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Abstract—By tailoring the active-region quantum wells and bar-
riers of 4.5-5.0-pm-emitting quantum cascade lasers (QCLs), the
device performances dramatically improve. Deep-well QCLs sig-
nificantly suppress carrier leakage, as evidenced by high values
for the threshold-current characteristic temperature 7, (253 K)
and the slope-efficiency characteristic temperature 77 (285 K),
but, due to stronger quantum confinement, the global upper-laser-
level lifetime 74, decreases, resulting in basically the same room-
temperature (RT) threshold-current density .J;;, as conventional
QCLs. Tapered active-region (TA) QCLs, devices for which the
active-region barrier heights increase in energy from the injection
to the exit barriers, lead to recovery of the 74, value while fur-
ther suppressing carrier leakage. As a result, experimental RT J;),
values from moderate-taper TA 4.8-1:m emitting QCLs are ~14%
less than for conventional QCLs and 7} reaches values as high as
797 K. A step-taper TA (STA) QCL design provides both complete
carrier-leakage suppression and an increase in the 7,, value, due
to Stark-effect reduction and strong asymmetry. Then, the RT J;),
value decreases by at least 25% compared to conventional QCLs
of same geometry. In turn, single-facet, RT pulsed and continuous-
wave maximum wallplug-efficiency values of 29% and 27% are
projected for 4.6-4.8-pm-emitting QCLs.

Index Terms—Lasers, quantum-well lasers, quantum wells
(QWs), semiconductor lasers, Stark effect.

I. INTRODUCTION

HE core region of conventional quantum-cascade-laser
(QCL) structures [1] is composed of a superlattice of quan-
tum wells (QWs) and barriers of fixed alloy composition, respec-
tively. This restriction, rooted in the fact that historically QCLs
have been grown by molecular-beam epitaxy (MBE), causes
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short-wavelength (4.5-5.0 ;m) devices to have relatively small
energy differences between the upper laser level and the top
of the exit barrier [2]: 150-250 meV, which, at room tempera-
ture (RT), lead to relatively high electronic temperatures in the
upper laser level [3]. In turn, conventional high-performance
QCLs emitting in the 4.5-5.0-ym range suffer from severe
carrier leakage, which manifests itself as low characteristic-
temperature 7y values (130-150 K) [4]-[7] for the threshold-
current density Jyj,, and low characteristic-temperature 77 val-
ues (140-170 K) [4], [6], [7] for the slope efficiency 7 over
wide heatsink-temperature ranges above RT. Since the core-
region temperature rise with respect to the heatsink temperature
AT, is a strong function of Ty and T} [2], the device heating
in CW operation is severe which, in turn, limits conventional-
QCL maximum wallplug efficiency 7y, max at RT to values of
<13% [8], [9], for single-facet emitted light, and is the main
reason why statistically relevant lifetest data exist only for low
(<0.2 W) CW powers [7].

The flexibility of the metal-organic chemical vapor deposi-
tion (MOCVD) and gas-source MBE crystal-growth techniques
allows one to vary at will QW and barrier compositions in the
QCL active regions (ARs). This permits advanced AR-design
optimization by using multidimensional conduction-band
engineering, in that the layer thicknesses and compositions are
varied independently. We have applied this concept by introduc-
ing [10] and demonstrating the deep-well (DW) design concept
via which carrier leakage is suppressed, as evidenced by sig-
nificantly increased 7 and 7 values: 253 and 285 K, respec-
tively [4], and the tapered-active (TA) design concept for DW
devices [11], [12], [42] which further suppresses carrier leakage
and thus led [13] to 77 values as high as 797 K. Bai et al. [14]
have obtained Tj and 7T} values of 244 and 348 K, respectively,
for 4.9-pm-emitting QCLs of moderately high injector doping
by using the so-called shallow-well design, which is in effect
a TA-type QCL design without deep wells [12], [13]. As a re-
sult, they achieved a record-high, single-facet, RT CW wallplug
efficiency: 21%, still short of predicted limits [15], [16] (i.e.,
~31%). Here, we review and analyze DW- and TA-type QCL-
device behavior, and present and analyze an optimized TA-QCL
design that leads to both complete carrier-leakage suppression
and an increase in upper-level lifetime. Then, projected AT,
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Fig. 1. Conduction band diagram and key wavefunctions for conventional
QCL emitting at A = 4.7 pm. The upper laser level is labeled as 4, while 5 is
the next higher energy state in the AR. 3, 2, and 1 are lower energy states in the
AR.

values at high drive levels above threshold are significantly
smaller than those for published QCLs, thus allowing for QCLs
to be able to reach RT CW 1)y, max values close to theoretically
predicted limits.

II. CARRIER LEAKAGE AND CW WALLPLUG EFFICIENCY

A. Threshold-Current Density

The threshold-current density J;, can be written as follows:
e

Tup,g

Jth = + Jleak,th (1)
where C' is the sum of the ratio of total (optical) losses to
modal-gain cross section, and the backfilling factor [4]; 7 4
is the global “effective” upper-level lifetime; and Jicax 1 1S
the carrier-leakage current density at threshold [4]. For a QCL
structure with a double-phonon-resonance (DPR) lower-level
depopulation scheme, as that shown for a conventional QCL
in Fig. 1, 7yp,g = Tug(1—-734/743), where 74, and 73, are the
global lifetimes in the upper and lower levels, respectively, cor-
responding to transitions to both lower AR states (e.g., to states
3,2, 1 from state 4) and to extractor states penetrating into the
AR (e.g., the three blue-colored extractor states penetrating the
AR in Fig. 1). That is, the global upper-level lifetime can be
expressed as

1 1 1
= + —

Tig T4 [lower_AR _states T4 extractor_states_penetrating AR

2
As for the leakage current, we have shown in [4] that for an
energy difference between the upper level and the next higher
AR energy state, 54, >50 meV the primary leakage path is
shunt leakage current through state 5. That is, as shown in Fig. 2,
part of the electrons injected into the upper level are thermally
excited to state 5 from where most relax to the lower AR states
and to extractor states penetrating the AR. Then, Jicak ¢n 18
proportional to the scattering rate from state 4 to state 5 which
is well approximated by [12], [17]

1 1 FEsy )

~—exp|— 3)
Ti5  To4 ( kT4
where 1.4 is the electronic temperature in state 4 and 754 is
the relaxation time from state 5 to state 4. Therefore, in order
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Fig. 2. Schematic representation of the primary leakage paths for electrons
injected into the upper laser level of a 4.5- to 5.0-um emitting QCL of DPR
design and E'54 > 50 meV. Here, ¢ is the injector-region ground state, 1 through
5 are energy states in the AR, and 1’ and 2’ are extractor states penetrating the

to effectively suppress carrier leakage, the E54 and 754 values
should be increased as much as possible while making sure that
electrons are kept “cool” in state 4 (e.g., reduce the T;4 value
by using structures of strong quantum confinement [3] such as
deep wells in the AR [4]). Here, it should be emphasized that
experimental 7}y values have been accurately predicted for both
conventional [4], [5] and deep-well [4] mid-infrared (IR) QCLs
only by considering hot electrons in the upper level. Further-
more, the fact that the electrons are hot strongly affects not only
the carrier leakage, but the backfilling current as well [4], [12]
since the electronic temperature of the injector ground state is
basically the same as T¢4 [4]. Therefore, the temperature depen-
dence of Jiy, (i.e., the Tj value) is primarily determined not just
by the carrier-leakage current, but by the backfilling current as
well, since both are strong functions of temperature.

B. External Differential Quantum Efficiency

The external differential quantum efficiency 7, can be written

am JPH. N am
= e Ny = <1 - ljt‘;‘h) e =N, @)
where 7, as derived in [12], is the differential pumping ef-
ficiency at and close to threshold [4], [12]; 7, is the laser-
transition differential efficiency [15]; o, and «,, are the mirror
and waveguide losses, respectively; and [V, is the number of
periods. The product 7,7, can be thought of as the internal
differential efficiency per period n; [2], which should not be
confused with either the tunneling-injection efficiency into the
upper level 7,5 [1], taken here to be unity, or with the internal
quantum efficiency. Quite similar to interband-transition de-
vices [18], the factor multiplying the ratio of mirror losses to
total losses in the 7); expression is a differential quantity.

The temperature dependence of 7, as defined by the 7} pa-
rameter [i.e., Ng(Trot + AT) = n4(Tret) exp(—AT/T}), where
Tiet + AT is the heatsink temperature 7}, and T}t is the ref-
erence heatsink temperature], is primarily determined by the
variations with temperature of both 7, and «,, [4]. It is worth
noting that, just as in the case of interband-transition lasers [19],
carrier leakage strongly affects the 77 value. Thus, 7} is a much
better indicator of carrier leakage than the T, value since T,
reflects the temperature dependence of the backfilling current
as well.
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Fig.3. Conduction band diagram and key wavefunctions for a deep-well QCL
emitting at A = 4.8 pm [24]. The energy states 1 through 5 are defined just as
in Fig. 1.

C. Maximum Wallplug Efficiency

The expression for the (pulsed) maximum wallplug efficiency

Twp,max Can be written as [4]
(1 _ Jin ) N,hv
pr,max qO ‘/\VI)7IIlaX
®)

where 1), is the droop in the pulsed L—I curve at the 7yp max
point [4], cy, op¢ is the optimal mirror loss [20], Jyp max 1 the
current density at the 7y max point, hv is the photon energy
and Vi, max 18 the voltage at Jyp, max. The value for o, o has
been found both theoretically [20] and experimentally [14], [20]
to be ~2.2 cm~!. Analysis of published data reveals that the
Jwp,max value, in both pulsed and CW operation, is an approx-
imate fixed multiple of the pulsed Ji;, value at RT, J;;,(300 K),
that is, Jyp max = BJ;1 (300 K). For instance, for devices with
strong carrier leakage, we found [4] the B value to be ~2.5.
As pointed out below in Section V, for devices with suppressed
carrier leakage the B value increases to ~3.0. As for 7, its
value was found [4] to be ~0.83 for devices with strong carrier
leakage. Just like for Jy, max, the 775 value increases for devices
with suppressed carrier leakage, such that it reaches ~0.90 (see
Section V). Then, the maximum CW wallplug efficiency, at a
heatsink temperature of 300 K, can be expressed as

A Ta‘ ct
Ty

> 1 - l e Aﬂl(}t
B P\,

where AT, at the 7y}, max point is given by [2]
AT‘act = T} - T’h = RthPel(1 - nx\*p,max) (7)

am,opt

Qo ,opt + Qi

Twp.max = NsTpTtr

Thwp,max |CV\' ~ NsNpNd exXp <_

N,hv
qo0 V;Vp.,max

(6)

Nwp,max
where 7; is the lattice temperature, Ry}, is the thermal resis-
tance, and P is the electrical power dissipated in CW operation
at the Nyp max point (i.e., Py = A Jyp max Vwp,max, Where A
is the pumped area). As clearly evident from (6) and (7), both
Twp,max and AT, are strong functions of the 7;,, 77, and Ry,
values. Therefore, in order to maximize 7y}, max and to mini-
mize AT, (at the 7wy max point), carrier leakage needs to be
suppressed (in order to obtain high 7, and 7} values) and the
Ry, value needs to be reduced as much as possible. From pub-
lished data on episide-down mounted, buried-heterostructure
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Fig. 4. Deep-well QCLs [24]: J;}, and the slope efficiency 7] as a function
of heatsink temperature. Ty and 7' are characteristic temperatures for .J;}, and
Ts1-

4.6-4.8-pum-emitting, conventional QCLs [6], [21], [22], when
considering a fixed cavity length (e.g., 5 mm), we find that over
the 6-10-pm range in buried-ridge width, w, Ry}, o w4, that
is, the thermal conductance, Gy, o 1/ w?*. This is expected
since a significant portion of heat removal occurs laterally, away
from the buried core region. Therefore, w needs to be lowered.
However, too narrow a ridge increases the series resistance and
decreases output power. A good compromise for the w value
appears to be 8 um, as recently used in devices of the highest
CW 7y p,max reported to date [14].

Other factors that affect the CW 1), max value are Ji1, (300 K)
and Vi, max. That is, for a given injector-region sheet doping
density n, that ensures high-power operation [e.g., n, in the
(0.7-1.0) x 10'! cm~2 range] and same mirror loss, a decrease
in the J;;,(300 K) value reduces both AT, .; and the electronic
temperatures in the injector ground state [3] and the upper laser
level [3]-[5] which, in turn, lead to increases in both 7, and T}
values [4], [13]. As will be shown below, for optimized TA-QCL
structures, the J;, (300 K) value can be significantly decreased
by both suppressing carrier leakage and increasing the 7, 4
value. As for Vi, max, its value could be reduced without sig-
nificantly impacting the 7, value by using the “pocket injector”
concept [23], that is, carrier injection into the upper laser level
from the first injector-region excited state by taking advantage
of the fact that that state is strongly populated [23] when elec-
trons in the injector miniband are hot. For the purpose of this
study, however, we consider only structures with injection from
the injector ground state.

III. DEEP WELL VERSUS CONVENTIONAL QCLS

DW QCLs are devices for which the QWs in the active region
of each period are lower in energy than the QWs in the injector
regions [10]. The band diagram and relevant wavefunctions for
a typical DW-QCL structure [4] are shown in Fig. 3. Details of
the structure are given in [24]. The deep wells and associated
tall barriers, in the AR, bring about a significant increase in
the Fs54 value: from 46 meV, typical of conventional QCLs,
to 60 meV [2]. As a result, carrier leakage was substantially
suppressed that led to high T}, and 7} values over the 20-60 °C
range in heatsink temperature: 253 and 285 K, respectively (see
Fig. 4). However, the value for J;;, (300 K) stayed basically the
same. Below, we explain why that happened.
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TABLE I
DEEP WELL VERSUS CONVENTIONAL QCL

Parameter DW QCL Conventional QCL
Ty 1.32 ps 1.65 ps
Tag 1.18 ps 1.305 ps
Tag 0.24 ps 0.19 ps
Tupg 1.10 ps 1.23 ps
Jeak / I at 300K ~85% ~15%

The lifetimes for QCL devices are calculated with the same
eight-band kep code previously used in [4]. As seen from Fig. 1,
for conventional QCLs the state-1 wavefunction peaks away
from the state-4 wavefunction, such that the 74 lifetime is about
twice as large as each of the 745 and 7,3 lifetimes. More specif-
ically, for the conventional QCL that we analyzed [4], [22] the
values for 741, 742, and 743, at a field strength of 82 kV/cm, are
9.08, 4.33, and 3.77 ps, respectively. Thus, the corresponding
74 value is relatively large: 1.65 ps. In contrast, for DW QCLs
the strong quantum confinement brought about by using deep
wells and tall barriers causes the state-1 wavefunction to be
pulled towards the injection barrier and thus overlap well with
the state-4 wavefunction, such that 74; decreases and becomes
comparable to 745 and 743. For instance, the 74, 742, and 743
values calculated for the structure in Fig. 3 are 4.01, 5.15, and
3.2 ps, respectively. The corresponding 74 value is 1.32 ps, that
is, smaller than in conventional QCLs (see Table I).

Returning to the conventional QCL, due to deep penetration of
extractor states into the AR, the 74, value, calculated as shown
in (2), is 1.305 ps, that is, 21% lower than when considering
relaxation to only lower AR states 3, 2, and 1. For DW devices,
the extractor-states penetration into the AR is less, such that 74,
is 1.18 ps, only 11% less than the 74 value. Then, we proceed to
calculate the 7,;, 4 values (see Table I) and see that the net effect
is that the 7,5, , value is ~10% lower for DW QCLs compared
to conventional QCLs.

However, for DW devices carrier leakage is substantially re-
duced, such that the RT relative leakage-current density value
Jleak tn/Jin decreases from ~15% to ~8.5% [4]. In turn, the
effect of lower 7, , value is offset by the lower Jicax,in/Jin
value and one ends up with basically the same .J;;, (300 K) value
for both conventional and DW QCLs [4].

IV. TAPERED ACTIVE-REGION QCLS
A. Basic Concept

The basic idea is to increase the barrier heights in the AR from
the injection barrier to the exit barrier (e.g., a linear-tapered de-
vice, as shown in Fig. 5), the so-called tapered active-region
(TA) design [11], [12], [42]. As seen in Fig. 5, by using a linear-
taper TA DW design, the Fs5, value can be increased to 84 meV
for reasons that will become evident from the study below. The
design is different from the DW design in that the Al concen-
tration x of the AR Al, In;_, As barriers increases linearly from
0.60 to 0.75, from the injection into the exit barriers, while for
DW devices, it is constant throughout the AR at 0.75. Below we
perform analyses on pairs of QWs, to give us some intuition as
to what happens in the active region of actual TA-type devices.
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Fig. 5. Conduction band diagram and key wavefunctions for linear-taper TA

QCL structure emitting at A = 4.7 pm [11], [12], [42]. The energy states 1
through 5 are defined just as in Fig. 1.
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Fig. 6. Conduction band diagram and energy levels for a pair of uncoupled:
(a) symmetric QWs and (b) asymmetric QWs, under no bias [12].

1) Uncoupled QWs Under No Bias: We take pairs of sym-
metric QWs and asymmetric QWs designed, such that, when
coupled, the ground states are resonant at ~70 kV/cm field
strength (see Fig. 6) [12] (the degree of symmetry is defined with
respect to the outer barriers). The symmetric QW pair is com-
posed of 4.3- and 3.6-nm-wide Inj g5 Gay 30 As QWs separated
by a 10 nm-thick Alj ¢0Ing 40 As barrier and with Al 9Ing 49 As
outer barriers. The asymmetric QW pair has the same structure
except that the outer barrier on the right is taller: Aly 75Ing. 25As,
than the outer barrier on the left. As can be seen, the energy sep-
aration between the excited states of the QW pairs /1 is 93 and
71 meV for asymmetric QWs and symmetric QWs, respectively.
The difference in E4/; values, AFE;/1, stems from a well-known
fact from quantum mechanics: increasing the barriers height(s)
in a QW causes the excited states to increase faster in energy
than the ground state [25]. This fact manifests itself in that
the rightmost barrier of the asymmetric-QW pair “pulls up” the
second-QW’s first excited state much more than its ground state,
with respect to the symmetric-QWs case (i.e., 22 meV versus
8 meV). That accounts for the 22 meV value for AE; /.

2) Coupled QWs Under No Bias: The barrier between wells
is reduced to 1.8 nm such that the QWs are coupled (see
Fig. 7) [11], [26]. Due to spreading of the fields to adjacent wells,
the A F;/1 value decreases from 22 to 18 meV. Now there are two
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Fig. 7. Conduction band diagram and energy levels for a pair of coupled:

(a) symmetric QWs and (b) asymmetric QWs, under no bias.

cases: symmetric coupled QWs (SCQW) and asymmetric cou-
pled QWs (ACQW). For ACQW, the rightmost barrier “pushes”
the symmetric excited state 1 to the left, while “pulling” the an-
tisymmetric excited state 1’ to the right. As a result, 2111/ — 211,
the distance between the coordinates of the centroids of the
electron-probability distributions for states 1" and 1 is larger
for ACQW than for SCQW. It is well known [27], [28] that if
z1117 — Z11 18 nonzero, an applied electric field leads to changes
in the energy-level separation, so-called first-order Stark effect.
The effect has been used for electrically tuning the emission
wavelength in interband cascade lasers [29] and QCLs [30]-[32]
of diagonal transition. In all those laser-emission tuning cases,
the field-induced energy differential J E' increased with applied
field. In our case, since the (excited) states are well below an-
ticrossing, § F' decreases with increasing applied field. That is,
under an electric-field increment 0 F, the energy separation Fy/q
changes as such [26]

0E1n = —(z1n — z11)0Fqo. (8)

A similar behavior was reported by Sirtori et al [27] for states
of coupled QWs that are below anticrossing (i.e., for states
Fs5 and FEs in Fig. 3 of [27]). Since z1/1/ — 211 is larger for
ACQW than for SCQW, under the same applied electric field,
the F//, value will experience more Stark shift for ACQW than
for SCQW structures. In turn, the AFE;q value will decrease
with increasing field.

3) Coupled QWs Under an Applied Field: We now apply
a field of 70 kV/cm to the pairs of coupled QWs. As can be
seen from Fig. 8, the AFy/,; value has decreased from 18 meV
(i.e., the unbiased case in Fig. 7) to 15 meV, due to stronger
Stark shift for ACQW than for SCQW. Thus, we can conclude
that the net effect of tapering the barrier heights in asymmetric-
coupled QWs, under an applied field, is to significantly increase
the energy difference between their excited states compared to
symmetric coupled QWs. Now, we can proceed to optimize
TA-type structures for maximizing the AF4, value.
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Fig. 8. Conduction band diagram and energy levels for a pair of coupled:
(a) symmetric QWs and (b) asymmetric QWs, under a field of 70 kV/cm.

4) Linear Tapering: Taking the original unbiased ACQW
structure [see Fig. 7(b)], we increase the height of both the
central and rightmost barriers such that the barrier heights are
linearly tapered (i.e., the central barrier becomes Al ggIng 20 As
and the rightmost barrier becomes AlAs) [26]. Now, the asym-
metry has significantly increased [see top of Fig. 9(a)]. Then,
we plot AFy as a function of applied field for both cases [see
Fig. 9(b)]. The increased asymmetry results in a much larger
AFE, value under no bias (i.e., 40 meV versus 18 meV), but
also in a stronger Stark effect, as expected, since AF; de-
creases faster with applied field. Nonetheless, at 70 kV/cm, the
A Fyq value has virtually doubled (i.e., from 15 to 28 meV).

Applying linear tapering, we obtained the TA DW QCL de-
sign shown in Fig. 5. The Es4 value has increased to 84 meV
compared to 60 meV for DW QCLs. Furthermore, as discussed
in the next section, the 754 value is much larger than in conven-
tional QCLs (i.e., 0.83 ps versus 0.25 ps). Both increases lead to
a decrease in the RT Jicax i1n/Jin value from ~15% in the case
of conventional QCLs to ~3% [12].

We would like to point out that the so-called shallow-well
design [14], [33] is in effect a TA-type device, since a shallow
barrier (adjacent to the shallow well), a normal-height barrier
in the AR center and an exit barrier topped with an AlAs spike
form a linear-taper TA-type structure, albeit without the benefit
of deep QWs for cooling electrons in the upper laser level. The
TA-type QCL reported by Bai et al. [14], [33], for an AR struc-
ture of single-phonon resonance (SPR) lower-level depopulation
scheme, resulted in increasing the energy difference between the
upper level and the next higher AR energy state 43 from 80 to
~100 meV. While that suppressed leakage via state 4, hot elec-
trons in state 3 cause hot electrons in the injector ground state
that, in turn, significantly increase the backfilling current [12]
which, together with the less efficient SPR depopulation scheme,
may well explain why the J;;, (300 K) values are ~30% higher
than in conventional QCLs of same chip geometry [20].
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5) Step Tapering: We found earlier that strong asymmetry in
linearly-tapered devices dramatically increases the A Fy/; value
in the unbiased case, but, under applied field, the associated
strong Stark shift undermines that effect to a moderate extent.
Therefore, while keeping the tall rightmost barrier of the linear-
taper TA design, we lower the central-barrier height to that
of the leftmost barrier (i.e., to Alj golng 490As) [see bottom of
Fig. 10(a)] in order to increase the coupling between QWs, thus,
decreasing the 2,1+ — 211 value and subsequently weakening the
Stark effect. We name the TA-type structure thus obtained: step-
taper TA (STA) QCL. As seen from the plot of AFE}/,; versus
applied field [Fig. 10(b)], while under no bias the AF)/; val-
ues are basically the same for both cases, as the applied field
increases, AFyq decreases much slower for the step-tapered
case than for the linearly-tapered case. We take this as clear
evidence that the Stark effect has been weakened. At 70 kV/cm
the AFyn value is noticeably higher for step-tapered versus
linearly-tapered devices (i.e., 35 meV versus 28 meV). This ef-
fect is more pronounced for structures with more than two QWs,
such as the ARs of QCLs, as we will see in the next section.
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Fig.10. (a) Band diagrams for linearly-tapered (top) and step-tapered (bottom)
ACQW and (b) AE;/, as a function of applied field for each case.
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Fig. 11. Conduction band diagram and key wavefunctions for moderate-taper
TA QCL structure emitting at A = 4.8 pm [13]. The energy states 1 through 5
are defined just as in Fig. 1.

B. Types of TA Deep-Well QCLs

Three types of TA DW QCLs are compared: 1) moderate ta-
per [13] (see Fig. 11); 2) linear taper (see Fig. 5); and 3) step
taper (see Fig. 12). There is increasing asymmetry by going
from moderate-taper devices to step-taper devices. The asym-
metry causes the antisymmetric states in the AR (colored in
orange) to be “pulled” to the right. More specifically, for the
excited AR states, state 5 is pulled to the right, which causes its
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Fig. 12.  Conduction band diagram and key wavefunctions for step-taper TA

(STA) QCL structure emitting at A = 4.7 pm. The energy states 1 through 5 are
defined just as in Fig. 1.

TABLE 11
COMPARISON OF LIFETIMES FOR VARIOUS QCLS
o Moderate  Linear Step Conventional
Lifetime
Taper Taper Taper
Tsa 0.75 ps 0.83ps 1.17ps 0.25 ps
T4 5.46 ps 6.10ps  8.60 ps 4.33 ps
T4 1.51 ps 1.59ps 1.68 ps 1.65 ps

wavefunction-overlap with state 4 to decrease and, in turn, the
value of 75, to increase. As shown in Table II, the 75, value
increases from 0.75 ps for moderate-taper devices to 1.17 ps
for step-taper devices. That is, as seen for (3), the amount of
carrier-leakage current steadily decreases with the increasing
TA-structure asymmetry. Furthermore, due to reduced Stark
shift, the step-taper device has the highest E5, value (i.e.,
97 meV) that also substantially suppresses carrier leakage.

As for the ground states in the AR, state 2 is pulled to the
right, which reduces its wavefunction-overlap with state 4, and
thus causes the 745 lifetime value to significantly increase (i.e.,
from 5.46 to 8.60 ps). In turn, the 74 value should also increase
with increasing asymmetry. As seen from Table II, the 7, value
indeed increases from 1.51 ps for moderately-tapered devices to
1.68 ps for step-tapered devices. Now, we see that by using the
step-taper structure we have recovered 74 to a value close to that
of conventional QCLs (i.e., 1.65 ps) while suppressing carrier
leakage. That is, unlike in the case of DW devices, no price
is paid in the Jy;,(300 K) value for achieving carrier-leakage
suppression. We also note that step tapering has made state 2
to look very much like state 1 for conventional QCLs, that is,
a lower AR state whose wavefunction has poor overlap with
the upper-level wavefunction, thus ensuring a long upper-level
lifetime.

The asymmetry also “pushes” the symmetric AR states to
the left, but that hardly affects the 74; and 743 values since
all relevant states move in the same direction. For instance,
741 varies by only 10% when going from moderate-taper to
step-taper cases (i.e., from 5.0 to 4.65 ps, and to 4.5 ps) while
T49 increases by 58% (see Table II). Since we have fabricated
moderate-taper devices, next we compare them to conventional
devices.
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TABLE III
MODERATE TAPER VERSUS CONVENTIONAL QCL

Parameter ~ Moderate Taper QCL  Conventional QCL
Tag 1.30 ps 1.305 ps
T3 0.22 ps 0.19 ps
Tup.g 1.22 ps 1.23 ps
Jeak / I - 0, ~159
at 300K 4.0 % 15 %

C. Moderate-Taper TA Versus Conventional QCLs

The moderate-taper design is a stepwise approximation of
the linear-taper design (see Fig. 5) for the purpose of easier
fabrication. On the one hand, asymmetry causes the 7,4 value of
moderate-taper devices to increase with respect to that of DW
devices (i.e., 1.51 ps versus 1.32 ps) and thus approach the value
for conventional devices. On the other hand, the tall barriers on
the right side of the AR cause less penetration of the extractor
states into the AR than in conventional QCLs. The two effects
basically cancel each other out; the net effect being that the
global values for state-4 and -3 lifetimes, and for the effective
upper-level lifetime 7, , are pretty much the same for both
cases (see Table III). That is, the first term in the .Jy}, expression
[see (1)] stays the same. However, carrier leakage is substantially
suppressed since the Fi54 value increases to 77 meV and the 754
value is three times larger than in conventional devices (see
Table II). By using the same approach as in [4] for calculating
the leakage-current density, but considering global values for
both 75 jeak and 75 1o lifetimes, we calculate a relative leakage-
current density value Jie,i/Jin of ~4%, thatis, less than half that
for DW devices and almost four times less than for conventional
devices. Since 7, 4 is basically the same, an ~11% decrease in
Jin (300 K) value is expected, primarily due to carrier-leakage
suppression.

D. Experimental Results From Moderate-Taper TA
(Deep-Well) QCLs

Thirty-period QCL devices of active-region design shown in
Fig. 11 were grown by MOCVD. Details of the growth, the
material characterization, and the structure are provided in [13]
and [34]. In Fig. 13(a), we show the light-current (L—I) curves
in pulsed operation (100 ns, 2 kHz) for 3-mm-long, 19-um-
wide ridge, uncoated-facets devices as the heatsink temperature
is varied. An inset shows that the devices lased at ~4.8 pm.
Jin (300 K) is 1.58 kA/cm?, a value ~14% less than for con-
ventional QCLs of same geometry and similar injector-region
doping level [4]. This agrees with the expected reduction in the
Jin (300 K) value and is most likely a consequence of carrier-
leakage suppression, as evidenced by high T, and 7T} values [see
Fig. 13(b)].

Fig. 13(b) shows, for two devices, the temperature depen-
dence of both Ji;, and the slope efficiency over the 20-60 °C
range in heatsink temperature. The 7, values are ~230 K,
typical of devices with suppressed carrier leakage and mod-
erately high injector doping level [4], [14] as needed for
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Fig. 13.  (a) L-I curves in pulsed (100 ns, 2 kHz) mode at various heatsink
temperatures, for device A. The threshold-current density Jij, at 25 °C is
1.58 kA/cm?. Inset: spectrum; (b) Ji, and the slope efficiency as a func-
tion of heatsink temperature, for two devices. Ty and 7} are the characteristic
temperature coefficients for Ji;, and the slope efficiency, respectively.

high-CW-power performance. A 7 value of 797 K is mea-
sured which, to the best of our knowledge, is the highest 7T}
value reported for mid-IR QCLs. On average, the 7} values
are ~750 K, that is, three times larger than the values for DW
QCLs [4], [24] and more than twice the T} value (i.e., 348 K)
for TA-QCLs without deep wells and of similar injector dop-
ing [14]. The latter is most likely due to much cooler electrons
in the upper level of TA DW devices. That is, the energy dif-
ferences between the upper level and the tops of the injection
barrier and first barrier inside the AR are 420 and 400 meV,
respectively, for this structure, while for the case of TA QCLs
without deep wells [14], [33] those same energy differences are
only 340 and 90 meV, respectively. Thus, for the latter case,
there is rather poor coupling between the electrons in the upper
level and the lattice, which, in turn, results in a high value for
the electron-lattice coupling constant « [3], [35], thus leading
to high electronic temperatures.

V. STEP-TAPER TA QCLSs
A. Structure and Comparison to Conventional QCLs

The band diagram and relevant wavefunction moduli for the
step-taper TA (STA)-QCL structure are shown in Fig. 12. The
layer thicknesses (in A) for one period, starting with the exit
barrier, are 22, (28), [17], (25), [17], (24), 20, 22, 22, 20,
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TABLE IV
STEP TAPER VERSUS CONVENTIONAL QCL

Parameter Step-Taper QCL  Conventional QCL
T4 1.68 ps 1.65 ps
Tag 1.59 ps 1.305 ps
Tag 0.205 ps 0.19 ps
Tupg 1.50 ps 1.23 ps
‘::*';O/OJ]Q ~1.6% ~15%

23, 18, 25, 17, 29, 17, 18, [24], 10, [12], 41, [11], 40, 12,
35. The bold normal scripts are Ingg3Gag 30As QWs; bold
italic script is an Al 75Ing 25 As barrier; bold italic, underlined
script is an Alg g5Ing.15As barrier; bracketed normal scripts
are Alj goIng 40 As barriers; normal scripts are Ing g0 Gag. 40AS
QWs; and italic scripts are Aly 561ng 44 As barriers. The layers in
parentheses are part of the extractor region: one Ing ¢6Gag. 34 As
QW and two Ing¢4Gag 36As QWs. By comparison to the
moderate-taper TA device structure (see Fig. 11), the first
two barriers have been lowered (i.e., from Alg g5Ing.35As to
Aly 60Ing 40As) while the third barrier has been raised (i.e.,
from Aly.75Ing.25As to Alg.g5Ing 15As). Thus, the asymmetry
of the structure has been significantly increased and one has
true step tapering [i.e., two relatively shallow barriers followed
by a relatively tall barrier, just like at the bottom of Fig. 10(a)].
The splitting at resonance between the injector ground state g
and the upper level is 5 meV at a field of 78 kV/cm. All calcu-
lations are done for a field of 72 kV/cm, for which the energy
difference between the upper level and state g is 9 meV.

A comparison between the STA and conventional QCL struc-
tures is shown in Table IV. As discussed earlier, the 74 values
are similar since the asymmetry of the STA device causes 742
to have a similar large value as 74; for conventional devices
(i.e., 8.60 ps versus 9.08 ps). However, due to tall barriers on
the right side of the AR, penetration of states from the ex-
tractor into the AR is much less than in conventional QCLs,
thus, resulting in higher global upper-state and global effective
upper-state lifetimes. In particular, 7, 4 is 22% higher for STA
QCLs than for conventional QCLs (i.e., 1.50 ps versus 1.23 ps).
Thus, in addition to carrier-leakage suppression, one can also
achieve significantly increased upper-level lifetime. As for car-
rier leakage, it is virtually suppressed because of two factors:
a large F54 value (97 meV) and a 754 value almost five times
larger than for conventional devices (see Table II). Using the
same procedure as for moderate-taper devices, we find the rel-
ative leakage-current density Jicax,n/Jin value to be ~1.6%,
that is, almost an order of magnitude less than that for con-
ventional QCLs and for all practical purposes negligible. Then,
the J;1, (300 K) value is estimated to decrease by at least 25%
compared to that for conventional devices, due both to carrier-
leakage suppression and higher global upper-state lifetime. A
25% decrease in Ji1, (300 K) may appear modest, but when cou-
pled with higher Tj values for TA-type devices (i.e., ~240 K
versus ~140 K for conventional devices) it makes a significant
difference, as seen from Fig. 14. Basically, the Ji;, value for
STA QCLs at a heatsink temperature of 370 K is the same as
the J;;, value for conventional QCLs at 300 K. This should lead
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Fig. 14.  Schematic comparison between the values of the ratio of threshold-
current density J;iy, to RT conventional-QCL J;j, for STA QCLs and conven-
tional QCLs, when taking typical 7j values for each case. The Ji), value of
STA QCLs at 370 K heatsink temperature is approximately the 300 K J;, value
for conventional QCLs.

to much less heating and to higher CW operating temperatures
than for conventional mid-IR QCLs.

B. Extension of the Concept to Shorter Wavelengths
(A =3.5-4.0 um)

While the aforementioned discussions have focused on QCLs
emitting in the 4.5-5.0-pm wavelength range, the STA concept
is also applicable to shorter emission-wavelength A QCLs. As
X decreases below 4 pm, achieving strong electron confinement
to the QCL active regions becomes increasingly difficult, be-
cause of the larger transition energies. To accommodate those,
deeper wells and taller barriers (i.e., higher strain layers) are
necessary to avoid excessive carrier leakage. However, the use
of high-strain (>1.5%) layers, throughout the core region, has
been found [36]-[38] to result in significantly lower Gy, values
than in conventional mid-IR, InP-based QCLs. More specifi-
cally, Lee and Yu [36] find the G, value of 3.8-um QCLs,
containing layers of 1.6% strain, to be ~30% smaller than those
of 4.3-um QCLs, containing layers of 1% strain, and ascribe the
difference to a 30% decrease in cross-plane thermal conductiv-
ity as a consequence of poor-quality interfaces. Their results are
corroborated by an ~27% lower Gy, value obtained for 3.76-pm
QCLs, with 1.6% and 1.8% strained layers [37], by compari-
son to conventional mid-IR QCLs (i.e., <1% strain). Shorter-
wavelength (A ~3.56 m) QCLs [38] of core regions composed
of alternating strained layers: 1.9% and 2.3% strain, respec-
tively, while exhibiting moderately low electron leakage (e.g.,
pulsed T values of ~190 K), have Gy), values ~40% smaller
than those of 4.5-5.0-pm QCLs of same geometry and mounting
configuration; in turn, leading to highly temperature sensitive
device characteristics (e.g., 17, in CW operation, reaches values
as low as 38 K) [38]. As the critical thicknesses for strain relax-
ation are approached, it is anticipated that device reliability may
deteriorate through thermally activated relaxation processes. As
an alternate approach to mitigate this strain-relaxation issue as
well as to lower the layers’ strain to values typical of 4.5-5.0-
pm-emitting QCLs, metamorphic buffer layers (MBLs) can be
utilized as virtual substrates of a specified lattice constant, thus
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opening up the palette of III/V alloys available for new device
architectures [39], [40]. A 3.6-um-emitting STA structure de-
sign has been reported, based on a virtual substrate of 0.577-nm
lattice constant that corresponds to relaxed Ing 50 Gag .79 As (rep-
resenting the top part of the MBL) [39]. The design benefits are
large barrier heights in the AR and a large F5, value (85 meV),
thereby ensuring a low electron temperature in the upper level
as well as carrier-leakage suppression. Furthermore, the strain-
thickness products for layers employed in the AR are compara-
ble to those employed in longer wavelength (4.8 ym emitting)
TA QCLs grown directly on InP substrates [34].

C. Projection of Maximum Wallplug Efficiency in Pulsed and
CW Operation

First, we estimate the maximum, RT pulsed wallplug-
efficiency 7)yp max value by using (5). Since the STA-QCL
device virtually suppresses carrier leakage, we take values of
3.0 and 0.9 for parameters B and 7, respectively, as derived
from published data on TA-like devices with suppressed carrier
leakage [14]. Similarly, for cv,, o, we take a value of 2.2 cm™!
that was found to maximize the pulsed wallplug efficiency in
two experimental reports [14], [20] employing 40-period core
regions. Then, for a 40-period STA device, the projected single-
facet, RT 7w, max pulsed value is ~29%, a value quite close
to theoretically predicted values [15], [16] for QCLs of 4.8-um
emission wavelength (=31%).

For the CW 7y, max projection, we consider a 40-period,
5-mm-long STA-QCL device of similar thermal and electrical
resistances as for conventional QCLs of 8-pm-wide buried
ridge, and the experimentally obtained 7, and 7} values from
moderate-taper TA QCLs [13]. Note that within one period of
the STA structure there are only four interfaces involving two
highly strained materials [i.e., the Alj g5Ing.15As (2.5% strain)
and Aly 75Ing.95As (1.8% strain) barriers] out of a total of 50
interfaces. Thus, the effect of those high-strain layers on the
Ryy, value should be minimal, and that is why we believe our
assumption of similar Ry; value for STA devices compared
to conventional devices is justified. Then, by using (6) and
(7) with an Ry, value of 1.7 K/W, AT, S is found be
~16 K. In contrast, for conventional QCLs [9], the calculated
AT, et |,]“va"\” value, for an 8-pm-wide buried ridge, is ~30 K,
that is, almost twice that estimated for STA QCLs. Further-
more, for the TA QCL without deep wells [14], the calculated
ATt |7,Wp_m . value is ~49 K since the estimated Ry}, value is
found to be ~1.8 times the Ry, value of conventional QCLs
of same geometry (i.e., 3.1 K/W versus 1.7 K/W). The signif-
icantly higher Ry, value may well be due to the 14 interfaces,
per period, involving heavily strained (3.5%) AlAs layers,
corresponding to tall portions of the exit barrier and all barrier
layers in the extractor and the injector, thus explaining why the
pulsed 7w} max value is ~30% higher than the CW one (i.e.,
27% versus 21%). Notwithstanding, the CW 7, max value is a
record value for QCLs, due to the high 7}, and 7} values caused
by the TA-type AR structure. Finally, for the STA QCL the
projected single-facet, RT 7yp max CW value is ~27%. That
is, a value only 7% smaller than the pulsed value, thus close to
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theoretically predicted limits for 4.8 pm-emitting devices. The
use of the pocket-injector design [23] for STA-type ARs with
deep wells may well increase the RT 7y}, max CW value beyond
30%.

VI. CONCLUSION

Carrier leakage in mid-IR QCLs is due to relatively small
energy differentials between the upper laser level and the next
higher AR energy state 54, and the existence of hot electrons
in the upper level. To suppress it one needs to increase the Ej,4
value and reduce the overlap of the upper-level and next-higher
AR-state wavefunctions (i.e., maximize the 754 value), while
making sure that carriers in the upper level remain relatively
cool (e.g., via the use of deep-well ARs).

By designing QCL structures with QWs and barrier layers of
varying compositions (i.e., multidimensional conduction-band
engineering) one can both maximize the Fs5; and 754 values
as well as minimize the electronic temperature in the upper
level. TA QCLs have resulted in significant suppression of the
carrier leakage as evidenced by record-high 77 values (797 K)
from devices with deep wells, and record-high CW wallplug
efficiency (21%) from devices without deep wells.

Strong asymmetry as well as Stark-shift reduction in STA
deep-well QCLs leads to more than doubling the F5, value
and almost a fivefold increase in the 754 value compared to
conventional QCLs which, in turn, results in virtually complete
carrier-leakage suppression (i.e., Jieak/Jin &~ 1.6%). In addition,
for STA QCL devices the global upper-level lifetime can be in-
creased by at least 20%. The combined effect of carrier-leakage
suppression and upper-level lifetime increase leads to an overall
decrease in the RT Ji;, value of at least 25%. In turn, the pro-
jected pulsed and CW RT wallplug-efficiency values are ~29%
and ~27%, that is, close to maximum theoretically predicted
values for QCLs emitting in the 4.5-5.0-um wavelength range.
Then, the dissipated heat decreases by a factor of ~2.5 com-
pared to conventional QCLs, which is important since thermal-
load management drives the packaged laser weight. Further-
more, since the core-region temperature rise at the maximum
CW wallplug-efficiency point becomes comparable to the core-
region temperature rise at threshold in conventional QCLs (i.e.,
~15 K) [9] and QCL-device degradation has been directly re-
lated to device heating [41] long-term reliable operation would
become possible at high (>0.5 W) CW powers.

Multidimensional conduction-band engineering for optimiz-
ing the CW performance of mid-IR QCLs can be realized by
any advanced crystal-growth technique since it has already been
demonstrated by using both MOCVD or gas-source MBE, and
can be implemented with MBE by using multiple effusion cells
as sources of elements such as In, Ga, and Al.

Note Added in Proof: We have just become aware that Semt-
siv et al., by using gas-source MBE, have achieved 3.9 pm-
emitting TA-type QCLs of low thresholds, due primarily to
less influence of the interface scattering on the upper-level life-
time [43] and that, in the process, carrier leakage was, as ex-
pected, substantially suppressed: 77 values of 550 K [44]. While
we have not taken into account interface scattering, it is now
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apparent that by applying Semtsiv et al.’s ingenious analy-
sis, STA QCLs are likely to provide even lower than projected
Jin (300 K) values by comparison to conventional QCLs, since
the upper-level wavefunction “sees” only ~six interfaces by
comparison to ~eight interfaces for conventional QCLs, and
the lower level should depopulate faster than in conventional
QCLs.
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