posii
Right: Spectra at these three pump positions.

The linewidth of this device is about 1.6 nm at luenp power of about 2xthreshold. This is large garad with typi-
cal low-power, narrow stripe, index guided DFB Iaserhe main reasons include: a) the grating pestbmwith our
method varies along the pump stripe as well astense to the stripe (the tuning direction). Difetr grating periods
along the stripe will select different lasing waardth which will broaden the overall line width tbie laser output. b)
Considering the pump stripe is about 100um widegsacit the grating periods varies due to the &htehirp which
broadens the line width of the laser output as tielligh longitudinal chirp here is dominant reakonwide line width.
The longitudinal chirp and lateral chirp are coulpile our approach of the grating patterning ang eilso depend on the
focal length of the plano-convex lens used in 1d #me incident angle of the interfering beams. &mesalue for longi-
tudinal chirp for this device along the pump strip@about 0.1% which restricts the effective ldeagth and impacts the
line width.



4. CONCLUSION

We report a novel technique for the implementatéa mid-IR type-Il tunable DFB laser. The presdatice shows
about 30 nm continuous tunable range around 3.1wjtma single-facet output power of about 320 m\g(lB) and a
line width of about 1.6 nm. These characterigtieke this laser a suitable candidate for atmosplpeeissure spectros-
copy. Taking into account the atmospheric transimiswindows, this technique is applicable to tmote gas sensing
applications for light molecules such as methamemania and hydrogen chloride in 3 to 5um rangetefting the
dimensions of the device to 10 mm, would give aahl@ range on the scale of the laser gain bandwitidtbout 200
nm. This would make it possible to resolving muétippectral lines of multiple target molecules thaty convenient for
identification of the molecules. Also as mentiomedviously, by varying the thickness of InAs layethis type-1l ma-
terial system, gain spectral could cover in thegeafitom 2 to 12um. The technique demonstratedignghper will be
useful for spectroscopy applications from acrossdtitire IR molecular fingerprint region.
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Outline -

* Applications of Mid-IR Lasers
 Introduction to GaSb Type-Il Mid-IR OPSL
« Our approach to achieve tunable DFB laser
* Preliminary experimental results

e Summary

e Future work
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Applications of Mid-IR Lasers

Spectroscopic sensing/monitoring of substances

Tunable Laser Diode Absorption Spectroscopy (TLDAS)
Remote chemical/trace gases sensing: CH,, HCI, NH,, CO, NO, NO,...
Atmospheric pollution monitoring/leak detection

IR illumination and range finder

Infrared countermeasures

Einaw

Chemical process control

Defense application: nerve gas detection

CH, Spectrum

R Branch| | O Branch P Branch

' N7 \
1 Laser
Tuning— - l
Range
0 - J.Jl‘ . .

3100 3150 3200 3250 3300 3350 3400 3450 3500

12

Absorption Coetficient

Wavelength (numn)
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Introduction to GaSb Typ

laser Emission

Lasers span 2.3 — 9.5 um wavelengths

10 —
= g} ™ SEPM Calculation A
% A Actual Laser Wavelength
i) @- = 8
© _
B e e g 7
° 6
©
c 4}
L LI} -9
- : 4/8/4 7 3|
Probability Density £
w27
01 2 3 45 6 7 8 9 10 1
Monolayers of InAs
IA: (GaSh),(InASy g9SBg 11)1.« Kaspi et al., Mid-infrared Semiconductor

Meyer et al., APL 67, 1995 Optoelectronics, Springer
Goyal et al., Proc. LEOS 2000 R
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Our Approach to Tunable

» Chirped grating in top clad of the slab L
waveguide structure- Index coupled DFB laser

« Optically pumped, with flexibility of varying
pumping angle/lateral position- gain guided in
lateral direction

« Laterally shift pumping stripe at different Lateral/Tuning
positions; grating of different periods select Direction

different lasing wavelengths to achieve tuning.
Longitudinal/Pumping
Direction

= s .
5/21/2012 T THEUNERSITE S




5/21/2012

Slab Waveguide St
Mode Distri

\ E Field Intensity

4#

ode at grating teeth

W
=
=

Top Clad: GaSb
n=3.82
Core:

14 sets of

IA/InAs/InGaSb/InAs/IA JEsgiin!
W-shaped Stucture

n=3.842
Substrate: GaSb

Mode at grating groove

4.}47

n=3.82

[o—
N
&2

T
=

Grating period: ~419nm
Grating depth: 500nm
Duty cycle: 50%
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Interferometric Lithography
For Chirped Grating Fabrica

_y -

Rotation

Nd:YAG Laser
at 355nm

3rd Harmonic (I> .

*5% lateral chirp was obtained in 10-mm wide device.
L arge area (20x20 mm?) can be done by IL.

«Grating period and chirp adjustable by changing lens and/or incidence angle.
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Chirped Grating Period Ca

X’IL

X—L/2

Grating period: A(x,y) = 177 i
JX+L/2)2+D2+y?  (x=L/2)?+D?+y?

Ray Tracing of PlanoConvex Lens For Chirped Grating Patterning
T T | T

40+

0

Virtual Foci Locations
calculated graphically  ~

- G :
using Matlab. £ |
ot i
_2|:| -1|rr||1 .........
-10 0 10 20 30 40 a0 B0 70
L ()
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Contour of Grating Period (nm)

Chirp of

20—

Tuning Direction
Y (mm)

—
=

434.8003

432.0176

s s 4292349 -

Device
Area

5

5

X(thm)
Pumping Direction

1.908pum Pump Stripe

-

4x2.5mm Device
Grating Period:
[417.39, 421.05]nm
Lateral Chirp:
0.87%
Longitudinal Chirp:
0.059%-0.099%

Hyperbolically Chirped Grating

5/21/2012

&4
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Fabrication

355nm Laser

PR and ARC Coating Chirped Grating
Exposure by IL

Pattern Transfer Residual PR and
into Top Clad ARC Removal

BEREE 15KV X38.0 ldmm

ICP Etch Done

Einaw

PR Pattern

5/21/2012

Grating Pattern
Development

rp—— m
BN 15KV X30.080 1Sms

Residual PR/ARC
Removal Done

5,

THE UNIVERSITY of
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Copper Heat Sink
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Pumping Geome

Grating Normal anﬁguration(GNC) Facet Normal Configuration(FNC)

6=6°
AaDFB = zneff:/\grating COS(Q)

6!

ﬂDFB . 2 lhefngrating

Preferred because of efficient
suppression of F-P modes from
facet reflection.

CHEE o
THE UNIVERSITY ¢
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Take advantage of facet reflection
Single F-P mode operation at fairly
low pump power.
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Tunability Implem

Shift Pump at Different Positions,
with Different Angles

!

Feedback from Grating of Different Periods

!

Tunable Wavelengths

FNC

GNC

5,
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Experim

Computer

:
/
/
/
/4
// /
/

Copper Heat Sink Jlf

;
Translation Stage oo Y :
! E Power Measurement i
Temperature — ! |
Controller | - Liquid | ! |
Nitrogen Long Pass | |
Dewar Filter : '
Monitor -, I B Spectral Measurement |
‘ ZnSe : |

Camera - _I Lens |

1908-nm Thulium| Long Pass = ; §
e, J 1L Filter E Spectroscopy Setup 5

____________________________________________________

Isolator

12010 %%iﬁ e
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3100

Spectral Peak Position (nm)

3075 A

3070

3095 A

3090 -

3085 -

3080 A

Tunability Measurement Re

s . - Tunability Test at Pump P ~2Watts
Spectral Peak Position vs. Pump Strip Position AR JESEE S ONER S S NI

Grating Normal Configuration(GNC)
Pump normal to grating
]

Spectral Amplitude (a.u.)
FS

’8 3
2
2 e
0 1 2 3 % ° 3070 3075 3080 3085 3080 3095 3100
Pump Stripe Position (mm) =

Wayelength (nm)

« Tunable range of about 30-nm, continuous tunable range is shorter
* Mode hopping due to longitudinal chirp and DFB mode degeneracy
« Single mode(DFB mode) operation across the whole tunable range

5/21/2012
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Output Power Measur

Single Facet QOuput Power vs. Pump Power Spectra at Different Pump Position, ~2.5XThreshold
0.35
—=— Pump Position 0.15mm p —— Spectrum at 0.15mm

= 0.30 ——  Pump Position 1.8mm 6 - ~=  Spectrum at 1.8mm
§ == Pump Position 3.4mm ——  Spectrum at 3.4mm
< 025 5
z s
® 020 S
& 0 24
é ;

0.15 E‘
O w—
b5 o
Y =}
g 010 32 -
A a
0] w2
E) 0.05 GNC
; J

0.00

T T T T T T T T
0 1 2 3 4 3070 3080 3090 3100
Pump Power (Watt) Wavelength (nm)

» Achieved over 320mW single facet output power
» Qutput power limited by available pump, no roll over
» Single mode (DFB mode) operation across the whole pump power range
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Spectral Linewidth Measure

FWHM of Spectra Across DFB Device FP Interferometer Transmittance Signal Waveform
2.0 6
1.8 1
5 -
1.6 1
3
= E
= 1.2 =
o IS
< ;5.
1.0 1
0.8 -
2 -
o W LH!
0.6

T T T T T T T T
0 1 2 3 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

Pump Stripe Position (mm) Time Delay (s)
F-P interferometer Cavity length L=~500um. C
Get wavelength information using monochromator FSR = onL
« Typical linewidth: 1.2nm@~2xThreshold A= Ay

» Confirmed by monochromator and F-P interferometer
« Structure in spectra at some pump positions due to longitudinal chirp and DFB mode
degeneracy
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Longitudinal Mode Hopping Through
Chirped DFB Reflectivity Peaks

Spectrum(Position) | Spectrum(Position)

I Spectrum[25) Klz | | | | | | I Spectrilm(S?)
| AL =—— : L ==
+ —— ‘
SpectrquE 72- r i
klL=1.4

\
e Slgnificantly smaller than
straight grating calculated

I j& —swm]|  values, due to longitudinal
chirp and short effective
‘ L o) cavity length.

Spectrum

‘ 14 . : . . ; : .
Spectrum(ﬁﬂ : : ; :

1

Spectrum(a )

o
m

Amplitude (a.u.

=
.

\ Spectrum(ﬁd)

Spectrum(EQ ook
0
3081 3082 3083 3084 3085 SDBE 3087 3088 3089 3090 3091 3092 Y ws w3 e W w3 3072 3073 074 3075 076 3077 3078 079 SDBD 3081

Wavelength {nrm)
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Summary

CW single longitudinal mode operation with tunable range of
30nm (with mode hopping)

Single facet output power of 320mW@80K, limited by available
pump
Typical spectral linewidth of 1.2nm

Optically pumped type-I11 tunable DFB laser could be an excellent
high-power widely-tunable single-longitudinal-mode light source
for atmospheric pressure spectroscopic applications.

Novel wavelength tuning method, could be applied to different
types of lasers.
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Future Work

e Eliminate DFB mode jumps using gain/loss coupling

e Reduce longitudinal chirp
— e-beam lithography
— Revised optical lithography arrangement

« Broaden the tunable range by optimizing the focal length of plano-
convex lens and incidence angle

 (Gas absorption spectroscopy demonstration
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* Applications of Mid-IR Lasers
 Introduction to GaSb Type-Il Mid-IR OPSL
« Our approach to achieve tunable DFB laser
* Preliminary experimental results

e Summary
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Applications of Mid-IR Lase

* Tunable Laser Diode Absorption Spectroscopy (TLDAS)
— Remote chemical/trace gases sensing: CH,, HCI, NH;, CO, NO, NO,...
— Atmospheric pollution monitoring/leak detection
— Chemical process control
— Defense application: chemical warfare agent detection

3

« IR illumination and range finder ~ & |CH:Spectum
i% ] R Branch| | O Branch P Branch
° NI
« Infrared countermeasures R
ﬁ Range |
0 e .

3100 3150 3200 3250 3300 3350 3400 3450 3500

Wavelength (nim)
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Introduction to GaSb Typ

laser Emission

Lasers span 2.3 — 9.5 um wavelengths

10 —
= g} ™ SEPM Calculation A
% A Actual Laser Wavelength
i) @- = 8
© _
B e e g 7
° 6
©
c 4}
L LI} -9
- : 4/8/4 7 3|
Probability Density £
w27
01 2 3 45 6 7 8 9 10 1
Monolayers of InAs
IA: (GaSh),(InASy g9SBg 11)1.« Kaspi et al., Mid-infrared Semiconductor

Meyer et al., APL 67, 1995 Optoelectronics, Springer
Goyal et al., Proc. LEOS 2000 R
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Slab Waveguide St
Mode Distri

\ E Field Intensity

4#

ode at grating teeth

W
=
=

Top Clad: GaSb
n=3.82
Core:

14 sets of

IA/InAs/InGaSb/InAs/IA JEsgiin!
W-shaped Stucture

n=3.842
Substrate: GaSb

Mode at grating groove

4.}47

n=3.82

[o—
N
&2

T
=

Grating period: ~416nm
Grating depth: 500nm
Duty cycle: 50%
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Our Approach to Tunable DFB Laser

« Chirped grating in top clad of the slab
waveguide structure- index coupled DFB laser

JH-I 1’-1: ‘
iie... l\. | '.; 1||._ ;l L'.I | .)[
« Optically pumped, with flexibility of varying LRRRRARRAY
1 "L - . . SHARRRRRRY
pumping angle/lateral position- gain guided in L
- - LEEL L
lateral direction RULRRRRAN

Gratihg ‘Nolrmal
 Laterally shift pumping stripe at different

positions; grating of different periods select Lateral/Tuning
different lasing wavelengths to achieve tuning. ~ “*"™"

Longitudinal/Pumping
Direction
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Interferometric LI
For Chirpe

0: 355nm laser beam incident angle

B: tilting angle of to-be-exposed die
w.r.t. back surface of lens

o: die rotation angle around it’s normal
A, B: Foci behind lens

L: Foci half separation

D: Distance of foci from back surface of

eLarge area (20x20 mm?) can be done by IL. lens

*Grating period and chirp adjustable by changing lens and/or incidence angle,
die tilting and positioning.
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Chirped Grating

Grating period: a=6°, p=45°

Contour of Grating Pitch on Die(nm)

(U+L)*+A-cos® B-(c, —D)* | 2.5mm o
A:ﬂd.[ (u+L)2+A + gl A '/ i
8t - |

(u-L)*+A-cos’ B-(c,-D)* ;
(U-L)*+A el
2u2—L2+A—cos2,B.(cz—D)2 2 gﬁ'
JU+L)? + AJu—L)% + A s “25
430 430

A=v?cos’ B+ (vsin B+c, — D)?

U=X-coSa +Y-sing; 0
V=-X-Sina+Y -COSa
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Chirp of G

Lateral Chirp along Symmetry Axis on Die

c Longitudinal Chirp at Different Pumping Positions on Die
oo — — 9 O L D N
C s 435 = YT :
o < > D Y3 g
< = - Y5mm g
-1 0 — Y-Tnn g
UL I W a—— . - 1 430 oY
5”5 """"" o425
: ==} 5
A o
r E §
§ i E
F [ U OO OO . .. N I R Qe
A - PTIY 4 o
o bt [ | Longitudind

NN N Direction ol _—

b1 2 3 4 Y(5 )a 7 10 5 4 3 2 4 0 QI ; ; ;

mm

_ Blue Zone: DFB Device Area
4x2.5mm Device:

Lateral Chirp along device symmetry axil:  3.05% , grating period c [409.2, 421.7]nm
Longitudinal Chirp along pump stripe:  0.053%-0.086%

=Y a\
5/21/2012 . THE UNIVERSITY of

NEW MEXICO




PR and ARC Coating

Pattern Transfer
into Top Clad

PR Pattern

5/21/2012

Fabrication

SIS Gk
Spheric Wavefronts

Chirped Grating Grating Pattern
Exposure by IL Development

Residual PR and
ARC Removal

ICP Etch ARC Removal
il NEW MEXICO
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Copper Heat Sink ___,:-""

10



Pumping Geome

Grating Normal anﬁguration(GNC) Facet Normal Configuration(FNC)

6=6°
AaDFB = zneff:/\grating COS(Q)

6!

ﬂDFB . 2 lhefngrating

Preferred because of efficient
suppression of F-P modes from
facet reflection.

CHEE o
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Take advantage of facet reflection
Single F-P mode operation at fairly
low pump power.
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Experim

Computer

:
/
/
/
/4
// /
/

Copper Heat Sink Jlf

;
Translation Stage oo Y :
! E Power Measurement i
Temperature — ! |
Controller | - Liquid | ! |
Nitrogen Long Pass | |
Dewar Filter : '
Monitor -, I B Spectral Measurement |
‘ ZnSe : |

Camera - _I Lens |

1908-nm Thulium| Long Pass = ; §
e, J 1L Filter E Spectroscopy Setup 5
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Tunability Measurement Re

Device V9-18-9 Tunability
V9-18-9 Tunable Range
161
—e— Raw Data 14]
Quadratic Fitting '
‘S 3120
£ 12
o
g Grating Normal Configuration(GNC) 1.0
) Pump normal to grating )
S 3100 1 ‘
X ~08
3 S
o o6
E [<5]
g 3080 - g
(% i 04
S
6 <L o2
| ©
3060 - | 5
; ; g 00
0 1 2 3 n 30
Lateral Pump Position on Device (mm) 3100 — &(\Q
WaVeIen . 3140 Q

« Continuous tunable range of about 80nm, 3056-3136nm.
« Single mode(DFB mode) operation across the whole tunable range
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Output Power Measure

Single Facet Output Power vs. Pump Power 3S(Pectra at 3.9Watt Pump Power at Different Pump Positions
0.8 . Pump Positionl
Pump Position 3 ,; Pump Position3
g 0.6 ;Z—;/ 2.0 -
) 2
= =y
g 0.4 - g 1.5
g E 10
S Pump Focusing Setting 8
0.2 1 Positionl: 4.24mm 2
Position2: 3.625mm GNG
Position3: 3.81mm K
0.0 T T
0 1 2 3 4 3060 3080 3100 3120 3140
Pump Power (Watt) Wavelength (nm)
» Achieved over 820mW single facet output power
» Qutput power limited by available pump
[ J

Single mode (DFB mode) operation across the whole pump power range
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Spectral Linewidth Measure

Spectral Linewidth of VV9-18-9

2.2 A —eo— FWHM of Spectral Peak at Different Pump Position, ~2.5X Threshold

Major factors impacting linewidth:

N
o
1

=
[oe]
1
[ J

Longitudinal chirp

-
(o}
1

g
~
1
[ J

Pump stripe sees lateral chirp

=
N
1

Linewidth enhancement factor from
gain medium

FWHM of Spectral Peaks (nm)
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Lateral Pump Position on Device (mm)
o Typical linewidth: 1.2nm@~2.5xThreshold, Confirmed by monochromator and F-P
interferometer
» Spectral linewidth still wide for low pressure spectroscopy application

G o
THE UNIVERSITY of
5/21/2012 . NEW MEXICO

15




Summary

80nm tunable range in CW single longitudinal mode operation

820mW@80K of single facet output power, limited by available
pump

Typical spectral linewidth of 1.2nm@2.5%threshold

Optically pumped type-I11 tunable DFB laser is an excellent high-
power widely-tunable single-longitudinal-mode light source for
atmospheric pressure spectroscopic applications.

Novel wavelength tuning method, could be applied to different
types of lasers.
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Thank You!
And
Questions?
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Attachment D:

Non proprietary summary of invention dislcosure

Project TitleWidely Tunable Optically Pumped Mid-IR DFB Laser
Track Code2012-102
Short Description

Researchers at the University of New Mexico have expanded upon the use of chirped
grating systems to allow for the formation of a high-power, optically-pumped, tunable
mid-IR laser.

Abstract

Chirped gratings are fabricated on the top surfaces of the target substrate, in a longitudi-
nal orientation by translating the pump region up and down to tune the appropriate wave-
lengths that will be reflected/ transmitted. This form of grating allows for tuning over a
wider spectrum. The grating underlying this innovation is achieved through the use of
interferometric lithography (IL), where the intensity variation achieved at the point of
intersection of two coherent light beams can be used to form grating patterns on a photo-
resist film, and by controlling the wavefront using a lens system, chirped versus uniform
grating can be realized. Once the procedures to finish creation of the distributed feedback
(DFB) laser have been completed, the end product in able to operate stably with success-
ful suppression of F-P nodes, and provide continuous tuning over extended wavelength
ranges in an extremely robust package.
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