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Abstract:

The techniquef molecular beam epitaxy has recently been usetemonstrate the growibf terahertz frequency
GaAs/AlGaAs quantum cascade lasers (QCL) with Watt-levétadpoutput powersin this paper,we discuss the
critical importanceof achieving accurate layer thicknesses and alloy compositioimsgdgnmowth, and demonstrate
that precise growth contr@s well as run-to-run growth reproducibilityis possible.We also discuss the importance
of minimizing background doping levéh maximizing QCL performanceBy selecting high-performance active
region designs, and optimizing the injection doping level and eefabrication,we demonstrate total optical (two-
facet) output powerashigh as1.56W.

1. Introduction

Terahertz (THz) frequency radiation has many potential applitgtiranging from imaging and chemical
sensing throughto telecommunications [1,2]. However, oref the principal challenges has betm develop
compact, low-cost, efficient THz sources. The demonstratibthe THz frequency quantum cascade laser (QGL)
2002 provided a potential solid-state solution [3]. Since then, @8ks have developed rapidly, offering frequencies
from 1.2to 5 THz [2]; ultra-broadbandl THz) operation [4]; working temperaturep to 199.5 K [5]; and peak
output powers > 1 W [6].

This rapid development has included implementatioh novel waveguide schemes [3,7], continuous
improvementsin active region designg-10], and device realizatioim the mature GaAs/AlGaAs material system,
with material grownby established technologies suels molecular beam epitaxy (MBE). The growth THz QCLs
does, however, remain extremely challenging, ovim¢ghe stringent demandser precise controbf individual layer
thicknesses and alloy compositions, which mustmaintained over the, typically,0 pm thick active regions. Yet,
despite the extensive studieé waveguide and active region designs, there have been relafeelyreports
discussing the actual growth process itself, although insgitovidedby [11-15]. An excellent compressive review
[16], following the successful demonstratiofi THz QCLs with record working temperatures, does addtiess
growth in greater detail. But issues suabthe achievemenf growth reproducibilityin THz QCLs still needo be
addressed fully.

In this paperwe report our recent successMBE growth of GaAs/AlGaAs THz QCLs with Watt-level optical
output powers. This arose from precise growth layer thickoassol, high material quality, and optimizatioh the
device fabrication. Pre-growth calibration and real time monigoof the THz QCL growth are discussed, witie
importanceof layer thickness and alloy composition control, as wehasackground doping level, emphasized.

2. Growth calibration

It is well known that high-performance THz QCktan only be obtained when the designed structigestrictly
realized. This requires precise contdfl the layer thicknesses and alloy compositiaie have shown previously
that pyrometric spectrometry (kSA Banditan be used to calibrate layer thicknesses and alloy compositions
through real-time growth rate measurements, with the additamhaintage thah situ monitoringcan be achieved
through the wholef the QCL growth itself [6,15]. The technique allows multigeccessive calibrations, which are
achievedby analyzing the pyrometric data acquired from the growftta thick GaAs layeon AlAs, and vice-versa.
In both cases, intensity oscillations resulting from interferegféectsin the growing semiconductor layean be
monitored as a function of time and wavelength. From such oscillations, GaAs and Ajfsvth ratescan be
calculated using the formula G #&/2nT [17,18], where Gs the growth rate, Tis the time periodof intensity
oscillationsat a specific wavelengthld), and nis the material refractive indeat the growth temperaturdn this
formula, 4o is fixed and T can be easily obtainé@m the oscillation curve. Once is known, calibrationis then
straightforward. However, there has been a laickeported dataf the refractive indicesf GaAs and AlAsat the
THz QCL growth temperaturef ~600 °C, especially over the wavelength ramgfel000-1400nm where the
oscillation curves are acquired using BandiT pyrometric specipgs

To determine n under these conditiong grew a sebf dedicated samplas which thick Al,GaiAs layers andn
AlGaAs/InAs superlattice (SPL) were sequentially deposited. Tthiek Al.GaAs layers were usetb acquire
oscillation curves, whilst the SPLs were useddetermine preciselyhe AlGai.xAs layer thickness (t@n accuracy
of <0.5%) usingexsitu techniques sucés x-ray diffraction measurements. Once HeGa.As layer thickness was
known, the growth rates could thdye calculated allowing no be obtainedat different wavelengthdy using
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valuesof T extractedfrom the oscillation curves (t@n accuracyof <0.3%). The experimentally obtained valuwés
for GaAs and AlAs are summarizédFig. 1, where n (withan accuracyof better than 1%is plottedasa functionof
wavelengthin the range 90@ 1400 nm. The inset shows the variatimhn with increasedAl compositionin an
AlGaAs layer— n decreases with increasing wavelength. This follows threl tadservedn the short wavelength
range from400 nm to 1000 nm in previous studies [19,20], with the refractive index valuexhivag in the range
900- 1000 nm.At ~1000 nm, ris ~3.78 and ~3.05 for GaAs and AlAs, respectively. The vabfiesfor GaAs and
AlAs presented here have been checkedmultiple growth campaigns across five years, with a high degiee
reproducibility observed. They have also been used successfullgaily pre-growth calibration and real time
monitoringof THz QCL growth in our laboratory.

3. Layer thickness control and growth reproducibility

The growth rate drift, arisinfom consumptiorof grouplll materials (Ga and Aljs of key importancdor the
growth of high performance THz QCLs [16]. Whéoth high operating temperature and high output powers are
required, the uniformityf the laser stackor overall periodicity)is a high priority, and this poses stringent demands
on the controlof the material growth rates over the whole QCL growth period.

Basedon the daily pre-growth calibration data recorded over a typical growth campdaigm,dependencef the
required cell temperatute achieve a 1 pm/hour growth rdte GaAs is plottedin Fig. 2, asa functionof the total
deposited GaAs layer thickness the growth campaigrEachdata point corresponds a single wafer growth. The
aluminum data reflecting the required cell temperatarachieve a constant growth rat€0.176 um/hras usedfor
the majority of THz QCL growths, are also shown. These aluminum data pointespondto THz QCL
growths during the campaigh other device structures require different aluminum mole @asti and were
grown with another aluminum cell. Here, the cells usedaar85 cc dual-filament gallium celfrom Veeco and a
40 cc cold tip conical aluminum celfrom VG Semicon.As the total campaign growth thickness increases, the
gallium cell temperature ha® be increasedto maintain a constant growth ratla contrast, the aluminum cell
temperature remains nearly constamtour case, even though there are slight temperature fluctuaBassdon
these observationgp ensure precise growth controbf individual layer thicknesses/alloy compositioits THz
QCLs, it is necessaryo compensatéor GaAs growth rate driftdyut variationin AlIAs growth ratecanbe neglected.
However,it is very hardto predictan exact GaAs drift rate over a given time periad, shown in Fig. 2, making
it difficult practically to achieve precise growth rate unifity.

Pyrometric datain principle, gives extensive information about the precisibthe wafer growthnot only acting
asan additional calibration during the growti the QCL itself,but also providing information about growth rate drift
during astructure’s growth.In a given time period, the growth rate drifir pure GaAs growron AlAs canbe easily
determinedin THz QCLs, the structurs far more complex. Howevewe still noticed that the GaAs growth rate drift
can be indirectly extracted during the THz QCL growth.

For the growthof THz QCLS, GeL = Geanas(1- Xocl) %, where Gaasis the GaAs growth rate;o¢. is the average
aluminum mole fractiorof the QCL; and, Gc. is the average growth ratf the QCL. 1-c. depends only weakly
on Ggaas Hence, GcLis dominatedby the change®f Ggaas For a given THz QCL design, onceyésis known,
Geans as well as its growth rate drift, can thereforiee obtained. Growth rate compensatioan then be realized
more precisely, either during the growth itself subsequent growths. Figure 3 shows a typical oscillation curve
of a THz QCL structuren which growth rate compensatios applied. Theoretical simulation, using a transfer
matrix method [19], corresponds very well with the expenitaleoscillation curve, indicating negligible growth rate
drift and implying excellent contralf the growth layer thicknesswell asthe overall periodicityf the QCL.

The growth rate compensation technique, together with cadibraf GaAs and AlAs growth rates immediately
prior to QCL growth, enables high run-run growth reproducibility. X-ray diffraction measuremeotstwo QCLs,
with nominally identical structures, were foutalonly show thickness deviationd ~1% (datanot shown) even when
~10 different THz QCLs were grown between these two samplés. confirms that pyrometric spectromeigy a
powerful technique for achieving reproducible growthTHz QCLs, and enables rdo+un growth repeatability tbe
obtained.

4. Development of THz QCL with > 1 W output powers

In orderto develop THz QCLs with high output poweikjs also essentiaio optimize the active region design,
the electrical material quality, and the device fabrication.

4.1 Device growth, fabrication and characterization

Having optimized theMBE growth proces$o achieve accurate calibrations for the gallium and aluminum growth
rates, and ensure high growth rate uniformities, dedictgqadmthick unintentionally doped bulk GaAs layers were
regularly grownto assess material background doping level. The measurementperienenedat room temperature
using a Van der Pauw method. Once the backgrisird5 x 10 cm (p-type in our case), a seriesf THz QCL
active region designs were groviny solid-sourceMBE on semi-insulating GaAs substrates. These included: the
boundto-continuum active region design with a single-quantum-well phe@xtraction/injection stage presentad



[9] (denoted BTC-RP); the modified BTRP design presenteih [6] (denoted M-BTC-RP); and, the multiple
quantum well design withLO-phonon-assisted interminiband transitions preseimd8] (denotedMQW-LO). The
complete QCL structures typically consistafda 250nm undoped GaAs buffer layer, a 306 undopedAlsGay sAs
etch-stop layer, &00 nm Si-doped GaAs bottom contact layer (dope@ x 10 cm™ or 3.5 x10'® cm®), a thick
active region (12um for BTC-RP and M- BTCRP structures, 15 um for the MQWLO structure), and &0 nm
heavily Si-doped GaAstop contact layer(5 x 10" cm®). Immediately priorto growth, the GaAs and AlAs growth
rates were determined using BandiT spectrontetrgalibrate the layer thicknesses and aluminum mole fracféns
15]. To ensure precise growth layer thickness amato-run growth reproducibility, growth rate compensation was
also used.

Following growth, the wafers were processed into surface-plasmon ridgeguideredevice structures using
conventional photolithography and wet chemical etching techniquege®fivith widths (w) ranging from45to 425
um were formed.To improve heat dissipation, the substrate was thinned dowt80 um by wet chemical etching.
For characterization, devices were cleaved into Fabry-Reaxdtiesof different length (L) ranging fror to 3 mm,
wire bonded and indium-solderemcopper submounts.

The devices were characterizedpulsed mode, with a repetition raté 10 kHz and a duty cyclef 2%, in a
liquid-helium continuous-flow cryostat equipped with B+thick polyethylene windows. The radiation was
collected from a single facet and the average power wasunmgehusingan absolute terahertz power meter (Thomas
Keating), which was butted against the cryostat window. The output pesgethen calculated from the measured
average power and duty cycle. Unlike some earlier refor&)], neither a light-pipaior a Winston core were used,
despite a separation (dj ~3.5cm between the power meter and the device facet. Furthermoreprrection for
collection efficiencyis appliedto any of the powers reporteth this paper.

4.2 Effects of active region doping and background quality on THz Q&formance

If the material layer thickness/alloy compositian be precisely controlledor a given active region design, then
the device optical output powes principally determinedy the number of periodsin the active region (§), andthe
dynamic rangenhx- Jn. Here, dax the maximum injection current density,proportionalto the sheet carrier density
(ng) in eachactive region period, andnJthe threshold current densitys a weak functiorof nsowing to free carrier
absorption [21]. Intuitivelyjf nsand N increase, the device optical output power will increase, andstinsieed the
case [12, 22]. Figure 4 shows the dependerfi¢s) the peak output power and (lh&nd 4 on the injector doping
level, with data reported from two seif samples grown with different gallium cells (Gal and Ga2).dedn sets
of samples, the device optical output powes,well as Jnax and &, scale almost linearly with increasing injector
doping level, whichs very similarto that reportedn [21,23,24]. There is, however, a marked difference between t
performanceof THz QCLs grown with Gal and Ga2, and this arfses the qualityof material producetby the two
cells. Gal produced extremely high quality material, with Vew background impurity levels (background carrier
concentration < 1 x10%cm?®, p-type) whilst Ga2 was knowmo be contaminated, producing lower quality
compensated material, with higher background impurity levels &andt background carrier concentratafn~2 x
10*cm3, p-type). For samples grown with Ga2, there was only a simetbasen output power anddxwith active
region doping, such that withs of ~1.1 x10" cm?, the output power was only ~68W for a Jnax0f about650
Alcm?. In contrast,for samples grown with Gal, everith ns ~5 x 10'° cm™, output power®f up to 180mW for a
Jmax Of ~620 Alcn? could easilybe achieved. This trend was not only observed for this activeonadgsignput also
for all other QCL active region designs investigated. Beside thetoygpwer, the maximum working temperatwé
the devices grown with Gal was highm®r more than 1K (data not shown).

It has been argued previously that the lesklimpurities in a THz QCL will influence the scattering and
unintentional tunneling within the devicas well as affecting the lifetimesof the laser levels and the electron
injection efficiency [11].It is not easyto evaluate quantitatively the microscopic mechanism occuimifigiz QCLs,
especially the influencef lifetimes on the lasing. However, the global transit time.{) of the electron across a
period of the active regiomt resonanceanbe experimentally determing®, 21, 23, 24]. As shownin Fig. 4(b),we
observed a significant decreaskerransin the QCLs grown with Gal, which gave far higher performance.

Growth of THz QCLsis both costly and time-consuming, taking oaettay per sampldn additionto calibrating
the precise thicknesses/compositiaighe layers, and achieving growth reproducibilitycan be seen thatt is also
essential thathe materialgrown is of the highest quality, with low levelsf background impurities. In our worlye
use unintentionally doped bulk GaAs layassa techniqudor assessing the background carrier concentratiothe
MBE system.In contrast, Beeret al. have used theg4 K mobility of high electron mobility transistors (HEMT)
as a gaugeo evaluate the material quality, and have correlated this @@h device performance [11], observing
that the higher the electron mobility, the better the performance.tddfisique does, though, require acdesew
temperature characterization equipment, and the low-temperatfmenmeceof HEMTs is itself strongly dependent
both on the device structure and growth conditions. Whether trithe more straightforward assessmeibulk
GaAs, is the better wayor settingup an MBE systemfor QCL growth remain$o be determined, buit is clear that
some technique neettsbe usedto maximize the yield of high-performance QCL wafers.



4.3 Effectsof device fabrication

Figure 5 shows the dependencisthe measured peak output powers ridge area (L x w)for ascleaved
devices, fabricated from two different QCL wafers based-BTC-RP and MQW-LO designs. The measurements
were performedht a heat sink temperatud 10 K. Regardles®f the active region design, the device peak output
power scales almost linearly with the ridge area. For dewiithan M-BTC-RP design, peak output powers g to
~780mW were obtained from a single faderr 1.56 Wif it is assumed that the same povieradiatedfrom both
facets), whilstfor devices from the wafewith an MQW-LO design, peak output powerf up to ~375 mW were
achieved from a single facet (730W from both facets)In principle, further increaseds ridge area will leado
even higher output powers. However, there is a todfdas the heat dissipation also increases.

To increasehe emitted power from a single facet further, a high-reflectivity (H8jting can be appliedto the
opposite facet [25]. SiP150 nm)/Ti(10 nm)/Au(150 nm)/SKR0O0 nm), depositedy an electron beam evaporator,
was usedsHR coatingfor our work. Figure 6 showshe LIV characteristicsof two test devices with, and without,
facet coatingat 10 K. The maximum peak output power from a single facet increased frorm27%without HR
coatingto a maximumof 375 mW with facet coating, correspondiig an increaseof ~35%. In addition, with facet
coating, theres ~10% decreasm the threshold current density. This daattributedto the fact that the output power
and threshold current density depamdthe facet reflectivity through the mirror losses. Using #tistegy,we have
demonstrated THz QCLs with a peak output power ~1.01 AO(K) from a single facet [6].

4.4 Results of high power devices

Figure 7 shows the typical LIV characteristacsa functionof heat sink temperatuief two devices with the same
dimensionof 3 mm x 425 um. They were fabricateftom wafers from different growth campaigns. Taking the total
light emitted from both facets into account, maximum peak output powéngp to 1.56 W and 1.34 Wat 10 K
were obtained. Eveat~77K, they still delivered peak output powers~0.8W. The devices operatéd a frequency
rangeof 3.1 — 3.4 THz (see insets) anglith maximum heat-sink temperatures 123 K and 118K, respectively.
Thereis a slight discrepancy between the output power le¥aisn these two devices, which probably results from a
slightly different injector doping levelasreflectedby the different device threshold current densities. Neverthdhess,
performanceof the two devicess very similar, providing further evidence thain-to-run growth reproducibilitcan
be achieved through carefpte-growth calibration and growth monitoring using pyrometric speoétry.

5. Conclusion

We have reported the MBE growth and realizat@inGaAs/AlGaAs THz QCLs with Watt- level optical output
powers. This reflects a precise contafl layer thickness/alloy composition during growth, a high netepiality,
and optimized device fabricatio®y using pyrometric spectrometrwe demonstrated that precise layer thickness
control aswell as runto-run reproducibilityof THz QCLsis feasible.We also showed that QCL performandg
very sensitiveto the background material qualitpf the GaAs. With appropriate active region design, and
optimized injector doping and device fabrication, reproducible pigitiormance devices with total optical output
powersof upto 1.56 Wfrom both laser facets were demonstrated.
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high purity, but Ga2 wasknown to be contaminated and hence ti@&As was of lower quality. The total neunintentional
background doping level from both cells was, however, £@“4cm® (p-type)— rather less than the intended injector doping levels.
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Fig. 5. Dependenciesf the measured peak output powengidge area (L x w) foascleaved devices. The devices were fabricated
from two different QCL wafers which have M-BTRP and MQWLO active regions designs. The output powers were recorded
from a single facetanddonotinclude any correctiort® account for the measurement system.
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Fig. 6. LIV characteristicsof two test devices (1.8nm x 325 um) with, and without, facetoating. The active regios based
on the M-BTCRP design. The output powerasrecordedfrom the front facet.
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Fig. 7. Typical LIV characteristicef two ascleaved devicewith the same dimensiasf 3 mm x 425 um (ridge areeof 1.28 mn¥).
The devices were fabricated from wafers grown durigifferent growth campaigns, i.e., (@) May 20, 2013 and (bpn March
11, 2014. The outputpowersin this figure account for radiation from both laser facets. Insets: lasing spectdiffévent

device current densitieg 10K.
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