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ABSTRACT

Quantum Cascade Lasetsaverecently gained considerableattention for their capability to

emit infrared radiation in a broad infrared spectral region very compact dimensionsand

high optical power/efficiency . Increasingcontinuous waveoptical power is one of the main

research directions inthe field. A straightforward approach to increasing optical power in

the pulsed regime is to increase number of stages in the cascade structure. However, due to

alow active regionthermal conductivity, the increase in number of stageleads to active

region overheatingin continuous wave operation In this work, an alternative approach to

power scaling with device dimensions is explored: numbeof stages is reduced to reduce

active region thermal resistance, while active region lateral size is increased fieeaching

high optical power level.Using this approach, power scaling for active region width

increase from10umto 20um is demonstrated for the first time. An analysis based on a

simple semiempirical model suggests that laser power can be significantlynproved by

increasing characteristic temperature b that describes temperature dependence of laser

threshold current density.
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CHAPTER ONHENTRODUCTION

1.1 Infrared spectral region

Theinfrared spectrum spansfrom wavelength between 700 nm —1 mm. The International

Commission on llluminationclassifiesthe infrared spectrum into five bands, based onthe

water absorption window [1]. Below is the table defining the fivebands.

Table 1: - Sub-bands within Infrared Region

IR Band Wavelength
Near IR 0.7pum-1.4pum
Short IR 1.4um-3 um
Mid IR 3um-8pum
Long IR 8 um-15pum
Far IR 15 pum-1mm

Source:- Reference 1

Theinfrared spectrum is considered veryimportant for spectroscopy(seefor example Ref.
2 and 3) asmany moleculeshavevibrational and rotational absorption features in this
region. Also, @rtain wavelengthsin IR spectrumhavelow propagation losses through
atmosphereand can beused forseveraldefense[4,5] and commercialapplications,

including free space opticacommunications [4,6].



This dissertation focuses orgquantum cascade laser (QGLasemiconductor laserthat

operates in themid-infrared spectrum of light. Oneproperty of this spectral bandis that

black body radiation curve for 1000K hasits peak between3 um - 5 um (figure 1). Since

MWIR QCLs operate in the same band, they can be used to emulate such blackbody sources,

which makes them attractive for some critical defense applications
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Figure 1: - Black Body Radiation Curve for MidR spectrum

Source:- http://www.sun.org/encyclopedia/electromagnetic -spectrum
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1.2 Quantum Welbk

The laser, an acronym forLight Amplification by Stimulated Emission of Radiation, was

first experimentally demonstrated in 1960 by T.H. Maiman<]. Lasers are distinct from

other light sources as they emit coherenand narrow-band light. To achievelasing,

population inversion needs to tike place whichis defined as a systenstate with a larger

number of electrons present inthe upper laser levelthan in the lower laser level

In diode lasers(interband lasers), photon energy is largely defined by the bandgapdof

the material [8] . By changing materialcomposition, one can control the energy gap

between the conduction band and valence barahd, therefore, control the emission

wavelength.

Additional flexibility in controlling the emission wavelength for heterogeneous

semiconductor lases can beachievedby employing quantum well structures. Fig 2, is a

basic schematic of a two quantum wellliode laserstructure. By tailoring the dimensions of

the quantum well, one can change the energy levpbsitions, corresponding wave

functions, as wdl as add or remove energy legls. The energy of the emitted photon from a

diode laser structure is sum of the energy gap between the conduction band and valence

band of the quantum well material and lowest energy levels confined in the quantum wells

of the conduction and valence bands.



The process of tailoringquantum well/barrier structure for achieving desired optical and

electrical propertiesis called band gap engineeringn particular, band gapengineering

enables the use of the same materials for pkon emission at different wavelengtts.

Figure 2: - Photon generation by Interband transition

Source:- Imagecreated by author



Figure 3: - Photon generation by Inter subband transition principle

Source:- Imagecreated by author

The band gap engineering principles have been widely used in the development and
optimization of Quantum Cascade LaserBhoton emissionin the QCL structureoccurs
during the transition of an electron from the upper enegy level to lower energy level
confined within the conduction band only (Figure 3). Quantum cascade laserare
therefore a type of intersub-band deviceq9,10]. Their basics are discussed in the next

section.



1.3 Quantum Cascadel aserBasics

The concept of photon emissionfrom inter sub-band transition of electronswasfirst

proposed in 1971by R. F. Kazarinov, & R. A.Sufgbut it wasn’t until 19¢

practically implemented at Bell Laboratoried 10]. QCLs immediatelygarnered

considerable interest due to theability to tailor their emission spectrum from MidInfrared

to Far-Infrared spectrum. As mentioned above, is flexibility in emission wavelengthis

achievedthrough band gap engineeringf the super lattice structure. The extensive

knowledge on eptgrowth and processing for InRbased diode lasers allowed for a rapid

progress in QCL performance. SpecificallCLs have demonstrated roortemperature

operation with watt level optical power both in pulsed and CWmodes ofoperation.

Recerily QCLs have demonstrated 28% WPIiR pulsed operation[11].

A typical QCL ative region comprises othirty to fifty stages where a singl®CL stage is a

sequence of layers designed for one electron to efiently emit one photon. Figure4 shows

a singlestage of an active region. It is divided into 2 segments. Th& §egment isthe active

region where the upper and lower laser levels are confined and where actual photon

generation is achieved. The ® segment is injector region where electrons lose theienergy

before they are injected into the next stage. For simplicity, we will consider a threevel

energy system. As an electron transitions from the'8energy level to the 2d energy level, a



single photon is emitted. The electron themuickly transitions to the Istenergy levelvia a

resonantscattering process mediated by longitudinal optical phononsFrom there, it

travels to the injector region. The njector region creates a voltage defect between

subsequent stages to reduce thelectron backscatteaing to their lower laser level.

Suppressed backscattering is critical for achieving a low threshold current density. The

optimal voltage defecthat maximizes laser efficiency is in the range from 100 meV to 150

meV[12].
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Figure 4: - Schematic of a single stage present within the active region

Source:- Imagecreated by author

An electron cascades down the bandgap profile whean operational electric field is applied

(Figure 5). During the cascadingprocess the electron emitsa photon at each stage.

Therefore, a single electron can produce multiple photonas it propagates through the

7



entire structure. This is one of the main reas@why QCls are capable of very high optical

power.

Figure 5: - Cascadhg structure of a QCL

Source:- Imagecreated by author

Performance of a QCL with varying number of stages within the active region, typically
from one to seventy-five stages [13,14, have been studied. Typical QCdctive region

contains thirty to fifty stages[15,16,17].

1.4 Thermal Problem in Quantum Cascade Laser

Heat build-up within the active regionunder high duty cycle conditionsis one of themain
factors limiting QCLCW performance[18]. The root cause of the thermal problens that

the activeregion iscomposed ofternary materials (InGaAs and InAlAswith a low thermal

8



conductivity. The thermal problem and a proposed solution for the laser core overheating

are illustrated below for an exemplary QCL structure usin@OMSOULt was assumed that

the QCL chip is mounted onraAIN sub-mount andthat the base temperature of the sub

mount is kept at a constantemperature of 293K. Itwas alsoassumed that all theheat

waste is generatedwith in the active region andthat the outer layers of the structure are

thermally insulated. Using theseassumptions,one can predict the temperature of the active

region for a giveninput electrical power. Figure 6 shows simulation results Input electrical

power was taken to bel3W and the device dimensions were taketo be:length - 3.15mm,

width - 10.4 umand thickness—1.85 um (40 stageg. Other model parameters are given in

table 2. The mean temperature for the active region of this device wasalculatedto be

380K, 80 K above the heat sink temperatureSince lasemperformance reduces withthe

temperature rise, laser efficiency is typically significantly lower under high duty cycle and

CW driving conditionsthan in pulse mode One of the primary goals in high power QCL

development istherefore, minimization of laser thermal resistance.



Table 2: - Thermal conductivity of different materials used inQCL design

Thickness Thermal Conductivity
Material (um) (WIm*K)
InP:Si
(Substrate) 70-74
InP:Si 5|70-74
Active Region 0.679| 0.9(VerticalDirection)
Active Region 0.679] 5 (HorizontalDirection)
InP:Si 3.5|70-74

Source:- Reference 19

Surface: Temperature (K)

420

400

380

360

340

320

300

Figure 6: - Thermal simulation of a 48stage structure with electrical input power of 13W

Source:- Imagecreated byauthor
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Figure 7demonstrates that laser thermal resistance can be significantly reduced by
reducing number of active region stages. The calculated active region temperature &ot5-
stagestructure (~0.7 um) with otherwise same input parameterswas only 35K. The
significantly reduced temperaturerise is a direct consequence of a reduced laser thermal

resistance.

Surface: Temperature
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340

-1 330

320
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Figure 7: -Thermal performance of a 15stage active regiorwith 10.4um ridge width when
subjected to 13W of electrichpower

Source:- Imagecreated by author
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Figure 8: - Thermal performance of a 15stage active region with 40unridge width when
subjected to 50/ of electrical power

Source:- Imagecreated by author

Similarly, athermal simulation was done for al5-stage QCL with active region dimensions:
length - 3.15mm, width - 40 um deviceand height- ~ 0.7 um (figure 8). Injected electrical
power was increased proportional to ridge width.Temperature rise for the broad area
device is compaable to that for the traditional narrow ridge, 40-stage device (figure 6),
even thoughtotal injected power was four times larger.This result suggests that QCL
optical power can be scaled with active region dimensions when a reduced number of

stages is sed.
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CW operation for a broad devie hasbeen demonstrated [2Q. However, power scaling was

not demonstrated in that work. In this thesis, aconfiguration with areduced number of

stagesand increased ridge widthwas exploredfor CWoptical power scaling with lateral

active region dimensions

1.5 Performance of QCLs with reduced number of stages

To optimize the configuration of a broad area device with reduced number of stagesis
important to understand how the reduction in number of stages affects l&s performance.
Curve 1 in Figure9 illustrates an exemplary optical power vs current (LI) characteristic for
a traditional 40-stage QCL. Whethe number of stages is reduced, while keeping the rest of
the structure the same, laser slope efficiency reducétewer stages—fewer photons

emitted by each electron).The other LI characteristic that need to be evaluated is
threshold current density. Threshold current is defined as the currenat which lasing of

device starts:

* * - (l)

In formula 1, Jn is the threshold currentdensity, & is the transparency current density of

the active region,U is the sum of waveguide losses and mirror losse8,is the mode

13



confinement factor and g is the differential gain coefficienof the active region.Since, mode

overlap factor is bwer for structures with reduced number of stages, threshold current

density is projected to increase for devices with reduced number of stages.

Maximum or rollover current density is another characterstic describing QCL LI curve. It

can be found by using formula 29].

* S
z z Z ( 2)
S
Where* isthe maximum currentdensitye i s t he charge of an el ec

strength between the upper laser level of one stage and injector ground of the preu®

stage, Zg is the dephasing between the upper state of laser level and ground state of

injector, Z is the upper laser level lifetime and gis the doping density.

Due to reduced slope efficiency and increased laser thresholakojected total power is
significantly lower for the 15-stage structure(Curve 2). However, active region can be
redesigned to compensate for these changes. Specifically, maximum laser current and laser
dynamic range can be increased by increasing active region doping andipbing between

the injector and the active regionThis change can result into comparable power level from

14



the two devices (Curve 3 vs Curve 1This approach was used in design of the 18tage

broad area QCLs studied in this work.

40 stage X 10.4 pum 15 stage X 10.4 um

Power
1

15 stage X 10.4 um

Figure 9: - Curve 1 representsan exemplary L:I curve for adevice containing 40 stagein
active region.Curve 2 shows howL-I changes as number of stages reduceSurve 3
illustrates that a high peak power can be achieved for a desigvith reduced number of
stageswhen active region structure is modified to enable high current operation

Source:- Imagecreated by author

1.6 BandDiagram of the tested structure

The band diagram forthe design used inthis work is shown in Figure 11. It is based on a
two well design[10]: - the upper, E, and lower, B, laser levels are localizedn the same

two quantum wells.

15



Egis the ground energy level for the injector regionn the previous stage Es is the parasitic
energy level which is the main leakage path focarriers to go into continuum

[21,22,23,24. Electronsthat goesinto continuum do not take part in photon emission.

To prevent carrier escape via level 5, a combination of a two (as opposed to three)
guantum well design anda thick extraction barrier was used. Thispushed energy level E
spatially away from the upper laser levebnd increasel the energydistance, Es4, between

levels 4 and 5

Extraction barrier is defined as the barrier between the last quantum well of the active
region and the first quantum well of the injection region within the same stageA large
coupling, 9me\, between levds g and 4and a large dopindevel in the active region were
used to increase laser dynamic range. Thiesultant maximum current density for this
design was ~10kA/cm?2, two to three times higher than that for traditional 46stage designs

optimized for CW operation(figure 11).

16
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Figure 10: - Band Structure of the active region of 45-stagedevice used in this thesis
Source:- Referencell
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Figure 11: - Pulsed LIV for a 3.15mm long X 9 um wide device. The device was placed on
AIN sub-mount at tested at 300K. Puls&vidth: 200ns and Frequency: 10kHz

Source:- Reference 11

1.7 Wafer Processing

The 15-stagedesignwas first grown with molecular beam epitaxy and therprocessed into
usable buried heerostructure devices[25,26,27]. Figure 12is a schematic that shows some
of the basic steps in the fabrication cycle. Laser ridges are first defined wistandard

photolith ography. The ridgesare then transferred into the wafer with a combination of

18



reactive ion etching and wet etchingResultant trencheswere subsequently filled with

semi-insulating (Iron-doped) InPusing Metal Organic Chemical Vapor DepositioinP has a

high thermal conductivity of ~70W/m/K [19]. Therefore, its presencen both sides of the

active regionfurther reduces laser thermal resistance. In addition, it provides lateral mode

confinement with low scattering losses as its refractive index of 3.1 idase to that of the

active region ~3.2.

Oncesemtiinsulating InP deposition is comgdeted a top chmic contactis depositedand the

wafer is lapped down to 200 umto avoid formation of striations during the cleaving

process.

Finally, a bottom contact metd#lization is formed on the substrate side.

19
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Figure 12: - Description of the basic steps fordbrication process to achieve buried
heterostructure waveguide in QCL

Source:- Imagecreated by author
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Figure 13: - SEM image of a QCL featuring a buried heterostructure waveguide with ridge
width of 21 pm.

Source:- Imagetaken by author
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1.8Cleaving

lS cribe

Figure 14: - Cleaving Process to separate single chip from a whole bar.

Source:- Imagecreated by author

Wafer processing leads to the formation omultiple active region stripes on the wafer
(figure 14). The process of separatingndividual laser chips fromthe waferis known as

cleaving and it is done by using a specializedal, scriber and breaker.

The machineis equippedwith a diamond tip that is used to scribe along the length and
width of a chip (known as streets and avenues)Subsequently, the anvil hits the bar from

the bottom, which separates the chigrom the bar (figure 14).

22



CHAPTER' WO EXPERIMENTAISETUP

2.1 Pulsed Testing

To measure preliminary laserperformance, the chips are tested in pulsmode.

An AVTECHdiode driver is used to supplycurrent to the QCLchip. Since thedevicesto be

tested are small in wdth, micromanipulators are used to supplycurrent across the chip. A

Tektronix CT2 current probeis conrected to theelectric leads of the AVTECH diode driver

to provide current reading across the chipThe current and the voltage reading across the

chip is measured with an oscilloscopeThe optical power emitted by the QCL is measured

by athermal detector.

A data acquisition code has been developed for the pulsed characterization. An LIV graph

consists of Voltage and Power output as-axis and Current & Xaxis. In our case, we also

added another Yaxis labelled as Wall Plug Efficiency (WPE). WPE is the efficiency of the

device that is calculated by dividing outpubptical power by input power. The data

acquisition program was written using LabVIEWThree different instruments were used

for controlling the current supply to the QCL chip and subsequently recording the data.

23



GPIB hardware was used in serial configuration to control thAVTECH diode driverand

the oscilloscope. USB connection was used formmmunication with the power meter.

The program would instruct the AVTECH diode driver to increment the output voltage
every 16 seconds.The time interval wasempirically optimized to allow for stabilization of
the power meter reading after eachncrement of voltage. The voltage increment would
take placeuntil either the output voltage reached the limit defined by the user or the user
pressed the STOP buttorAfter the voltage increment, the oscilloscopgould display the
reading of the current and voltage aross the chipfor a single pulse At the end of 16
seconds the program willagainincrement the value of output voltage in AVTECH diode

driver and display the corresponding values for voltage, current, optical power and

efficiency from the previousstepOnce t he user hits the ‘stop’

if the displayed data should be stored in a file or discard the acquired data. The acquired
data is stored in a .DAT file format which can be later opened in Origin software for further

data procesing.

An exemplary LIV curve for one of the tested device is shown in figure 15.

24
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Figure 15: - L-1-V graph of a 30 pmdevice generated by the program written in LabVIEW
software.

Source:- Imagetaken by author

2.2 Die Bonding

Devices with good performance are subsequently mounted on a swbount. The submount
is made up of AINthermal conductivity of up to 285W/mK [2 8]) with patterned

metallization on both sides. The top side of the sulmount has positive and negative

polarity pads, as well as a separate pad for a thermistor to measure laser temperature and
accordingly regulate the ThermeElectric-Cooler (TEC). The sumount also contains a

layer of AuSn solder for soldering of the chip.
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Once the chip is mounted on thaegativepad of the submount. The top portion of the chip

is wire-bonded to the postive pad asshown in Figure 16.

QCL chip Sub-mount

Front Facet

| o® .‘\\.J:oqe%qpch.ooo eoee »
q |

Figure 16: - QCL chip mounted ora sub-mount after Die Bonding process

Source:- Imagetaken by author

For uncoated deices, photons are emitted from the front and the back faces of a chip To
achievea singleendedemissionand lower threshold current compared to uncoated device
an HR cating is appliedto the back facet[29]. Sincemirror losses arereducedfor HR-
coaed devices, theirthreshold current density is lower [29]. A metallic HRcoating was

used in this experiment.

Once the coating $ completed the submount is soldered onto a coppeheat spreader.
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Since the radiation emitted from a QCL chip has a largevdrgence, collimating lens is used

to collimate the beam. This lengollectsup to 90% of the beam incident on itFigure 17

displays animage of a collimated beam.

Figure 17: - Beam imageof a collimated beam

Source:- Imagetaken by author

2.3 CW Operation Result

Three bestdevices with ridge width of 10.4 um, 21.2 ym and 31 um werghosen forCW

testing. Individual devices were placed on a laser diode mount anfdn cooled to maintain

temperature of the base of submount. Opical power of the device wasneasured using a

Coherent power meter.
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As seen from Figurel8, the 10.4 um device had max optical power of around 1.8V, while
the 21.2 um device emitted ~2.3W of optical power. This resui$ the first demonstration
of CW oyptical power scalingwith increase inthe ridge width of a broad area QCLThe
increase in threshold current density from 3.36 kA/cn% to 3.60 kA/cm? is a direct result of
a higher active region temperature for wider devices: higher temperaturancreases tre
probability of an electron to transition to the parasitic energy level Jand also increases
carrier backscattering to the lower laser level, both effects reducing population inversion
for a given current flowing throughthe device. Thencrease inactive region temperature is
also thelikely explanation for the observedmode hopping observed for the 21.2 pym and 31
pm wide devicesat high current (manifested as abrupt change in optical power with
increase in current and changes in near field mode profile@as the active region
temperature increases with the increase in current, the heat localized in the center of the

ridge favors higher order mode operation

The 31um wide devices, while produced considerable power, did not achieve the same
level of performance as the 20urwide device. This indicates that overheating is still an

issue for this structure and laser thermal resistance needs to be further reduced.
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— Experimental
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Figure 18: - Experimental results for 10.4um, 21.2pm and 31um ridge width devices
tested in CW regime

Source:- Imagecreated by author

The Figure 19shows the change in efficiency with respect tthe ridge width in CW

operation. The blue markers represent the maximum efficiency calculated for the three

different devices. It can be extrapolatedrom the datathat devices with ridge width > 38
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pm will not lase. Indeed, 40 unwide, 15-stage deviceswith the same designdid not reach

threshold in CW mode

’1*4

Efficiency (%)

—
C =~ N W hH O O N O O O

S EEN

15 20 25 30 35 40 | 45
Ridge Width (um)

=
o

Figure 19: - Efficiency vs Ridge width pld displaying the trend that as ridge width
increases efficiency decreases

Source:- Imagecreated by author
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CHAPTER THREE: ANALYSIS

3.1 Data Analysis

Threshold current density and slope efficiencyare the two main laser characteristicsTheir
behavior needs to be analyzed before further design improvements can be carried out.
Empirical formulas can be used to projecthese characteristics Formula3 (19) is typically

used to approximate temperature dependence fopulsedthreshold current density:

* 40 * Ccwo#A (3)

where * ¢ w o is the pulsedthreshold current density ofthe device at 293K T is the
laser temperature, and To (30) is the laser characteristic temperature determined by laser

design.

To determine To for design used in this work, pulsed threshold current density was
measured for one of the devices in a bad temperature range (Figure 20 and then fitted

with formula 3. To of 140K gave the best fit to the experimental data
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Figure 20: - Experimental data for Threshold Qurrent Density vs Temperature fora device
placed on a heat sinloperated in pulse regime

Source:- Imagecreated by author

Formula 3 canalsobe used to predict laser threshold current density in CW regime
provided that the active region temperaturerise in CW operation relative to heat sink
temperature, can be accurately calculated. The temperature riseas calculatedusing the
COMSOL thermal modeThis approachresulted in a very good correspondence beteen

experimental and model resuls as shown in figure 2.
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Slope efficiency isanother parameter that affects the performance of the devicédt is

defined as the rate of change aiptical power with respect to current. Formula4 is used to

predict the slope efficiency of a device when operated in pulse mode.

— C wo 0 — (4)

Where — ¢ wo is the slope efficiency of the device in pulse regime 293K, Nsis the
number of stages present within an active reg
lightt A i s the emission waiveltemegtdhh arfged heafispeh odiomg

t he mi r r aveis theavavegeide,lossas and is the injection efficiency.

Slope efficiency formula for a device when operatein CW mode is different from pilsed
mode operation sinceactive region temperature dynamically changess lasercurrent

increases Formula 5 is used to calculate slop efficiency of the device near threshold.

— 4 — 4 —— (5)
Where,— 4 s the slope efficiency of the device near threshold when operated in CW
mode,— 4 is the change in slope diciency with respect to temperature,—is the
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change of optical power with respect to change in temperature of the active regios;is the

change in temperature with respect to change in current.

— ——472) ) 4 (6)

Formula 6 shows the change in optical power with respect to change iretnperature of the
active region, | is the incremented current value anyl ; 4 is the threshold current for

the device at a particular temperature.

— 4 — C wo zA ©)

Formula 7 [22] is used to calculate the slope efficiency of a device at a temperature near the
threshold current. Exponential term is used since the slope efficiency of a device changes
with change in active regiontemperature. In case for slope efficiency, the exponential term
has negative sign because the slope efficiency decreases with increastemperature as

seen in figure21. The characteristic temperature for slope efficiency is known asi1130).

The best it to experimental datais shown in Figure 21was achieved for T = 710K, a very
high number for QCLSs, which is a result of good carrier injection efficiency into the upper

laser level(large Es4) and large spatial separation between levels 4 and 5
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CW threshold current density and slope efficiency for three devices with ridge widths of

10.4 pym, 21.2 pm and 3um were calculatedusing To=140K and T1=710K in Formulas 3

and 7respectively. Figure 2 shows comparison between the experimental and model data.

The threshold current density was accurately predicted for all three devices, indicating that

the constructed COMSOL thermal model was also accurate. Slope efficiency near threshold

was also close to corresponding experimental data. The good corresponderdween the

model and experiment allowsus to carry out a numerical analysis fowhich laser

characteristics need to be improved to further improve CWperformance of broad area

QClLs.
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Figure 21: - Experimental result of Slope Effciency vs Temperature ofa device placed on a
heat sink

Source:- Imagecreated by author

35



—— Theoretical
— EXxperimental

2.5+
2.0 21.2um X 3.15mm
%\ 0.4um|(X 3.15mm
2 15 /f\,a.
O
S
o 1.0
/ 31um| X 3.13mm
0.5 f I,
0.0 :
0 2 3 4 6 7
Current (A)

Figure 22: - Theoretical data vs experimental data for 10.4im, 21.2um and 31um ridge
width devices in CW regime

Source:- Imagecreated by author
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3.2 Model Projections and Future Work

In the previous sectionsfirst optical power scalingwith increase in lateral QCLdimensions
from 10 pm to 20 um was demonstrated. CW operation for QCLs with 30 pum ridge width
was also demonstrated but pwer scaling was not achieved. The maireasonfor this was
attributed to the residual active region overheating In this section, wesimulate the change
in device performanceby changinginput characteristic temperatures Toand Ti1 used in the
model. The @al set for this task is to providesomeguidance for future work on the

development of high power broad area QCLs.

e T0 - 140K, T1 - 710K
1.00 + . == «T0 - 250K, T1 - 710K

TO - 140K, T1 - 1000K
!
0.75- I
s |
%’ I
> 0.501 |
Q
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I
000 T T T T T I' I.I T T T T 1
0 1 2 3 4 5 6 7 8
Current (A)

Figure 23: - Theoretical simulation of Threshold current and slope efficiency of a 3im
device by changing the lsaracteristic temperature Toand Tz

Source:- Imagecreated by author
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Simulation results are presented in figure 3. When To was increased from 140K to 250K

and Ti was kept constant at 710K, the threshold current decreased by 0.7%A

approximately 30%. This is a significant change that will increase total maximum power

and overall laser efficiency. The 250K value forolis a realistic number that was

demonstrated for several stateof-the-art designs[14,22,32].

Similar device simulatiors were carried out for characteristic temperature, T.. Specifically,

T1 was increased to 1000K, whilélo was kept constant at 140K. Under theseonditions,

there was no significant improvement in slope efficiency of the device. The simulation

results show thatcharacteristic temperature of 710K for slope efficiency isalready

sufficiently high and design efforts should be focused on improving temperature

dependence of threshold current density

Careful inspection of the band diagram shown in FigureQlshows that upon energy

relaxation from the lower laser level electrons end upon level 2 that is very tightly

confined in the two active region quantum wells. Due to the tight confinement, level 2

hardly overlaps with the injector states andthe carrier escape to the injectoris suppressed.

This likely leads to carrier build up on the level two, whichn turn leads to increased

carrier backscattering to the lower laser level destroying population inversion at high
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temperatures: the effective value for voltage defect isnsufficient. Active region redesign

efforts optimizing its thermal behavior are underway.The goal for design optimization is to

increase T above 250K while keeping T~700K.

3.3 Conclusion

High optical power is one of the mosimportant QCL characteristicsdr a number of critical

QCL applications Power scaling byncreasingactive region width presents the most

promising path to reaching CW optical power levedxceedinglOW from a single emitter. In

this work, optical power scaling with increase in lateradevice dimensionswas achieved

for CW QCLdgor the first time. Specifically, we demonstratedincrease in CW power for a

3.15mm+-long, 15stage device from approximately 1.6W to 34W for ridge width increase

from 10 umto 21 um. The reduction inthe number of stages from itstypical value of 40 to

15 was the critical design change that allowed for a reduction in laser thermal resistance

and therefore for CW operation n the broad area configuration. Numerical analysis showed

that the characteristic temperature To of 140K for the present design was not sufficiently

high to ensure efficient operation for this structurefor ridge width exceeding 30 um The

modelling data showed that laser design needs to be modified to bring Value above
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250K, which is projeced to significantly improve CW threshold current density for 30 um

wide devices and therefore further improve their maximum power.
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