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1 Introduction

Abstract. The equations for threshold-current density Ji;, and external
differential quantum efficiency nq4 of quantum cascade lasers (QCLs) are
modified to include electron leakage and the electron-backfilling term cor-
rected to take into account hot electrons in the injector. We show that by
introducing both deep quantum wells and tall barriers in the active regions
of 4.8-um-emitting QCLs, and by tapering the conduction-band edge of
both injector and extractor regions, one can significantly reduce electron
leakage. The characteristic temperatures for Jy, and nq4, denoted by T,
and T, respectively, are found to reach values as high as 278 and 285 K
over the 20 to 90°C temperature range, which means that Jy, and ngq
display ~ 2.3 slower variation than conventional 4.5- to 5.0-um-emitting,
high-performance QCLs over the same temperature range. A model
for the thermal excitation of hot injected electrons from the upper laser
level to the upper active-region energy states, wherefrom some relax
to the lower active-region states and some are scattered to the upper
miniband, is used to estimate the leakage current. Estimated T, values
are in good agreement with experiment for both conventional QCLs and
deep-well QCLs. The T; values are justified by increases in both electron
leakage and waveguide loss with temperature. © 2010 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.3509368]

Subject terms: quantum cascade lasers; mid infrared; threshold-current charac-
teristic temperature; slope-efficiency characteristic temperature; electron leakage
current; hot electrons.
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in cw operation at RT, for light emitted from the front facet of
devices with high-reflectivity-coated back facets, has typical

The device core of a conventional quantum cascade laser’
(QCL) is composed of a superlattice of quantum wells (QWs)
and barriers of fixed alloy compositions. As a consequence,
state-of-the-art devices optimized for high continuous-wave
(cw) power and emitting in the 4.5- to 5.0-um range*?
suffer from substantial thermally activated electron leak-
age from the upper laser level to the continuum. This
leakage is evidenced by high sensitivity of their electro-
optical characteristics to heatsink temperature variations
at and above room temperature (RT) (i.e., above 300 K).
That is, the characteristic temperature coefficient 7, for
the threshold-current density Jy, [defined by Jin(Tier + AT)
= Jin(Trer) exp(AT/Ty), where Tis+ AT is the heatsink
temperature and Tir is the reference heatsink temperature
(e.g., 300 K)] is found to have low values of ~140 K for
4.6-pum-emitting devices.?? Similarly, the characteristic tem-
perature coefficient 7' for the differential quantum efficiency
14, defined by na(Trer + AT) = na(Trer) exp(=AT/T}), is also
found to have a low value =140 K for 4.6-um-emitting
devices.? These low values for both 7, and T are indirectly
attributable to the small energy differential, §E = 150 to 250
meV, between the upper laser level and the top of the exit
barrier.** In turn, the maximum wallplug efficiency 7wp,max
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values™® of 212%, far short of theoretically predicted limits’
of ~28% at L ~ 4.6 um. In contrast, at cryogenic tempera-
tures (40 to 80 K), where thermally activated electron leakage
is negligible, maximum pulsed wallplug efficiency values as
high as 50% have been achieved,? in close agreement with
the theoretically predicted upper limit'® of ~60% at A ~ 4.6
pm and 80-K heatsink temperature.

By taking advantage of the flexibility of the metal-organic
chemical vapor deposition (MOCVD) method to easily grow
epitaxial QWs and barrier layers of multiple compositions
in the QCL core region, we have implemented the deep-well
(DW) concept'! in InP-based devices'>!* and thus obtained
SE values as high as 450 meV.!? In turn, electron leakage
in and out of the active regions is substantially suppressed,
which results in QCLs whose electro-optical characteristics
are much less sensitive to temperature!>!3 than those for
conventional devices.

After deriving equations for Jy, and 7y that take into
account both leakage and backfilling currents, we discuss
the DW concept, key results from DW QCLs, and the ef-
fects of tapering the conduction-band edge for the extractor
and injection regions on the DW QCL’s performance. We
then show that by using the modified Jy, and n4 equations,
in conjunction with a model for electron thermal excita-
tion in and out of the active region, one can obtain good
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Fig. 1 Schematic representation of the primary leakage paths for
electrons injected into the upper laser level of a 4.5- to 5.5-um-
emitting QCL of the DPR design. Here g is the injector-region ground
state, 1 through 6 are energy states in the active region, and the area
marked as upper I miniband corresponds to the energy states in the
upper I miniband of the extractor region.

agreement between calculated and experimental values for
Ty in both conventional and DW-type QCLs. For optimized
DW QClLs, front-facet, 300-K cw 7ypmax values >20% are
projected.

2 Modified Equations for the Threshold Current
and the Differential Quantum Efficiency

Figure 1 schematically shows the primary leakage paths in
and out of the active region of a QCL of the double-phonon-
resonance (DPR) design. Following the injection of electrons
into the upper laser level (i.e., state 4), some are thermally
excited to the active region’s (AR’s) next-higher energy level
(state 5), wherefrom they either relax to the lower-energy
AR states (i.e., states 3, 2, and 1) or are further excited to the
next-higher level (i.e., state 6). For state 6, electron leakage
consists of both relaxation to the states 3, 2, and 1 and ex-
citation to the upper-I"-miniband states and subsequently to
the continuum. While other parallel leakage paths exist, their
currents should be negligible. On the one hand, at threshold
the tunneling-injection efficiencies are close to unity, and the
QW/barrier structures (e.g., Ing ¢7Gag 33 As/Alg e4Ing 36As) of
conventional, high-performance 4.5- to 5.0-um-emitting de-
vices substantially prevent electron injection into the upper
AR levels.* On the other hand, thermal excitation from state
4 to state 6 and from state 5 to the upper-I"-miniband states
and relaxation from state 6 to the lower-I"-miniband states
are negligible because of relatively large energy differences
and/or poor wave-function overlap.

The conventional equations' for the threshold and dif-
ferential quantum efficiency should be modified to include
the effects of electron leakage and, since the electrons in
the injector are found to be hot,'* for electron backfilling as
well. We assume that the efficiency of tunneling injection
from the injector to the upper laser level' (Minj) is unity. The
threshold-current density is then the sum of Jy, in the absence
of backfilling and electron leakage (Jou) and the current
densities required at threshold to compensate for backfill-
ing (Jurm) and electron leakage (Jieakm), €ach of which is
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defined below:
q Oiot
Jow = — , (D
‘ Tup &cNp
q [ < Ainj Hhiwro[(Teg/ T) — 1])
Jotn = — |ny exp | —
Tup kTeq
n n
+ (—5 + —6) rg} : )
T53  T63
Jteak th = ns + ne, (3
T5,leak T6,leak

where ‘L’up =14(1 — 13/143) is the effective upper-state
lifetime’ due to both inelastic and elastic scattering, o/t
is the sum of the mirror () and waveguide («y) losses,
gc is the modal gain cross section per period,” N, is the
number of periods, s is the electron sheet density in the in-
jector, Ay, is the energy difference between the lower laser
level and the ground state in the injector of the subsequent
stage in the QCL structure, Aiwy o is the longitudinal- optical
(LO) phonon energy, T¢, is the electronic temperature in the
injector,' 40 = 1/[exp (hwro/kT) — 1] is the occupation
number of phonons (assumed to be in thermal equilibrium
with the lattice at temperature T), Ts3 (Tg3) is the lifetime cor-
responding to electron relaxation from state 5 (6) to state 3, 73
is the lifetime in the lower laser level, and ns (1) and 75 jeax
(76.1eak) are the sheet densities and electron-leakage lifetimes,
respectively, corresponding to the AR’s upper states 5 and 6.
More specifically, Tsjeax = (1/753 + 1/T50 + 1/151) ! and
Togeak = (I/Toum + 1/T63+ /T2 + 1/761) ™', where T6um
is the lifetime corresponding to thermal excitation from
state 6 to all the states in the upper I' miniband [see
Eq. (16), Sec. 5], and the other lifetimes correspond to relax-
ation from states 5 and 6 to states 3, 2, and 1. Here n5 and ng
are as defined in the section dedicated to estimating 7, and
T, values (Sec. 5). By definition, Jym + Jorn = qn4,th/r4,
where n4y, is the sheet density in the upper laser level at
threshold, and 74 = (I/t43 + 1/T42 + 1/141)7" is the lifetime
in that level, reflecting electron relaxation to states 3, 2, and
1. We determine the backfilling-current term by starting with
the total current flow across the QCL structure, written as

J = Jo + Jor + Jieaks

where
_ 4
Jo+ Jor = —ny 4)
74
is the “useful” current flowing through the upper laser level
(state 4), and

ns + ne )

T5,leak T6,leak

Jieak =

constitutes the leakage current in general (i.e., not just at
threshold).

A steady-state rate equation for the lower laser level
(state 3) can be written as

ns ns ne ny ny ni
—=<—+—+—>+(—+—>, (6)
73 Ts3  Tez  T43 T3 T3
where ns, np, and n; are the sheet densities in the AR’s lower
states 3, 2, and 1; and 7,3 (73) is the lifetime corresponding

to thermal excitation from state 2 (1) to state 3 [Eq. (16),
Sec. 5].
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Substituting Eq. (4) into Eq. (6), we get

Jo+ Ji T
Angs = s —ny = 2P (1__3)
q T43

np ni ns ne
23 T13 753 T63
which, by using the 7, definition, can be rewritten as

n, n
Jo+ Jor = - [An43+ <—2 + —1> 73

Tup 23 713
n n
+ (—5 + —6) rg} . @)
53 T3
From Eq. (7), we can separate the terms as
q
Jo = — Anus, (@)
Tup

which is the current needed in the absence of backfilling, and

n n n n
be=i|:(—2+—l>f3+<—5+—6)‘f3:|7 )
Tup 23 T13 753 T63

which is the extra current required due to backfilling of the
lower laser level (state 3).

The backfilling expression in Eq. (9) can be further sim-
plified if we make the following assumptions: (a) states 1 and
2 are strongly coupled to the injector miniband, so that the
miniband states and states 1 and 2 are in thermal equilibrium,
all sharing a common electronic temperature Teg,14 and (b)
the backfilling of the lower laser level from states 1 and 2
occurs primarily via LO-phonon absorption, just like the ther-
mal excitation from the upper laser level to the upper AR
states [Eq. (16), Sec. 5]. Then we can write

- Ainj — E3
ny ~ ng €xp _T 5
eg
- Ainj — E3;
n A ng exp | ———— |
eg
N Eyp —hwo) (1+n10
T3 =~ T332 €Xp T Mo ,
eg L
E3 —how 1+n
T3 A Ty exp( e LO) ( : L°> : (10)
eg LO

where E3; (E3p) is the energy difference between state 3
and state 1 (2), and it is larger than the LO-phonon en-
ergy, iwpo. Substituting Eq. (10) into Eq. (9) and noting that
73 = 32731 /(132 + 731), we get the final expression for the
backfilling current at threshold [i.e., Eq. (2)].

For the external differential quantum efficiency nq, by
using the rate equations for a four-level system that in-
cludes electron leakage, and by defining a differential pump-
ing efficiency at threshold, np, = (Jo,t + Jot,t0)/(Jo,t0 + Jof,tn
~+ Jleak.th), We obtain
Om

Ny =1 N, (11)

Nd = NpNu 1m

_m
Oy + oy
where 1, is the differential efficiency of the lasing transition,’
and n;, the product of n, and 7y, is the differential internal
efficiency per period. Here 1; should not confused either with
the tunneling-injection efficiency' 7y, assumed here to be
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unity, or with the (overall) internal quantum efficiency. Just
as in the case of interband-transition devices,'> the factor
multiplying the ratio of mirror losses to total losses in the ng
expression is a differential quantity.

Since ny is virtually temperature-independent, the tem-
perature dependence of 54 is dictated by the temperature
variation of both 7, and «,,. These account for the experi-
mentally observed drop in nyq with increasing temperature,
especially above 300 K (i.e., the parameter 7). We also note
that for a given heatsink temperature, changing the mirror
loss oy, by varying the cavity length L or front-facet reflec-
tivity Ry will alter the differential internal efficiency value,
since the quantity Jo 4 in the expression for i, includes ap,.
The fact that n; depends on L and Ry implies, in turn, that a
conventional cavity-length'® or reflectivity!” study to derive
n; and ay, from plots of 1/ng versus L or 1/ngq versus 1/,
with L or Ry varied over wide ranges, is likely to provide
incorrect results for both n; and «,. Furthermore, since «,,
clearly appears to increase with temperature, as deduced in
Sec. 5, it may also increase with increasing «,,. That is, at
and above room temperature the correct value for oy, has to
be determined by a different method than those conventional
used, which are useful only at cryogenic temperatures.

3 The Deep-Well Concept

We initially grew a strain-compensated InP-based, 5.4-um
QCL structure of published design,'® from which we
obtained'® RT lasing results comparable to the best re-
sults reported from 5.3-um devices of same injector-
doping level (2x 10" cm™). Since the optimal growth
temperature range for MOCVD (630 to 660°C) is much
higher than for either gas-source molecular beam epitaxy
(MBE) or MBE (500 to 530°C), it has been difficult to
use MOCVD to grow the highly strained structures re-
quired for lasing below 5 pum. Therefore we designed a
structure, based on deep QWs in the active region, to
lase at ~4.7 um though grown at the same temperature
(630°C) used to obtain RT lasing at 5.4 pum. Basically,
only the QWs in the active region are deep, as required for
4.7-pm emission (Fig. 2). Then, for strain compensation, the
Al content in the barriers in and around the AR is increased
from 56% to 75%, which provides much taller barriers than
in conventional 4.6- to 4.8-m QCLs.>°

Another modification from conventional QCL structures
is that the extractor region (i.e., the region just beyond the
exit barrier) has a tapered conduction-band edge (CBE)'? that

Al g75INg 25AS

Alpsglng ahs

-

Energy (eV)

0.75F  InggaGagaoAs

Ing 63 Gay 3, As

0 10 20 30 40 60 70 80 90
Distance (nm)

Fig. 2 Conduction-band diagram and relevant wave functions for a
deep-well 4.7-um QCL.12
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further helps to suppress electron leakage. This occurs be-
cause the wave functions corresponding to low-energy states
in the upper miniband are pushed away from the AR, so that
they have negligible overlap with the wave function for the
upper energy state 6. The tapered-CBE extractor region is
composed of an IngesGagisAs well, an AlggsIngssAs bar-
rier, an Ing ¢4Gag 36 As well, and an Al ¢5Ing 35As barrier. We
further suppress electron leakage by also tapering the CBE of
the injector region.'? The effects of tapering the CBE (in both
the extractor and the injector regions) on electron leakage are
made clear in the next section.

Advantages of the DW-type 4.8-um QCL over conven-
tional 4.6- to 4.8-um structures®? include: (1) much greater
design flexibility, since highly strained layers are limited to
the active region; (2) much less carrier leakage from the active
QWs, since the barrier layers in and around the AR are taller
(e.g., the SE value is 200 to 300 meV larger than in conven-
tional devices). That in turn leads to much higher T; and 77,
and potentially superior cw performance. Furthermore, ARs
that suppress electron leakage are quite relevant to the devel-
opment of highly efficient intersubband quantum box (IQB)
lasers,” since a longer upper-laser-level lifetime will make
the devices much more sensitive to electron leakage. Thus,
DW-QCL development is being pursued not only to improve
the device performance and reliability, but also as a means
for fulfilling the promise of IQB devices for achieving cw
wallplug efficiencies as high as 50% at room temperature.!

4 Device Structures and Results

Figure 3 compares the band diagrams and relevant wave func-
tions of a conventional QCL? with those for an optimized

2.00:‘ i
< 175 =200
> | ‘ [ | | 7 “v— A
= 1.50 ! SRR BT b
3 - - T 48 meV
2 125t | ‘ ‘ {
W 1.00f R i T A
0.75F g2 wviem I,]
05040 20 30 40 50 60 70 80
Distance (nm)
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2001 11y 1 I
= 175 W LOnn] [ ! 4 Py
L \ : [ 1% FAYA W En IS 5 150 meV
= 1.50 ““""“5-' BT samev
o aEEzaug 3 SE-gomar)
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1.00 H U2 5 i Sas
— L ' ‘
0.75} 76 kvicm UL | J |
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Fig. 3 Conduction-band profile and key wave functions for: (a) con-
ventional QCL® emitting at 4.6 um, (b) deep-well QCL'® emitting at
A = 4.8 um. The upper laser level is labeled 4, while 5, 6, and 7 are
higher energy states in the active region. The band profile at the top
of each figure corresponds to the X valley.
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DW QCL," both being of the DPR design for depopulation
of the lower laser level. We see first that increasing the bar-
rier heights increases the energy difference Es4 between the
upper laser level (state 4) and the next-highest AR energy
level (state 5), from 46 meV to 60 meV. It is shown below
that this significantly reduces the carrier leakage associated
with thermal excitation to state 5, followed by relaxation to
the lower AR states 3, 2, and 1. For high-performance QCLs
with the lower lasing level depopulated via the nonresonant
extraction (NRE) design,2 Es,4 values as high as 63 meV have
been reported.® However, the energy difference Egs between
states 5 and 6 is only about 40 meV in such devices,* as
compared to >80 meV for the DPR-design QCLs in Fig. 3.
A lower Egs in turn leads to easy carrier escape to the contin-
uum, as attested by the observation of relatively small values
for both Ty and T;. (=140 K).2

A second major difference is that the energy separation
between state 6 and the bottom state of the upper I' miniband
in the extractor region, Eyme, increases from 70 meV to
150 meV. This large enhancement occurs mostly because
tapering the injector region causes the lowest state of the
upper miniband to be drawn away from the extractor region,
as seen in Fig. 4(c). As a consequence, electron leakage to the
continuum, via thermal excitation from state 6 to the states
of the upper I miniband, is completely suppressed.

We also note that while for conventional QCLs state 7 is
strongly coupled to states in the upper miniband and thus
becomes a conduit for leakage to the continuum, for DW
QCLs state 7 has poor overlap with upper-miniband states
and thus plays no role in electron leakage.

In order to clarify how tapering the injector- and extractor-
region conduction-band edges affects electron leakage, Fig. 4
illustrates three cases: (a) DW structure with no CBE ta-
pering, (b) DW structure with tapered CBE extractor, and
(c) DW structure with tapered CBE for both the extractor
and the injector. For fairness, the structures of cases (a) and
(b) were designed to have the same emission wavelength
(A = 4.63 um) and Es4 value (60 meV) as for the pub-
lished design of structure (c¢) in Ref. 13. Furthermore, the Jy
figure of merit (z43)? Tup, Where z43 is the dipole matrix ele-
ment of the radiative transition, is found to have basically the
same value in all three structures (22.5 nm? ps).

In case (a) with no CBE tapering, Egs remains basically
the same (*~85 meV) as in (b) and (c), while Em ¢ has a signif-
icantly smaller value than in (c) (70 versus 150 meV), which
is comparable to that for conventional DPR-design QCLs
[Fig. 3(a)]. That is, the deep wells by themselves bring about
a significant increase in Es4 compared to the conventional
QCL (from 46 to 60 meV), which has a primary influence on
electron leakage. Tapering the extractor-region CBE causes
E\m¢ to increase from 70 meV to 81 meV, besides decreas-
ing the wave-function overlap between state 6 and the upper-
miniband bottom state, um1. The latter occurs because the
intermediate-height barriers introduced in the extractor re-
gion push the um1 wave function away from the AR. Both
effects act to significantly reduce electron leakage via scat-
tering from state 6 to the upper miniband. More specifically,
the scattering time from state 6 to the upper miniband, 76 ym,
as calculated using Eq. (16) in Sec. 5, increases from 9.4 ps
in the case of no CBE tapering [Fig. 4(a)] to 33 ps in the case
of tapered CBE in the extractor [Fig. 4(b)]. Finally, from
Fig. 4(c) it is clear that tapering the injection-region CBE
causes the uml wave function to be drawn away from the
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Fig. 4 Conduction-band profile and key wave functions for deep-well
QCLs with: (a) no conduction band edge (CBE) tapering; (b) tapered
CBE in the extractor; (c) tapered CBE in both extractor and injector.

extractor region, which in turn dramatically increases Eymg
(from 81 meV to 150 meV). The result is that electron leakage
to the upper miniband is de facto shut off, as the calculated
T6.um Teaches values of ~500 ps.

The electro-optical characteristics for the DW QCLs
whose conduction-band diagram is displayed in Fig. 3(b)
are shown in Fig. 5. The details of the laser structure are
provided in Ref. 13, and details of the crystal growth are
provided in Ref. 22.

Ridge-waveguide devices were mounted episide up on Cu
blocks and measured in pulsed mode (100 ns, 2 kHz). The
value of Jy, at 20°C is 1.78 kA/cm?, at a threshold voltage
of 11.2 V, which is comparable to that for conventional de-
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Fig. 5 Deep-well QCLs'3: (a) Pulsed L-/ curves as the heatsink tem-
perature Ty, varies. Inset: spectrum. (b) Plots of Jy and the slope
efficiency ns as functions of T,,. Here Ty and Ty are characteristic
temperatures for Ji, and ns.

vices. The characteristic temperature Ty is 260 and 243 K
over the 20 to 60°C and 60 to 90°C heatsink temperature
ranges, respectively. Another device with somewhat higher
Jn (1.87 kA/cm? at 20°C) exhibited Ty = 278 K over the
entire 20 to 90°C temperature range.'> By comparison, T
for a high-performance conventional 4.6-um QC laser® is
only 143 K over the same temperature range. Both deep-well
devices displayed a characteristic temperature for slope effi-
ciency, Ty, of 285 K over the 20 to 90°C range [Fig. 5(b)],
as compared to only ~140 K for 4.6- to 4.8-um QCLs op-
erating over the 20 to 60°C (Ref. 2) and 0 to 50°C (Ref. 23)
temperature ranges. While 7, ~ 200 K has been observed
for devices with low-doped injectors [n, = (0.5 to 0.7)
x 10" cm2],424-26 most likely due to reduced carrier back-
filling, such designs are not conducive to high cw powers,
since the maximum current density?’ Ji,.x scales with doping
level,”” and the series resistance is high.

The high T (260 to 278 K) and T (285 K) values for the
deep-well QCLs not only indicate a strong suppression of
carrier leakage, but also provide indirect proof that leakage
to the indirect valleys (X and/or L) is not a problem in the 4.5
to 5.0-um range when heavily strained (*1%) Ing 6sGag 32 As
QWs are used. This confirms a recent report”® that the X and
L minima lie farther above the I" valley than was previously
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expected. Furthermore, high Ty and T are beneficial for cw
operation. For example, the cw power, Py, is

Py, = And,cw(-] - Jth,cw)

ATaC[ AT‘E].(Zi.
= [mee (5[l e (5)]
12)

where A is the device area, J is the current density, and AT,
is the temperature rise in the device core with respect to the
heatsink temperature T}, given by

ATyt = Teore — Th = Rn(AJV — Pey)
= Rin Pew[(1/1wp) — 11, 13)

where Ry, is the thermal resistance, T.o. iS the lattice
temperature in the device core, V is the bias voltage,
and nyp = Pew/AJV is the cw wallplug efficiency. Equa-
tions (12) and (13) demonstrate why employing devices
of high Ty and 7; values, such as DW-type QCLs, will
be crucial for maximizing both the output power and
the wallplug efficiency in RT cw operation. For exam-
ple, we have estimated” that RT cw wallplug efficien-
cies in excess of 20% from a single facet become possible
at 4.6 to 4.8 um.

5 Estimates for Temperature Dependence of
Threshold Current and Differential Quantum
Efficiency

We use Egs. (1) to (3) and (11) to estimate the tempera-
ture variations of Jy, and nyg over the range 300 to 360 K.
To estimate the leakage current at threshold, we calculate the
electron sheet densities in states 5 and 6 using the following
relations:

75, tot 75, tot
ns = n4m ne , (14)
T45 T65
T6, tot
Ne = Njs s (15)
T56

where 75 and Teior are the net lifetimes corresponding
to electron scattering from state 5 to states 1 to 4 and 6,
and from state 6 to states 1 to 5 and to states in the upper
I" miniband, respectively. The lifetime 7;; corresponding to
thermal excitation of electrons from a lower-energy state i to
a higher-energy state j, which is predominantly due to LO-
phonon absorption scattering for large energy separations, is
approximated from the following expression:

1 _Eji +hool(Te/T) — 1]
kTei ,

(16)

— A — exp
Tij Tji

where Ej; is the energy difference between states j and i,
hiwro is the LO phonon energy (E;; >hwro), and Ty is
the electronic temperature for state i, which under very low-
duty-cycle operation (i.e., negligible Joule heating) is ob-
tained from T, — Ty, = ag. - J, where g is the electron-
lattice coupling constant.’® The structures used in the cal-
culations are of the conventional [Fig. 3(a)] and deep-well
[Fig. 3(b)] types, and we consider 3-mm-long, 30-period
devices with uncoated facets. Since the lifetimes due to
inelastic and elastic scattering tend to be similar in the
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Table 1 Measured and calculated parameters for conventional® and
deep-well'® QCLs of the DPR design (» = 4.6 to 4.8 um). Here
Jeak/Jin is the relative electron leakage, where Jy, is the threshold
current density.

Measured Ty (K)  Jeak /din~ Calculated Ty (K)

300t0 360 K 300K 360 K 300 to 360 K

Conventional QCL 143 0.147 0.226 167

Deep-well QCL 253 0.088 0.128 234

A = 4.5- to 5.0-um range,’! we halved the lifetimes ob-
tained from a k-p code, considering only inelastic scat-
tering, and, since the elastic-scattering lifetimes are basi-
cally temperature-independent,*3! we assumed that the life-
times vary half as fast with temperature as when only in-
elastic scattering (that is, LO-phonon-assisted scattering) is
considered. Furthermore, the presence of elastic scattering
(due to interface roughness) causes the electroluminescence
linewidth, 2y 43, to vary much more slowly than when only
LO-phonon scattering is considered.’> For example, over
the 300- to 360-K temperature range, the calculated char-
acteristic temperature coefficient for the parameter 2y 43 is
~410 K if only LO-phonon scattering is considered,”” in
contrast with the observed value of ~700 K.*? These slower
variations in 74 and 2y 43 are taken into account when cal-
culating the temperature dependence of Jy . For calculat-
ing T, values we use an agy value of 35 K cm?/kA as
measured'* for the electronic temperature of the injector
ground state, Teg, of 4.8-um-emitting, strain-compensated
QCLs. Since state g is strongly coupled to the upper laser
level, we assume that at threshold Te4 ~ T, We also employ
Tes = Teg & Te4, although these assumptions may be less
reliable.

Table 1 shows calculated values for the ratio Jiea/Jin at
heatsink temperatures of 300 and 360 K, and for Tj, in con-
ventional QCLs* and DW QCLs'? of DPR design, with 4.6-
to 4.8-um wavelength, 30 periods, 3-mm-long cavity, and
uncoated facets. For conventional QCLs of such parameters
the Jy, value at 300 K is taken to be 1.85 kA/cm?. The value
was derived from experimental data®> and by using our es-
timates of the quantity Jom, + Jorm for those structures with
the preceding assumptions on T,s and T, which provide
a differential internal efficiency n; of 70%. For DW QCLs
the Jy, value at 300 K for uncoated, 3-mm-long chips is
1.83 kA/cm?.!3 Starting with the expression for Jo ¢ + Jof.n
(i.e., nam/t4), we add to it the expression for Jieam [Eqs.
(3), (14), and (15)] and then factor out n4 4, to find its value
for a given Jy. Subsequently, Jieaxn Was calculated at 300
K. Then, the ratio of the value of Jou +Jorm at 360 K
to its value at 300 K was used as a scaling factor for nm
when calculating Jieak m at 360 K.

The primary electron leakage path is found to be relaxation
from state 5 to the lower AR states (i.e., states 3, 2, and 1) of
electrons thermally excited from the upper laser level (state 4)
to state 5. A secondary leakage path, which is significant
only for conventional QCLs, is thermal excitation from state
6 to the upper-I"-miniband states, and subsequently to the
continuum, of electrons (thermally) excited to state 6 from
state 5.
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The relative carrier leakage (Jieakm/Jm) is significantly
smaller for DW than for conventional devices, primarily be-
cause Es4 is 60 meV in the former and 46 meV in the latter.
The higher Es4 value, which is a consequence of the much
taller barriers, affects Jieax, 1 mostly through the scattering
time 745. For example, the calculated values for 745 at 360 K
are 0.84 and 0.32 ps for DW-type and conventional devices,
respectively. The difference is due to the Es54 dependence in
the thermal-activation term of Eq. (16), and also the larger 754
value (0.21 versus 0.12 ps), which is related to the magnitude
of Es4 compared to the phonon energy (i.e., how nonresonant
is the phonon-assisted scattering).

Leakage from state 6 to the continuum is basically nonex-
istent in DW-type devices because of the large energy differ-
ence between state 6 and the bottom of the upper I' miniband,
Eumg (i.e., 150 meV), as seen from Fig. 3(b), which in turn
gives Teum values of the order of 500 ps at 300 K and 200 ps
at 360 K. In sharp contrast, E,;6 in conventional devices
is &70 meV [Fig. 3(a)], which, coupled with the significant
wave-function overlap between state 6 and the lower states of
the upper miniband, gives much smaller t¢y, values: 2.4 ps
at 300 K, and 1.3 ps at 360 K. Notwithstanding, leakage
through the upper miniband at 360 K is estimated to account
for only about 10% of the total Jie,x m, because of the rel-
atively high value of Egs (80 meV). The electron leakage
to the continuum may actually be greater if the electronic
temperatures of states 5 and 6 are higher than that in the
upper laser level and/or if the phonons’ temperature is higher
than that of the lattice temperature (i.e., hot phonons are
present).

The calculated Ty values for conventional and DW devices
(167 and 234 K) agree well with the experimental values
(143 and 253 K, respectively). For conventional devices
better agreement would be obtained if the electronic tem-
peratures of states 5 and 6 were taken to be higher than
that of state 4 and/or if o, were taken to increase with
temperature. Conversely, for DW devices a lower (injector)
ground-state electronic temperature 7., and thus better agree-
ment is expected, since lower a1, values are associated with
higher conduction-band offsets.'* With increasing tempera-
ture, lower T, values would decrease both Jyp and Jieak s
which together with increases in «,, would provide more
accurate Ty values for DW devices.

T, values are estimated from the nq expression (11) by
assuming that only 7, varies with temperature, and using
calculated T values for the quantity Jo m + Jorm combined
with the derived T}, values for the total Jy,. For conventional
devices the T value thus obtained is 585 K, much higher than
expected, although no direct comparisons with experiment
could be made, since in the literature we could not find pulsed
L-I curves beyond T = 298 K for 4.6- to 4.8-um QCLs of
the DPR design. (A T} value of ~153 K can be derived
from pulsed L-I curves® covering T = 280 to 298 K.) While
pulsed L-I curves for 4.6 to 4.8-um-emitting devices of other
designs yield 7 ~ 143 K over the 273 to 323-K range for
the bound-to-continuum design®® and 140 K over the 293-
to 333-K range for the NRE design,” direct comparisons are
not possible. Nonetheless a discrepancy exists, which may
be due to the same reasons as for the higher calculated T
values; that is, higher electronic temperatures for upper AR
states and «, increasing with temperature, with the latter
having a stronger influence, since «,, variations affect the
ng value much more than the Jy, value. For DW devices
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the estimated 7' value is 1260 K, much higher than the
experimental result of 285 K,'* which may in part be due to a
lower T, value and in a larger part due to c, increasing with
temperature.

Finally, by using a modified equation for the maximum
wallplug efficiency nwpmax,>. Which takes into account the
leakage-induced droop in the pulsed light-versus-J curve,'”
and the differential pumping-efficiency term 7, and consid-
ers that the maximum in pulsed wallplug efficiency occurs
at a current density Jypmax Smaller than Jyax [Viz., Jyp max
~ 2.5 x Jn(300 K)],%3*—most likely due to leakage currents
high above threshold via injection into upper AR states,**—
we calculated, for an optimized DW-QCL structure with N,
= 40 and optimal «, value 2.2 cm™! (just as in Ref. 17), a
pulsed 1yp max Value of ~23.5% for front-facet-emitted (i.e.,
usable) power at 300 K. This is ~1.7 times higher than the
best reported front-facet values for conventional QCLs.!”
Then, by assuming similar thermal and electrical resistances
to those in Ref. 17 and using Eqgs. (12) and (13), the tem-
perature rise in the device core with respect to the heatsink
temperature, AT,, is estimated to be ~21 K for DW QCL
devices at the point where the wallplug efficiency reaches
its maximum in cw operation at 300 K. In contrast, for con-
ventional QCLs,® which have significantly lower T, and T}
values than DW QCLs, by using Eq. (13) the value of AT,
at Nyp,max 18 found to be ~30 K. Then, for DW QCLs, by
using the estimated AT, and the experimentally measured
Ty and T; values, we estimate a maximum front-facet, RT cw
wallplug efficiency value of ~22%.

6 Conclusions

The use of deep quantum wells in the active regions of mid-
infrared QCLs has resulted in the strong suppression of elec-
tron leakage. This is evidenced by significantly lower tem-
perature sensitivities for both the threshold current and the
slope efficiency than in conventional QCLs. Basically, both
the threshold current and the slope efficiency of DW QCLs
vary with temperature about 2.3 times slower than those
parameters for conventional, high-performance QCLs. This
dramatic suppression of carrier leakage indicates that we are
approaching temperature dependences determined mainly by
inelastic and elastic scattering and backfilling. The virtual
doubling of Ty and 7 above room temperature should lead
to significantly improved cw performance as well as better
long-term reliability at watt-range cw powers. Furthermore,
the achieved carrier leakage suppression makes DW-QCL
designs ideally suited for incorporation into intersubband
quantum-box laser structures.

The conventional equations for threshold current and ex-
ternal differential quantum efficiency have been modified to
reflect both electron leakage and backfilling when the elec-
trons in the injectors are hot. The calculated T values for
both conventional and DW QCLs are in good agreement with
experiment, providing evidence that our thermal-excitation
model involving hot electrons in both the injector and the
active region is correct.
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