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Abstract: Graded-interfaces modeling unveils key features of high-power, high-efficiency
quantum-cascade lasers (QCLs): direct resonant-tunneling injection from a prior-stage, low-
energy state into the upper-laser (u!) level, over a wide (~50 nm) multiple-barrier region;
and a new type of photon-induced carrier transport (PICT). Stage-level QCL operation
primarily involves two steps: injection into the ul level and photon-assisted diagonal
transition. Furthermore, under certain conditions, a prior-stage low-energy state, extending
deep into the next stage, is the ul level, thus making such devices injectionless QCLs and
leading to stronger PICT action due to quicker gain recovery. Thermalization within a
miniband ensures population inversion between a state therein and a state in the next
miniband. Using graded-interfaces modeling, step-tapered active-region (STA) QCLs
possessing PICT action have been designed for carrier-leakage suppression. A preliminary
4.6 pm emitting STA design of a metal-organic chemical-vapor deposition (MOCVD)-
grown QCL led to an experimental 19.1% front-facet, peak wall-plug efficiency (WPE). Pure,
diffraction-limited beam operation is obtained at 1.3 W CW power. A low-leakage 4.7 pym
emitting design provides a projected 24.5% WPE value, considering MOCVD-growth,
graded-interface interface-roughness (IFR) parameters, and waveguide loss (& ). The
normalized leakage-current density, Jieax/Jin, is 17.5% vs. 28% for the record-WPE 4.9 um
emitting QCL. Then, when considering the IFR parameters and o, values of optimized-
crystal-growth QCLs, Jieak /Jin decreases to 13.5%, and the front-facet WPE value reaches
33%, thus approaching the ~41% fundamental limit. The potential of graded-interfaces
modeling to become the design tool for achieving room-temperature operation of terahertz
QClLs is discussed.

Keywords: graded-interfaces modeling; prior-stage injection into upper laser level; in-
jectionless quantum cascade laser; photon-induced carrier transport; interface-roughness
scattering; thermally activated shunt-type carrier leakage; high wall-plug efficiency; tera-
hertz quantum cascade laser

1. Introduction

Recently, by employing a non-equilibrium Green’s functions (NEGF), graded-
interfaces model modified for the multiband case of mid-infrared (IR)-emitting QCLs [1],
we were able to reproduce, for the first time, the electro-optical characteristics of record-
performance 4.9 um and 8.3 um emitting QCLs [2,3]. The interface-roughness (IFR)
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parameters at various interfaces were deduced from measured values and trends found
via atom-probe tomography (APT) analysis of a 4.6 um emitting QCL structure of vary-
ing active-region barrier heights [4]. The employed IFR parameters’ values were further
validated by sensitivity analyses of the devices” performances to variations in graded-
interface IFR-parameters values [1]. We found that, despite the record-high, front-facet
wall-plug efficiency (WPE) values [2,3] (i.e., 27% and 17%, respectively), there is a signifi-
cant normalized leakage-current density, Jieak/Jth, of ~28% and ~23%, primarily because
of IFR-triggered, shunt-type leakage through high-energy active-region states [5,6]. Then,
the graded-interfaces model, besides allowing us to understand how high-power mid-
IR QCLs work, becomes a design tool for mid-IR QCLs of even higher performances
by suppressing carrier leakage via the step-taper active-region (STA) design [7]. For
instance, we designed [1] an 8.1 pm emitting STA QCL of substantially suppressed
carrier leakage, which provided a front-facet wall-plug efficiency value of 22.2%; thus,
a value close to the 25% upper limit for ~8 um emitting QCLs [6]. Notably, analyses
of high-resolution X-ray-diffraction spectra of QCL structures grown by metal-organic
chemical-vapor deposition (MOCVD) [8-10] have indicated no significant changes in
layer thicknesses and/or compositions across the entire QCL core region. Therefore,
graded-interfaces modeling is a valid design tool for both molecular-beam epitaxy (MBE)-
and MOCVD-grown QCL structures.

It should be pointed out that APT analysis of the MOCVD-grown AllnAs/GalnAs in-
terfaces of specific 8-9 um emitting QCL structures [8,11] did reveal that the interfaces were
asymmetrically graded and that there was excess indium (In) at the AlInAs-to-GalnAs inter-
faces. Both features were primarily attributed to In segregation, while the grading was also
partially attributed to hydrodynamic dispersion in the reactor. The authors did not use those
APT-found interface gradings for device design. Instead, by using in-house historically
measured QCL electroluminescence wavelengths, a symmetric graded-interface full-width
value was empirically determined [11], using the error-function definition [12], which
was successfully employed to explain the relatively large (0.5-1.0 pm) lasing-wavelength
redshifts for lattice-matched QCLs between abrupt-interface designs and experiment [8,11].
Those lasing-wavelength redshifts are somewhat like the relatively small (0.2 um) redshift
we found [1] between abrupt- and graded-interfaces, strain-compensated 8.3 um emit-
ting QCL designs. In addition, by considering the deduced empirical graded-interface
width for device design, high-performance 7.5 um, 8 um, and 8.5 um emitting QCLs were
achieved [8,11,13]. However, the graded-interface IFR-scattering parameters could not
be extracted via APT. Thus, one could not employ graded-interface IFR scattering for
designing QCLs of even higher performances.

Here, we describe the injection mechanism into the upper-laser (ul) level at work
in record-high performance mid-IR QCLs operating at room temperature. That is,
we discuss sequential resonant-tunneling injection from prior-stage, low-energy states
into the ul level, over wide (~50 nm) multiple-barrier regions, for two different cases:
(a) from threshold, and (b) from the resonance point with the first injecting state. For
the latter, the prior-stage energy state is the ul level from threshold up to its resonance
with the next-higher-energy state; thus, over that drive-level range, the device is an
injectionless QCL. Both behaviors strengthen the photon-induced carrier transport (PICT)
action in high-power mid-IR QCLs, which we show to be quite different compared to
the PICT action previously modeled [14,15] for low-power, mid-IR QCLs operating at
cryogenic temperatures.

Then, we present STA-QCL designs, possessing PICT action, for devices emitting
at 4.6—4.7 pm wavelength, and the results such obtained. By using a preliminary design
that employs the graded-interface IFR parameters measured via APT of MOCVD-grown
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STA-QCL structures [4], we experimentally obtain a front-facet, maximum WPE value
of 19.1%, which is the highest such value reported to date for MOCVD-grown QCLs as
well as the second-highest front-facet WPE value reported to date for any QCL operating
at room temperature. Excellent agreement is obtained between theoretically predicted
and experimentally obtained electro-optical characteristics, thus validating our model.
Further design optimization, for substantially reducing the Jj,x/Ji value, results in a
MOCVD-growth 4.7 pm emitting device of projected 24.5% maximum front-facet WPE
value. Subsequently, by considering the graded-interface IFR-parameter values [1] and the
low waveguide-loss value [2] obtained from 4.9 pm emitting QCLs grown by optimized
gas-source molecular-beam epitaxy (GSMBE) [2], the low-leakage, 4.7 pm emitting STA-
QCL design provides a maximum front-facet WPE value of 33%; that is, a value higher than
the current record front-facet value (i.e., 27 %) and approaching the fundamental upper
limit of ~ 41% for ~4.7 um emitting QCLs [6].

Finally, in the Section 5, we briefly discuss the potential of graded-interfaces modeling
as the design tool for achieving terahertz (THz) QCL operation at room temperature.

2. Injection Mechanism

Zoomed-in portions of the conduction-band diagram and wavefunctions relevant as
far as which energy state is the ul level, at threshold, are shown in Figure 1a,b for the record-
performance 8.3 um emitting QCL [3] and for a 4.7 pm emitting STA-type QCL (discussed
below in Section 4.2.2), respectively, modeled with graded interfaces and possessing PICT
action. For the 8.3 um emitting device the prior-stage, low-energy states 2 and 2/, located
just below the lower-laser (lI) level, state 3, are the same as the stage-of-interest energy
states g3 and 4, respectively (see Figure 1a), as confirmed by the fact they have identical
sheet-carrier density and electron temperature (e.g., the electron temperature at threshold,
Te th, in the 2’ /4 state is 445 K). State 4 was found [1] to be the ul level. The reason why
state 4 is the ul level, rather than state g3, is because the differential gain (in the absence
of carrier leakage) [6] is 1.3 times higher for the 4-// transition than for the g3-II transition.
More specifically, the key part of the differential-gain expression is the so-called figure
of merit, Tup,gn Zn,Hz, where Typ ¢ n is the global ‘effective’ lifetime [7] characterizing all
transitions between a high-energy active-region (AR) energy state 7, and all low-energy
AR states, and z,, jj is dipole-matrix element characterizing the transition between state n
and the Il level. For the 8.3 um-emitting QCL the figure of merit is 1.2 times higher for state
4 than for state g3. Thus, the 4-II transition is the one favored to lase.
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Figure 1. Zoomed-in conduction-band diagram and relevant wavefunctions, at threshold: (a) 8.3 pym
emitting QCL [3], for which injection occurs from a prior-stage energy state, state 2, into the ul level,
state 4; and (b) 4.7 pm emitting STA-QCL design (see Section 4.2.2), for which state 2/g3 both injects
into state 4 and it is the ul level (see text for details).
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The ul-level wavefunction extends deep to the left and slightly penetrates the prior
stage, while the state 2/g3 wavefunction penetrates deep (~50 nm) into the stage of interest.
We conclude that states 4 and 2 are delocalized due to resonant tunneling through ~8 barri-
ers, and that there is resonant-tunneling injection, in the presence of scattering [16], from
state 2 into the ul level, over an ~50 nm wide region. That is, the indicated “exit” barrier is
not the extraction/injection barrier into a next-stage state, since extraction/injection occurs
over ~8 barriers. For the 8.3 um emitting device resonant-tunneling injection, at threshold,
happens when, at a field Fy, =43.2kV/cm, levels 2 and 4 are 8.9 meV apart, while resonance
occurs at 1.76 x threshold, at a field of 45.5 kV/cm, where the energy splitting is 6.6 meV.
That is, to start with, the QCL has moderately strong coupling. The first analyses of PICT
action in QCLs [14,15] had the injector ground state being identical with the ul level; that is,
the injecting state and the ul level were degenerate. Besides injection and lasing transition,
in those cases, carrier transport also involved two other steps: tunneling from the /I level
of the prior stage into an injector-miniband state, followed by electron scattering down
to the injector ground state/ul level. By contrast, in high-performance mid-IR QCLs with
PICT action, for which at threshold the injected-in state is the ul level, there is only injection
into the ul level, from a prior-stage low-energy state, followed by the lasing transition and
thermalization from the /I level to the next injecting state.

For the 4.7 pm emitting STA QCL (Figure 1b), the injection scheme is the same:
resonant-tunneling injection from a prior-stage low-energy state, state 2, into state 4 over
an ~50 nm wide region. However, the differential-gain value for the 2/g3-ll transition
is found to be twice that for the 4-I transition. (in this case the figure of merit for state
g3 is 1.85 times higher than that for state 4, since the g3-II transition is strongly diagonal
(i-e., Tup,gg3 18427 ps and zg3 11 is 0.62 nm)). Then, state 2/g3 is the ul level at threshold and
continues to be the ul level up to and at the 2/g3-4 resonance, at 1.8 x threshold. Beyond
1.8 x threshold state 4 becomes the u! level and remains so up to laser shutoff. Similar
behavior was observed [1] for the 4.9 um emitting record-WPE QCL [2]; in that, state g4
was found to be the ul level up to and at the resonance with state 4, at 1.4 x threshold,
beyond which state 4 was found to be the ul level.

Direct resonant-tunneling injection into the ul level, at threshold or at some point
above threshold, is fundamentally different than injection into the u! level in conventional
mid-IR QCLs. That is, for the latter, after electrons are extracted through the prior-stage exit
barrier, they cool down via scattering to the injector ground state, g, and lasing starts at a
higher field when, upon resonant-tunneling injection from state g into the ul level [17], the
states align to reach the necessary detuning for lasing action [17,18]. Furthermore, in the
case of direct injection into the ul level at threshold, the injecting state and the ul level reach
resonance relatively close above threshold [1], unlike in conventional QCLs for which the
g-ul resonance is reached high above threshold at the maximum current density, /max. By
contrast, for direct injection, after the 2-ul resonance point, there is sequential injection into
the ul level, with Jmax typically occurring at the g;-ul resonance. For example, for the 8.3 pm
emitting QCL after the 2/g¢3-4 resonance at the 1.76 x threshold, there is resonant-tunneling
injection over ~8 barriers from state g, into state 4, up to their resonance at 3.75 x threshold
(Figure 2a), followed by resonant-tunneling injection over ~8 barriers from state g; into
state 4, up to their resonance at [max (Figure 2b).
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Figure 2. Zoomed-in conduction-band diagram and relevant wavefunctions for 8.3 um emitting
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QCL [3]: (a) at the resonance point between the injecting state g, and the ul level, at 3.75 x threshold
(7 meV splitting); and (b) at the resonance point between the injecting state g; and the ul level, at
4 x threshold (7.5 meV splitting) where the device shuts off (i.e., Jmax is reached).

3. Photon-Induced Carrier Transport in High-Performance Mid-IR QCLs

We analyze the 8.3 um emitting QCL, since out of all devices studied in Ref. [1], it has
the simplest lasing transition at threshold, that is, primarily from the ul level to one Il level,
level 3. The entire band diagram for the 8.3 um emitting QCL is shown in Figure 3. As
pointed out above, injection occurs into the ul level, state 4, from the prior-stage low-energy
state, state 2. The lasing transition occurs between states 4 and 3. That corresponds to
a strong diagonal transition of a relatively low matrix-element value, z43 = 13.7 A. The
corresponding lifetime, 143, has a value of 2.56 ps, while the global ul-level lifetime, Tulgs is
0.99 ps. The Il level is depopulated both by extraction to state 3’ as well as by relaxation,
via LO-phonon and IFR scattering, to levels 2, 2/, 2”, 1" and 1, which provides a low
global Il-level lifetime 1y 4 of 0.12 ps. Assuming an extraction lifetime [15] of ~0.5 ps, the
effective ll-level lifetime is ~0.10 ps. Thus, we have the main ingredients for strong PICT
action: (a) fast depopulation of the Il level, followed by strong-coupling injection into the
next-stage ul level, which together ensure quick gain recovery; and (b) strong diagonal
transition, which ensures photon-assisted tunneling [14,15]. The latter reduces the transit
time. As a result of PICT action, the differential resistance, Ry, value is 60% that for a
conventional QCL of same pumping area [1], and the [max value is 17% higher than that for
a conventional QCL of same sheet-doping density [1].

Figure 3. Schematic representation of photon-induced carrier transport for the 8.3 pm emitting
QCL [3]. The orange arrow indicates a strong diagonal lasing transition.
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This PICT action is quite different compared to those found for previously studied
mid-IR QCLs [15,19,20]. The first in-depth study [15] was of devices operating at 30 K,
which had the following features: the lI-level depopulation was ensured via extraction
to the next stage; carrier transport occurred through a superlattice region down to the
injector ground state, which was also the ul level (in effect strong coupling occurred);
and a strong diagonal transition. The second study [19] involved a device operating at
room temperature [21,22], which, for frequency-tuning purposes, had on purpose weak
coupling between the injecting state and the ul level, ensuring a moderately high Rgi¢
value [6], as required for efficient tuning of the lasing wavelength by varying the drive
current. However, the device had a diagonal lasing transition in the active-region portion
beyond the injection barrier, which ensured photon-assisted tunneling [19,21]. Thus, for
that device PICT action involved only the photon-assisted tunneling associated with the
lasing transition. Similarly, for a device designed for high-WPE operation at cryogenic
temperatures (40-80 K) [23], for which there was weak coupling to the ul level and a
diagonal transition beyond the injection barrier, PICT action was identified [20] at 40 K, as
a decrease in the Ry value when lasing action was considered.

A schematic representation of PICT action in high-performance mid-IR QCLs, for
which the injected-in state at threshold is the ul level, is shown in Figure 4. After injection
from a prior-stage energy state into the ul level, a strong diagonal transition occurs from
the ul level to the Il level. The Il level is depopulated to all energy states below it, as well,
by extraction to the next stage. An energy state situated below the Il level is the state
injecting into the ul level of the next stage. Thus, unlike in Ref. [15], in this case, gain
recovery is primarily limited only by the injection time into the u! level. Of course, for QCLs
for which, at threshold, the injecting state is also the ul level (Figure 1b), the schematic
representation in Figure 4 applies only above the resonance point between the injecting
state and the injected-in state. However, PICT action occurs from threshold, like for the
initial PICT-action QCL [14,15], for which the injector ground state was also the ul level.

Prior

Stage
ull

inj

1l

» ext

ull

" Next
Stage

ext

Figure 4. Schematic representation of PICT action in high-power, high-efficiency mid-IR QCLs when
there is injection at threshold into the ul level. The red wavy arrow indicates the lasing transition.

Furthermore, when the injecting state is also the ul level, the only time delay for gain
recovery is the depopulation time of the Il level, that is, a very short time (<0.1 ps), ensuring,
as we shall see, even stronger PICT action. In addition, the QCL stage-level operation
becomes even simpler than that sketched in Figure 4: a lasing transition, followed by II-level
thermalization to the next-stage ul level; that is, the device is an injectionless QCL.

These are simple pictures, but they raise the question of how the injecting state
and/or the ul level are/is populated. For that purpose, we plot first, at threshold (i.e., at
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43.2 kV/cm), the wavefunctions for the prior-stage low-energy states and the high-energy
states in the stage of interest (Figure 5a). These wavefunctions form a “de facto” miniband,
since there are strong resonant extractions [1] between states 3 and 3’ (16.7 meV splitting
energy at 43 kV/cm), states 2 and 2’ (6.6 meV splitting energy at 45.3 kV/cm), and states
2 and 2" (12.4 meV splitting energy at 39.7 kV/cm). Thus, the carrier transport is basically
like that in the miniband of bound-to-continuum QCLs [24].
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Figure 5. The 8.3 um emitting QCL [3] at threshold (43.2 kV/cm): (a) wavefunctions for the low-
energy states in the prior stage and the high-energy states in the stage of interest; and (b) normalized
sheet-carrier densities in the miniband.

Then, in Figure 5b, we show the normalized sheet-carrier density for each energy
state, at threshold, as obtained from NEGF modeling. The sheet-carrier distributions reflect
thermal excitation via LO-phonon and IFR scattering from the ground state, g, to higher
energy states as well as the subsequent thermalization. The thermalization is faster than the
extraction from within the miniband (which is mainly controlled by the injection time into
the ul level and the leakage through high-energy states [1] from the u! level and state g3), as
evidenced by the fact that the energy-states occupation factor decreases with increasing
energy. Thus, there is no population inversion between the miniband states. However,
since the population of the ul level (state 4), 1, is higher than the population of the Il level
(state 3), ny, there is population inversion between state 4 of the shown miniband and state
3 of the next miniband in the stage of interest (see Figure 3). For example, for the 8.3 um
emitting QCL the n,; and ny; values are found to be 6.2 x 10° em~2 and 3.2 x 10° cm 2,
respectively. That is, the population inversion needed for lasing is automatically set up,
at threshold, by the distribution of sheet-carrier densities within a given miniband. For
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devices for which state g3 is the ul level at threshold, the population inversion occurs
between state g3 of the miniband, and state 3 of the next miniband.

Note that, previously, we used [1] the sheet-carrier densities in states g through 4, as
well as their respective electron temperatures, for calculating the shunt-type carrier-leakage
currents through the high-energy states 5 and 6. The sheet-carrier densities in states 3 and 3’
are not relevant as far as carrier leakage, since their wavefunctions have negligible overlap
at well/barrier interfaces with the state-5 and -6 wavefunctions.

4. STA-Type 4.6-4.7 um Emitting QCLs with PICT Action

The analysis [1] of record-WPE mid-IR QCLs [2,3] has uncovered that they both have
PICT action, as well as relatively high normalized leakage-current density, Jje.x/ /1, values:
23-28%. Therefore, we proceed to use the graded-interfaces NEGF model in conjunction
with conduction-band engineering for suppressing carrier leakage in order to raise the
WPE values of 4.6-4.7 um emitting QCLs close to fundamental upper limits [6].

Since carrier leakage is dominated by IFR-triggered leakage [1,5], we show, as an
example, the expression for the IFR leakage-current density [5] from the u! level through
the high-energy state 5:

LO,IFR,AD

FR - eny Ts ot I Es i _ Esu 1
Jieakut,5 = LIFR _LO,IFRAD 'mm\ g — ) P " r (1)
5,ul 5 leak eul eul

where the IFR backscattering rate from state 5 to the ul level is given by the following [1]:

1 A?mg 1 Es 41
—x = A Fmeuexp (—M Y ALV 93 (zi) g (1) @
5,ul i

where m, , is the effective mass in the ul level, §V; is the conduction-band offset at the ith
interface, and ¢s5(z;) and ¢ (z;) are the state-5 and ul-level wavefunction amplitudes at
the ith interface. Es5 ;) represents the energy difference between states, and A is taken to
be the same at all interfaces, as found to be primarily correct from APT analysis [4]. F is
scattering-rate reduction factor due to graded interfaces. Note that, unlike in Ref. [1], for
more accurate calculations [1], we consider the energy-dependent effective mass of the
transition’s final state.

From Equations (1) and (2), it is clear that in order to suppress leakage: (a) the E5
value should be maximized; and (b) the sum of probability products at interfaces between
the ul level and high-energy state 5 (i.e., 92(z1)9%,(z:)), a quantify we call [5] Interface

Overlap Factor (IOF), should be minimizeld.

The STA design approach [7], that is, barrier heights and well depths increasing
stepwise (downstream) in the optical-transition region, satisfies both conditions for carrier-
leakage suppression (i.e., high Es5; values [7] and low IOF values [5]). Therefore, we
proceeded to design 4.6—4.7 um emitting STA-type QCL with PICT action.

4.1. Preliminary-Design 4.6 ym Emitting STA-QCL with PICT Action

The design was performed by taking into account the IFR parameters found via APT
for our MOCVD-grown 4.6 um emitting STA-QCL structures [4]: A values of 0.14 nm at
moderate-strain Alg g5Ing 35As barriers’ interfaces, and 0.2 nm at highly strained (i.e., 1.3 nm
thick AlAs) barrier interfaces, A = 6 nm and L = 0.55 nm, where A is the root-mean square
height; A is the in-plane correlation length, and L is the graded-interface width. A value
of 0.1 nm was chosen [1] for the axial correlation length, A | . In addition, the trend in A
values found in Ref. [4]; that is, the A value increases with increased strain in the AlInAs
barriers, was considered.
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The conduction-band diagram and relevant wavefunctions are shown in Figure 6. The
device is an STA-type QCL since, in the optical-transition region, there are two moderate-
height barriers (Al goIng 40As and Alg g5Ing 35As) followed by a tall, 1.2 nm thick barrier
(AlAs). As a result, at threshold, the relevant energy difference, Esy, is 132 meV, a value
higher than that for the linear-tapered 4.9 um emitting record-WPE QCL [2] at threshold [1]:
114 meV. In this case, state 4 is the ul level at threshold. The splitting energy at the g3-4
resonance (76 kV/cm) is 8.8 meV; thus, there is strong coupling. In addition, the device
has a strong diagonal lasing transition (i.e., zy = 8 A). However, the energy state g4 is a
parasitic one, which, as we shall see below, causes significant additional carrier leakage.

22

[ 70.5 kV/cm

-15 -10 = 0 5 10 15 20 25 30 35
Distance (nm)

Figure 6. Conduction—band diagram and relevant wavefunctions for 4.6 um emitting preliminary-
design STA-type QCL, at threshold, calculated with MOCVD—growth IFR parameters [4]. States
4 and g4 are the ul level and a parasitic state, respectively.

MOCVD-grown wafers, with a nominal injector sheet-doping density, ng, of
1.04 x 10" em~2, were processed into 20 um-wide, high-reflectivity (HR)-coated back
facets, and 3 mm-long ridge-guide devices. As pointed out in Ref. [1], the devices
provided the following electro-optical characteristics: Jg, = 1.25 kA/cm?; slope effi-
ciency, ng =4.65 W/A; Rgir = 1.3 (); and front-facet maximum wall-plug efficiency,
Nwp,max = 17.8%. PICT action was achieved since the Rgi¢ value (i.e., 1.3 ()) was sig-
nificantly smaller that the value for conventional QCLs of same pumped area (2.33 Q2),
and the maximum current density, /max, had a high value of 5.9 kA/ cm?. Good fits to
experimental values [1] were obtained for a waveguide loss, &y, of 1.56 cm 1, a rather
high value, justified by the fact that the high [max value indicated inadvertent injector
overdoping. Indeed, in order to obtain that [max value, an ng value of 1.3 x 10! em~2 had
to be used in modeling. Nevertheless, the excellent agreement found between experiment
and theory [1] confirmed the accuracy of both the graded-interfaces model and the IFR
parameters’ values obtained from the analysis of APT results.

The Nwp,max value (i.e., 17.8%) was lower than for GSMBE-grown 4.9 um emitting
ridge-guide QCLs with PICT action [2] (i.e., 25%). To realize why that happened, one has
to look at the nyp max expression [25]:

Nyhv
Nwpmax o (1 _ heak)”]tr Xm (1 . Jin > |4 (3)

Jin Ky + &y Jwpm ) qVwpm

where 74, is the lasing-transition efficiency, Jwpm is the current density at the nyyp max point,
Np is the number of periods, hv is the photon energy, and Vpm is the voltage at Jwpm. Part
of the reason is that significant carrier leakage occurs for this preliminary design, as shown
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below in Figure 7. The overall [,k /i value is 23%, with leakage from the parasitic state g4
through high-energy states 5 and 6, amounting to 11.5% (i.e., half the total leakage). Since
Jieak/ Jin for the 4.9 pm emitting ridge-guide QCL is [1] ~25%, the 1-Jjeqx /Jin term value is
similar for both devices, as a result of the large parasitic-state leakage for this design. Then,
given that the [y, /Jwpm values are basically the same (i.e., ~0.3), the main reason behind
the lower Nyp max value is the higher a;, value (i.e., 1.56 em 1 vs. 0.75 cm ™! for the 4.9 pm
emitting ridge-guide QCL [25]). Indeed, the ratio of the quantities a;, / (ay, + &) for the
two devices is 1.27, accounting for most of the 1.4 ratio of the nyp max values. The rest of
the difference comes from the ratio of the Vyypm values being ~ 1.1, primarily since the
threshold voltage is ~10% higher (i.e., 13.3 V vs. 12 V).

25

4.6 umSsTA-Ridge 4 = 5
MOCVD IFR s, — 5
20 Temn ™ 664 K -9~ 5 -
~ . — o
£ . — ©
X
S5t s -9;= 6
s
5
)
S0l
]
X
[
[0}
—
50
IFR+LO LO LO-only from 4

Figure 7. Bar graphs of the components of the normalized leakage-current density through the active-
region energy states 5 and 6, for the preliminary-design 4.6 um emitting STA-type QCL modeled
with MOCVD-growth IFR parameters [4]. LO and LO-only from 4 stand for leakage triggered only
by LO-phonon scattering in the presence of elastic scattering, and leakage from only the ul level, state
4, in the absence of elastic scattering, respectively. State g4 is a parasitic state.

The grown QCL material was further processed into 5 mm long buried-heterostructure
(BH) devices with HR-coated back facets and 10% reflectivity front-facet coatings, for 6 pm
and 5 um wide buried ridges. The electro-optical characteristics for a 6 um wide BH-ridge
device are shown in Figure 8a,b, together with the theoretically derived characteristics.
The &y, value, from matching experimental data, was found to be 1.3 cm !, which makes
sense, since it is smaller than the ridge-guide value by 0.26 cm ™!, a quantity typical of
sidewall-scattering losses for ~20 um wide ridge-guide QCLs [25]. A maximum front-facet,
peak-pulsed wall-plug efficiency value of 19.1% is obtained. This value is higher than
the best front-facet results reported to date, at room temperature, from vertical-transition
(i.e., no PICT action) 4.6-5.0 pm emitting QCLs [26,27]: 15.1% and 14%, respectively.
However, the result is lower than the record value (i.e., 27%) obtained from the 4.9 um
emitting BH QCL [2]. We attribute the difference to two issues: (a) the difference in ay,
values (i.e.,, 1.3cm ™! vs. 0.5 cm™1), giving an ay, / (am + a) ratio of 1.29; and (b) the ratio
of the Vypm values is 1.08, since a higher Rg;¢ value (2.35 Q) reflects a pumped area 75%
that of the 4.9 um emitting BH QCL.

With further design optimizations, for low normalized leakage-current-density
(i.e., £10%) designs and optimization of the crystal-growth conditions for lowering the ay,
value, the maximum WPE value will significantly increase.

Under CW operating conditions, the 6 um wide BH-ridge devices provided 2.3 max-
imum CW power and 13.7% maximum CW wall-plug efficiency. However, the CW L-I
curve displayed kinks, indicating the excitation of high-order spatial modes.
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Figure 8. BH-type, HR/LR-coated laser fabricated from STA-QCL material of preliminary PICT-action
design: (a) the L-I-V and (b) the WPE-I curves. The solid curves are calculated curves.

For 5 um wide buried-ridge chips, we obtained pure diffraction-limited beams
(M? (x) = 1.06 and M2 (y) = 1.05) (Figure 9b), where x is the lateral direction, to 1.3 W
quasi-CW (100 us pulse, 2% duty cycle) output power; thus, at the same drive current value
the device reached 1.3 W CW (Figure 9a). That is, the device operated in a single spatial
mode to the maximum CW power.

STA-BH, A~ 4.6 pm, CW, 293K
14 {Spmx5mm
HR/LR-coated
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g HY =
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Figure 9. The 5 pm x 5 mm BH-type STA-QCL: (a) CW L-I-V curves; and (b) beam width vs. position
data and fitted curves used for calculating the beam quality factor, M2, in the lateral and transverse
directions, and an example beam profile 457 mm away from focus (inset).

We measured the beam quality factor, M2, following the procedure in ISO 11146-
1:2005(E) (ANSI), where beam width versus position data taken after a focusing lens is
fit to a parabola, and the fitting parameters are used to compute M? for each axis. The
5 um x 5 mm QCL was first collimated using a high-NA 0.8 mm focal length lens and then
focused using a parabolic mirror with 500 mm focal length. The beam size at the 4-sigma
points is measured on both axes at ~5 cm intervals as the camera is moved along the beam
path after the focusing mirror. Figure 9b shows the resulting data and an example beam
profile used for calculating the beam width. At the bias point corresponding to 1.3 W peak
QCW output power, we measured M? values of 1.06 for the x-axis and 1.05 for the y-axis.

4.2. Low-Leakage 4.7 ym Emitting STA-QCLs with PICT Action
4.2.1. Considering Current MOCVD-Growth IFR Parameters

An optimized design, considering our current MOCVD-growth IFR parameters men-
tioned above, was performed for eliminating parasitic states and increasing the Es4 and
Es g3 values. The device considered is a BH device, which, for comparison purposes, has the
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same buried-ridge dimensions, sheet-doping density, mirror loss, and heatsink temperature
as the 4.9 um emitting record-WPE QCL [2]: 8 um x 5 mm, 0.9 x 10! cm~2,2.26 cm™!,
and 298 K, respectively. The waveguide loss is calculated as follows [18]:

Ky = Cempty + Lty 4)

where aeypty is the empty-cavity loss; I' is the optical confinement factor to the core region;
and ay; is the core-material, nonresonant intersubband-loss coefficient, which is dependent
on the interfacial quality of the grown material [26]. For aeppty we take the same value we
calculated for the 4.9 um emitting record-WPE QCL: 0.16 cm~!. From the experimental fits
to ridge-guide devices [1] and BH devices (Figure 8), «;,, is found to be 1.7 cm ! when ng is
1.3 x 10 em~2. Since ay,y is proportional [28] with ng, for a 0.9 x 10 em—2 5 value, the
corresponding &y, value is 1.2 cm L. Then, using I' = 0.67, the ay, value is 0.96 cm L. The
deduced &y, value is consistent with the 1.05 cm ™! value we obtained from an analysis of
7.8 um emitting ridge-guide QCLs [29] of the same 75 value, thus confirming the accuracy
of its derivation.

The conduction-band diagram and relevant wavefunctions are shown in Figure 10.
In the optical-transition region, there are two moderate-height barriers (Alg 54Ing 46As and
Alg 70Ing 30As), followed by a tall, 1.2 nm thick barrier (AlAs), with corresponding A values
of 0.14 nm and 0.2 nm. The ul level is state 4, at threshold, just as found above for the 8.3 ym
emitting QCL (Figure 1a), except that the prior-stage, low-energy state 2’ corresponds to
state ¢3, while the next-higher-energy state, state 2”, corresponds to state 4. There is a
strong diagonal transition (i.e., zy; = 9.6 A).
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Figure 10. Conduction-band diagram and relevant wavefunctions for the low-leakage, 4.7 um
emitting design STA-QCL, at threshold, calculated with MOCVD-growth IFR parameters [4]. State
4 is the upper laser level.

The carrier-leakage bar chart is shown in Figure 11. Leakage occurs mostly from the
ul level, state 4, and somewhat from state g3. There is a more significant leakage from the
ul level than from state g3, since the u! level is hotter than that level (i.e., 654 K vs. 590 K);
is closer to state 5 than that level (135 meV vs. 147 meV); and has a higher IOF value, at
interfaces with state 5, than that level (1.63 x 10~# vs. 1.08 x 10~%). The overall Jieax/Jin
value is moderately low: 17.5%.
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Figure 11. Bar graphs of the components of the normalized leakage-current density through the
active-region energy states 5 and 6 for the low-leakage, 4.7 pm emitting STA-QCL design modeled
with MOCVD-growth IFR parameters. LO and LO-only from 4 stand for leakage triggered only by
LO-phonon scattering in the presence of elastic scattering, and leakage from the ul level, state 4, in
the absence of elastic scattering, respectively.

The calculated L-I-V and WPE-I curves are shown in Figure 12a,b. The Ry and
Jmax values are 1.8 Q) and 4.4 kA /cm?, respectively, indicating PICT action. However, the
Jmax value is significantly lower than that for the 4.9 um emitting record-WPE QCL [2]:
5.7 kA/cm?. The reason for this difference is due to two factors: (a) the dipole matrix
element is larger than for the 4.9 um emitting QCL, i.e., 9.6 A vs. 6.7 A, thus leading to
less lasing-transition diagonality and, in turn, weaker PICT action [1]; and (b) injection at
threshold into the ul level occurs from state g3, as opposed to from a higher energy state,
state g4, for the 4.9 pm emitting QCL [1]. Thus, since for both devices Jmax occurs at the
resonance between the ul level and a low-energy state, state gj, there is a smaller dynamic
range in field strength, from lasing threshold to Jmax, for this device than for the 4.9 pm
emitting QCL: 11.5 kV/cm vs. 18.3 kV/cm, resulting in a lower [max value.
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Figure 12. Low-leakage, 4.7 pm emitting STA-QCL design modeled with MOCVD-growth IFR
parameters: (a) L-I-V curves, and (b) WPE-I curve.

The threshold-current density, [y, is 1.32 kA/ cm?, virtually the same as for the GSMBE-
grown 4.9 um emitting record-WPE QCL [2]. The slope efficiency, ng, value is 5.69 W/A,
which is similar to the 5.72 W/ A value for the 4.9 um emitting QCL [2]. The reason the 1y
values are similar is that the lower ay, value for the GSMBE-grown vs. MOCVD-grown
devices (i.e., 0.5 cm~! vs. 0.96 cm™!) is basically compensated for by significantly lower
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normalized carrier leakage (17.5% vs. 28%). The Nwp max value is 24.5%, that is, somewhat
lower than the one for 4.9 um emitting QCL (27%). (The difference is due to the ratio of the
1-Jin/Jwpm values: 1.1.) Thus, with our current MOCVD-grown material, similarly high
Nwp,max Values can be obtained as for the 4.9 um emitting record-WPE QCL [2], since the
higher &, value is compensated for by carrier-leakage suppression.

4.2.2. Considering the IFR Parameters of Optimized-MBE-Growth Interfaces

Now, by using the graded-interface IFR parameters obtained in Ref. [1] for the 4.9 pm

emitting record-WPE QCL and the measured [2] &y, value of 0.5 cm !
1

, corresponding to an
ayr value of 0.5 cm ™", we calculate the characteristics for the low-leakage, 4.7 um emitting
QCL design. Figure 13 shows the conduction-band diagram and relevant wavefunctions.
The two moderate-height barriers and the tall barrier are the same as for the MOCVD-
growth case, except that the employed A values are 0.10 nm, 0.13 nm, and 0.17 nm, and L is
0.4 nm, just as for the 4.9 um emitting QCL [1]. In this case, as mentioned above, since the
injecting state, state g3, has significantly higher differential gain than state 4, state g3 is the
ul level, from threshold (see Figure 1b) to the g3-4 resonance at 1.8 x threshold. The Fy,
value is lower than for the MOCVD-growth device (i.e., 65 kV/cm vs. 67.5 kV/cm). The
Esy and Es g3 values have increased to 154 meV and 142 meV, respectively, as expected for a
lower Fy, value. This is in part responsible for a lower normalized leakage-current density.
The IOF values, at interfaces with state 5, for the ul level and state 4 are 0.64 x 10~ and
2.1 x 107*, respectively, vs. 1.69 x 10~% and 1.81 x 10~* for the linear-taper active-region
design of the 4.9 pm emitting record-WPE QCL [2]. That is, as shown in Ref. [5], the linear
barrier-height tapering for the 4.9 um emitting QCL leads to a high IOF value between the
ul level and the next-higher-energy level, state 5. The diagonal transition is much stronger
(i.e., the zy = 6.2 A) than for the MOCVD-growth STA-type device.
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Figure 13. Conduction band diagram and relevant wavefunctions for the low-leakage, 4.7 um
emitting STA-QCL design, at threshold, calculated with optimized-MBE-growth IFR parameters [1].
State g3 is the upper laser level.

The carrier-leakage bar chart is shown in Figure 14. There is much more leakage from
state 4 than from ul level, since state 4 is hotter than the ul level (i.e., 622 K vs. 548 K) and
closer to state 5 than the ul level (142 meV vs. 154 meV). As a result of higher Esy and Es g3
values and somewhat lower electron temperatures than for the MOCVD-growth case, the
overall [ieak /Jin value is quite low: 13.5%.
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Figure 14. Bar graphs of the components of the normalized leakage-current density through the
active-region energy states 5 and 6 for the low-leakage, 4.7 um emitting STA-type QCL modeled with
optimized-MBE-growth IFR parameters. LO and LO-only from g3 stand for leakage triggered only by
LO-phonon scattering in the presence of elastic scattering, and leakage only from the ul level, state g3,
in the absence of elastic scattering, respectively.

For a simple comparison to the carrier leakage in the 4.9 pm emitting record-WPE
QCL [1], we compare leakages only through state 5 (i.e., 9.5% vs. 17%). Leakages from the
ul level through state 5 are significantly different: 0.75% vs. 5%. This reflects both a higher
Es 1 value (i.e., 154 meV vs. 120 meV) and an IOF value 2.6 times smaller than for the
4.9 pm emitting QCL. As for leakages from state 4 to state 5, 8.5% vs. 11.5%, the difference
primarily reflects the higher Es4 value (i.e., 142 meV vs. 112.5 meV). Thus, the STA design
approach severely suppresses leakage from the ul level through state 5, and it suppresses
leakage from state 4 through state 5. The leakage through state 6 decreases from 11% to
4%. The net effect is basically halving the normalized leakage-current density compared
to that for the linear-taper active-region design employed for the 4.9 pm emitting QCL [2]
(i.e., 13.5% vs. 28%).

The L-I-V and WPE-I curves are shown in Figure 15a,b. The Rgjs and Jmax values
are 1.47 Q) and 4.9 kA/cm?, respectively, indicating stronger PICT action than for the
case with MOCVD-growth IFR parameters. This proves that, indeed, when a prior-stage,
low-energy state is the ul level, at threshold, the PICT action is stronger. The Jy, value is
1.32 kA/cm?, basically the same as for the 4.9 um emitting record-WPE QCL [2]. However,
the ng value is 7 W/ A, which is significantly higher than the 5.72 W/ A value for the 4.9 um
emitting QCL [2]. The 22% higher ng value is primarily due to the 20% increase in the
1 — Jleak/Jtn term value. Because the 774 value is found to be basically the same, i.e., 97%,
the internal differential efficiency [6], #; = (1 — Jieak/Jtn)4tr, reaches a value of 83%, which
is significantly higher than the 70% value obtained for the 4.9 um emitting QCLs [2].

Notably, although there is stronger PICT action than for the 4.9 pm emitting QCL
(i.e., a Rgj¢ value of 1.47 ) vs. 1.7 (3) due to a stronger diagonal transition (i.e., the z,
valueis 6.2 A vs. 6.7 A), the Jmax value is somewhat smaller than that for 4.9 pm emitting
QCL (i.e., 4.9 kA/cm? vs. 5.7 kA /cm?). The latter is a consequence of injection into the ul
level happening at threshold from state g3 rather than from the higher energy state, state
Qa, for the 4.9 pm emitting QCL [1]. That is, the dynamic range in applied-field strength,
from threshold to Jmax, is 16.9 kV/cm vs. 18.3 kV/cm for the 4.9 pm emitting QCL, which
explains the higher Jnax value. Notwithstanding, the significantly higher slope efficiency,
due to substantial carrier-leakage suppression, results in basically the same maximum
power value: 7.7 W vs. 8.3 W [2].
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Figure 15. Low-leakage, 4.7 pm emitting STA-QCL design modeled with optimized-MBE-growth IFR
parameters: (a) L-I-V curves; and (b) WPE-I curves including, for comparison, that for the 4.9 um
emitting QCL [2]. Reproduced from [2] with the permission of AIP Publishing.

The Nwp,max value is 33%, so it is a front-facet value that is significantly higher than
the record value reported for the 4.9 pm mitting QCL [2] (i.e., 27%). The values for the
terms (1 — J/Jwpm) and hv/Vypm in Equation (3) cancel each other out; thus, the relative
increase in the Nwp max value (i.e., 22%) reflects the 22% increase in the ng value. In the
limit of no leakage, with the terms 1 — Jiear/Jih and 1 — Ji, /Jwpm modified accordingly,
and assuming that the Vyypm value stays basically the same for small variations in Jieak /Jth,
which can be seen to be correct from the V-I plots above for the MOVCD-growth and
MBE-growth devices (i.e., 13.4 V), the ultimate nwp,max value is estimated to be 40.1%. We
ran the graded-interfaces NEGF model with cancelled carrier leakage by lowering the
allowed energy value so as to delete the high-energy states 5 and 6. Then, the maximum
Nwp,max Value is found to be 41.8%, slightly above our estimate, and interestingly, in good
agreement with a prior estimate of ~41%, at A = 4.7 um, for abrupt-interfaces QCLs [6]. We
conclude that, for 4.7 um emitting QCLs, the ultimate nyp max value is ~41%.

5. Conclusions

Graded-interfaces modeling has allowed for the uncovering of unique features of
high-performance mid-IR QCLs. First and foremost, injection into the ul level primarily
occurs from prior-stage energy states via sequential resonant tunneling in the presence of
scattering over wide multiple-barrier regions. This enables the quick gain recovery required
for devices with strong photon-induced carrier transport (PICT), the key design feature for
record-high WPE operation.

A notable exception is a device for which, at threshold, the differential gain is higher for
the transition involving the injecting state than for the transition involving the injected-in
state, in which case the injecting state is the ul level up to its resonance with the injected-in
state. Then, over that drive range, the device is an injectionless QCL, which leads to even
quicker gain recovery for PICT-action devices, since the only time delay is thermalization
from the I/ level to the next-stage ul level. This, in turn, leads to even stronger PICT action,
which explains why QCLs of the highest reported or projected WPE values are, at and close
above threshold, injectionless devices.

By using graded-interfaces modeling coupled with the carrier-leakage suppression
of the STA design, we obtain, from a preliminary-design 4.6 um emitting QCL, 19.1%
front-facet WPE, the highest WPE reported to date from MOCVD-grown QCLs. A low-
leakage, 4.7 um emitting STA design, employing MOCVD-growth IFR parameters and
waveguide loss, ay, provides 24.5% front-facet WPE, a value comparable to the record-
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WPE value reported from optimized-MBE-growth QCLs, since carrier-leakage suppression
compensates for a higher a;, value. Finally, the low-leakage design with optimized-MBE-
growth IFR parameters and «, values provides a 33% front-facet WPE, a value higher than
the current WPE record, approaching the ~41% fundamental limit at A = 4.7 um.

Recently, by optimizing their MOCVD crystal-growth conditions, Fei et al. [10]
have reported a measured a;, value of 0.66 cm~!, at similar sheet-doping density
(i.e., 0.95 x 10! cm~2) and number of stages (40) as for the GSMBE-grown 4.9 pm emitting
QCL [2], for a 4.6 um emitting conventional-design (i.e., no PICT action) QCL. That is, with
optimized MOCVD-growth conditions, a,, values quite close to the lowest value reported
from optimized-interfaces GSMBE-grown devices (i.e., 0.5 cm ™) can be obtained. Further-
more, by iteratively improving the graded-interfaces quality by optimizing the MOCVD
crystal-growth conditions in conjunction with APT analysis, in order to lower the oy, value,
&y values as low as 0.6 cm~! should be achievable. Then, by taking &, = 0.6 cm~1, the pro-
jected maximum WPE value at A = 4.7 um becomes 32%. From our experience with graded-
interfaces modeling of STA-type QCLs, we believe that the normalized leakage-current
density can be further lowered to the 8-10% range, thus allowing that MOCVD-grown
QCLs can also achieve maximum WPE values approaching the ~ 41% fundamental limit.

Graded-interfaces modeling is suitable for characterizing and designing most QCL
structures grown by MOCVD or MBE. A notable exception appears to be devices that have
atomic-species segregation, which causes relatively large, asymmetric graded-interfaces
widths for structures grown in specific reactors by either MOCVD or MBE [8,12]. Then, for
graded-interfaces modeling the design method used in [8,11] (i.e., employing measured
QCL electroluminescence wavelengths for deducing an empirical, symmetric graded-
interface width) is suitable only for obtaining the desired lasing wavelength. To date, only
superlattices grown without atomic-species segregation [4,12] have been successfully used
for measuring via APT all graded-interface IFR parameters, including relatively small and
symmetric graded-interface widths. Measuring all IFR parameters is critical to designing
devices of performances approaching fundamental limits, since the carrier leakage that
needs to be suppressed is dominated by IFR scattering [1].

While graded-interfaces modeling is clearly the design tool for high-power, high-
efficiency mid-IR QClLs, it also appears to hold great potential as the design approach for
realizing THz QCLs operating at room temperature (RT). The THz devices that hold the
current record for maximum operating temperature, Tmax [30], are tall-barrier, two-well
(TW) QCLs for which LO-phonon thermally activated carrier leakage has been substantially
suppressed. However, a recent NEGF-based study by Gower et al. [31] found that for nearly
identical, abrupt-interfaces TW designs grown in two different MBE reactors, although the
NEGF modeling approach predicts a similarly high Tax value (~250 K), the experimental
Tmax values were significantly different. Gower et al. further found that this discrepancy
can be justified by assuming different abrupt-interfaces A values, and that their finding
may in fact reflect different IFR-triggered, thermally activated carrier-leakage values at
graded interfaces. That is, with the significant increase in barrier height for TW devices,
the impact of graded interfaces on THz-QCL performance should not be neglected. This
is true especially since graded interfaces are likely to cause the wavefunctions of high-
energy active-region states to have high overlap-at-interfaces values with the ul level and
other states” wavefunctions, thus leading to shunt-type, IFR-triggered carrier leakage, just
like in mid-IR QCLs. Then, suppressing such carrier leakage by improving the interface
quality through iterative changes in crystal-growth conditions, while concurrently using
for redesign graded-interface IFR parameters obtained via APT, may well allow for the
long-sought goal of RT operation to be achieved.
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