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Abstract— We perform a detailed comparison of 2D Auger
coefficients in narrow-gap type-I and type-II quantum wells
(T1QWs and T2QWs), and the relative effects of Auger
non-radiative decay on midwave infrared lasers employing both
types of gain media. Comparison is also made to 3D Auger
coefficients in bulk mid-IR materials, by defining a “normaliza-
tion length” that accounts for the spatial extent of the electron
and hole wavefunctions in the quantum wells. The comparisons
confirm that Auger recombination in both types of QW is sub-
stantially suppressed relative to bulk, due primarily to the effects
of compressive strain on the valence subband dispersions. We find
that the 2D Auger coefficients in T1QWs remain substantially
lower than those in T2QWs out to wavelengths beyond 3.5 μm.
However, this does not necessarily imply a lower lasing threshold
because a substantial fraction of the holes injected into T1QWs
occupy lower subbands that do not contribute gain, so more
must be injected to reach the lasing threshold. When all of the
relevant considerations are combined, the thresholds for the best
T1QW and T2QW lasers cross over near λ ≈ 3.0 μm. Other
characteristics governing the relative T1QW and T2QW laser
performances above threshold, such as maximum output power
and wallplug efficiency, are also considered.

Index Terms— Auger recombination, diode laser, laser thresh-
old, midwave infrared.

I. INTRODUCTION

ONGOING advances in semiconductor laser and detector
technologies for the midwave infrared (mid-IR, loosely

defined here as 2-6 μm) have substantially expanded their
use in systems addressing such commercial and military
applications as chemical sensing [1]–[3], infrared countermea-
sures [4], and thermal imaging [5], [6]. For interband lasers
operating in the mid-IR, threshold current densities are nearly
always limited by the non-radiative Auger process, in which
electron-hole recombination is accompanied by the excitation
of a third carrier (either electron or hole) to an excited state
that conserves energy and momentum [7], [8]. Whereas the
carriers injected electrically to produce population inversion
and gain can also recombine by radiative or Shockley-Read
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(defect-assisted) processes, the multi-carrier Auger mechanism
tends to dominate at high carrier concentrations, so long
as the operating temperature is high enough to overcome
the activation energy associated with the energy gap. Auger
recombination can also affect the laser damping factor, optical
feedback dynamics [9], and dark current in mid-IR photodetec-
tors, although it is less likely to dominate in detectors since
they typically operate at very low optical excitation levels,
and often at cryogenic temperatures to maximize the detection
sensitivity.

Previous studies have analyzed and characterized the effects
of Auger recombination on specific types of mid-IR lasers
and detectors [10]–[19]. However, no previous work has
comprehensively compared that role across classes, or fully
deconstructed the physical basis for the wavelength range over
which each class of devices is advantageous. In particular,
type-I quantum well (T1QW) lasers (with electron and hole
wavefunctions concentrated in the same layer) are generally
acknowledged to perform optimally at λ < 2.8 μm, whereas
type-II QW (T2QW) devices (with electron and hole wave-
functions concentrated in adjacent layers) are preferable at
λ > 3.5 μm. However, little guidance has been available con-
cerning how their differing Auger coefficients and carrier dis-
tributions among the QW subbands affect the competition for
dominance in the intermediate range (≈ 2.8-3.5 μm). We will
show in the following Sections that the Auger coefficient alone
does not reliably predict which QW configuration minimizes
the threshold current density, or overall laser performance.

II. AUGER RECOMBINATION AND ITS EXPERIMENTAL

CHARACTERIZATION

In an Auger process, the energy of a recombining electron-
hole pair (which must exceed the bandgap, Eg) is transferred
to a third carrier that jumps to an excited state in either
the conduction or valence band.7 Since three carriers are
required for this to occur, the decay rate scales (nominally, for
nondegenerate statistics) as n2 p or np2, depending on whether
the third carrier is an electron or hole. Here n and p are the
3D (or 2D sheet) electron and hole densities that populate the
bulk (or QW) material.

Because the third carrier’s final state must conserve the net
energy and momentum of all three initial carriers, the Auger
decay rate is quite sensitive to details of the bulk or QW
band structure [8]. For the example of an nnp process in
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a bulk semiconductor with wide direct bandgap (emitting
in the near IR or visible), such as GaAs or InxGa1−xAs,
it becomes difficult to conserve both energy and momentum
because at least one of the three initial carriers must have a
momentum nearly as large as that of the final electron which
occupies a state at least a full bandgap above the conduction
band minimum. Hence the process has a large activation
energy proportional to Eg. The energy required to activate
a ppn process is even more prohibitive, unless an intervalence
resonance comes into play as will be discussed below.

On the other hand, the band structure of a narrow-gap
bulk material such as InAs, InSb, or Hg1−xCdxTe is quite
conducive to rapid nnp Auger decay. Since the heavy hole has
a large effective mass (typically ≈ 0.35-0.4 m0) whereas the
much smaller electron mass scales with energy gap, the initial
hole can have a large wavevector without much energy (and
therefore a relatively high occupation probability), whereas
the final electron can have a large energy (≈ Eg) without
much momentum. It follows that the activation energy for this
process is quite small. Multi-hole Auger processes can also
conserve energy and momentum if the energy gap is roughly
equal to the separation of the valence band maximum and
a lower valence band or subband at k = 0. For example,
the split-off gap nearly equals the energy gap in bulk InAs or
InAs1−xSbx [20]. Based on these fundamental considerations
that unavoidably cause Auger non-radiative decay rates to
be high in bulk narrow-gap semiconductors, it was long
considered unlikely that diode lasers emitting in the mid-
IR would ever attain thresholds low enough to allow room
temperature operation.

In the mid-1990s, however, Grein, Flatté and co-
workers pointed out that with band-structure engineering,
type-II InAs-Ga(In)Sb quantum wells and superlattices (SLs)
lattice-matched to GaSb can have Auger rates much lower than
in bulk materials such as Hg1−xCdxTe with the same energy
gaps [11], [13]. Furthermore, this assertion was confirmed by
experimental observations [12]. In these quantum heterostruc-
tures, compressive strain splits the degeneracy between heavy
and light holes at k = 0, and the in-plane effective mass for
the uppermost heavy hole subband becomes light (similar to
that of the electrons) near the zone center. This is illustrated
in Fig. 1, which plots the in-plane dispersion relations for
the two lowest electron and two highest hole subbands in an
InAs/GaInSb/InAs AlSb type-II “W” quantum well [21] with
conduction and valence band profiles shown in the inset. Since
the electron and hole effective masses are roughly equal near
the zone center, any hole state with wavevector large enough to
conserve momentum in an nnp Auger process has much larger
energy than in bulk, and is consequently far less likely to be
occupied at room temperature. Hence a significant activation
energy is induced. A number of subsequent experiments at
NRL [22], [23] and elsewhere [24] confirmed the strong
suppression of Auger recombination in mid-IR type-II InAs-
Ga(In)Sb-based QWs and SLs compared to bulk materials with
the same energy gaps, as will be seen below.

It was also suggested that ppn Auger decay rates may
become quite sensitive to valence subband alignments that
could induce resonant Auger processes [11]. Subsequent

Fig. 1. In-plane dispersion relations for the two lowest electron and two high-
est hole subbands in an InAs/Ga0.65In0.35Sb/InAs/AlSb (13Å/30Å/13Å/30Å)
type-II “W” quantum well. The inset illustrates the conduction and valence
band profiles for the four constituents, along with energy levels of the lowest
electron and highest hole subbands (dashed lines).

experiments established that ppn Auger rates in T2QWs
can indeed be substantial, although they failed to establish
any systematic correlation with specific valence intersubband
alignments relative to the energy gap. This is probably due to
the wide diversity of transitions that can occur, in conjunction
with broadening of the inter-level spacings by non-uniformities
in the quantum well thickness [22]. An experiment that varied
the hole/electron density ratio at the threshold of a mid-IR
laser with type-II “W” active QWs found roughly equal
Auger coefficients for nnp and ppn processes [25]. Because
the electron and hole masses in optimized T1 and T2 QWs
are roughly equal, and numerous valence intersubband transi-
tions are usually possible, both nnp and ppn processes most
likely contribute to the Auger recombination in both T1 or
T2 QWs [11]. To date, no reliable experimental evidence
indicates which process dominates.

Compared to wider-gap gain materials, strained narrow-gap
T2QWs have the advantage of a smaller band-edge density
of states, which reduces the carrier density required to reach
population inversion. Defying earlier expectations, this and
the strong Auger suppression associated with the T2QW band
structure allowed mid-IR T2QW lasers, in particular the inter-
band cascade laser (ICL) [26], [27], to display low thresholds
and high output powers (up to 500 mW) when operated in
continuous wave (cw) mode at room temperature.17

Following the prediction and experimental confirmation of
substantial Auger suppression in T2QWs compared to bulk
materials, it was generally taken for granted that they also
have smaller Auger coefficients than mid-IR T1QWs with
the same bandgaps. This supposition was supported by the
measurement of a relatively high Auger coefficient for a type-I
InAs0.85Sb0.15-In0.87Al0.13As0.91Sb0.09 multiple quantum well
(MQW) [28]. However, several groups subsequently showed
that mid-IR InGa(As)Sb T1QWs, with GaSb or AlGa(In)AsSb
barriers and grown on GaSb with much greater strain, can also
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Fig. 2. In-plane dispersion relations for electron and hole subbands
in a 130-Å-thick Ga0.44In0.56As0.24Sb0.76/Al0.20Ga0.55In0.24As0.24Sb0.76
T1QW that is similar to one of those described in [29]. The inset shows
the conduction and valence band profiles, along with energy levels for the
electron and hole subbands (dashed lines).

display significant suppression of the Auger decay rate [13],
[16], [17], [19]. This is not really surprising since, as in
T2QWs, compressive strain splits the valence band degeneracy
at k = 0 and induces a much lighter in-plane heavy hole
mass near the zone center. Figure 2 illustrates the disper-
sion relations of various electron hole subbands in a typical
InGaAsSb/AlInGaAsSb QW that may be used to produce gain
in a mid-IR T1QW laser (with bandgap corresponding to
λ = 3.3 μm in this example). Again, the inset shows band
profiles and subband energies. Whereas quaternary AlGaAsSb
barriers are sometimes employed, the quinternary barrier
shown here provides a larger valence band offset. GaSb
barriers are unfavorable for lasers because they provide almost
no valence band offset to confine the holes.

University of Surrey and NRL recently reported a detailed
quantitative investigation of Auger coefficients in mid-IR
T1QWs [19]. Besides confirming the substantial suppression
of nnp Auger recombination, that work also quantified the
Auger coefficient’s systematic increase at wavelengths for
which the energy gap comes into resonance with the split-off
gap [16]. Again due to strong Auger suppression, T1QW lasers
emitting in the 2-3.4 μm spectral range, including ICLs with
type-I active transitions [30], have reached high performance
levels, with thresholds among the lowest reported for any edge
emitting semiconductor laser, regardless of wavelength [31].

Figure 3 plots the threshold current densities per quantum
well per active stage for single-stage GaSb-based T1 (red)
and multi-stage T2 (blue) QW lasers operating at a broad
range of mid-IR wavelengths, where the blue dashed curve
is a guide to the eye. The T2QW devices are seen to have
lower thresholds per QW at wavelengths down to at least ≈
3.4 μm. A caveat is that whereas all of the T2QW thresholds
were obtained for broad-area devices with 2-mm-long cavities,
the T1QW data represent a range of cavity lengths, and some
were narrow ridges that are subject to higher scattering loss.

Fig. 3. Threshold current density per quantum well per active stage vs.
wavelength for T1 InGaAsSb QW and T2 interband cascade lasers17 operating
at room temperature. The T1 lasers were reported by U. Surrey [16], [19], [34]
(all open red points), MIT Lincoln Lab [28] (filled upside-down triangles),
SUNY diodes [29], [35]–[39] (filled triangles), SUNY T1 ICLs (filled
squares) [30], and Brolis [40] (filled diamonds). The blue dashed curve is
a guide to the eye.

It should also be mentioned that since most of the T1QW
lasers have 2-3 wells per stage and the type-II ICLs have
3-10 stages that must be biased in series, the relative threshold
input power density ( jth × Vth) may look quite different from
the comparison in this figure, as will be discussed further
below.

III. DETERMINATION OF AUGER COEFFICIENTS FROM

LASING THRESHOLDS

Since Auger recombination strongly dominates the thresh-
old current densities in both T1 and T2 interband mid-IR lasers
operating at room temperature, we can extract Auger coeffi-
cients from the Jth data, provided the internal losses, internal
efficiencies, and optical confinement factors are sufficiently
well known. We also need a reliable model for the modal
optical gain, which can be used to extract the electron and
hole densities required to reach threshold. NRL has used this
approach to extract Auger coefficients in T2 ICLs emitting at a
broad range of wavelengths [15], [18], [23], and most recently
in mid-IR T1QW laser structures [19]. However, no systematic
comparison of the T1 and T2 QW results has been reported
previously.

Because the optically- or electrically-injected carrier con-
centrations needed to produce gain nearly always exceed the
doping concentration, we assume p ≈ n (although this may
not strictly apply to ICLs [25]). The Auger recombination
rate for non-degenerate statistics is then proportional to n3,
although as the carriers become degenerate at higher con-
centrations the rate begins to saturate and increase somewhat
less rapidly than n3 [24]. The lifetime corresponding to the
cubic dependence is τA ≈ 1/C2Dn2, where C2D is the 2D
Auger coefficient with units cm4/s. The same expression may
be applied to bulk materials if we substitute the bulk carrier
concentration and 3D Auger coefficient C3D with units cm6/s.



2500110 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 57, NO. 5, OCTOBER 2021

The total threshold current density for lasing is the sum
of the radiative and non-radiative contributions, with Auger
recombination strongly dominating the latter in state-of-the-
art mid-IR QW gain media, as mentioned above.

The non-radiative component is then :
J 3D

Auger = eLC3Dn3
th (1a)

in bulk or :
J 2D

Auger = eNQWC2Dvn3
th (1b)

in a QW. Here, e is the electronic charge, L is thickness of
the bulk gain region, nth is the 3D or 2D threshold carrier
density (per QW in 2D), and NQW is the number of active
wells (which we assume to be populated equally). Note that we
set NQW = 1 for an ICL because the same threshold current
populates the single active QW in each stage.

The contribution of radiative recombination to the thresh-
old current density may be determined experimentally by
measuring the temperature dependence of the spontaneous
emission at threshold, or it may be estimated theoretically.
It was found that at room temperature the radiative component
for T1 devices accounts for approximately 20% of Jth [19],
whereas for T2 devices the fraction is much smaller. Therefore,
if we can reliably calculate the threshold carrier density nth for
a given laser in conjunction with measurement of its threshold
current density, we can use Eq. (1a) or (1b) to extract the
Auger coefficient C3D or C2D for the active gain material of
that device. To calculate nth for each laser, we simulated the
optical gain using an 8-band k· p theory with the reciprocal
space method [8]. The gain required to induce lasing was
determined using experimental values for the cavity and mirror
losses, where available, along with the optical confinement
factor corresponding to the specified layering of the waveguide
structure. We neglect Joule heating of the QWs, which is
generally modest at the lasing threshold. We also neglect
effects of the electric field applied to inject current, since they
are most likely smaller than experimental uncertainties in the
Auger coefficient.

As an example of this procedure, we consider a broad-area
T1QW laser with three active wells, cavity length 0.5 mm,
and uncoated facets emitting at λ = 2.37 μm [19]. The
internal loss for this laser was determined experimentally to
be 4 cm−1, which implies a total threshold gain of 26.5 cm−1.
The procedure outlined above (including a model of the optical
waveguide to determine the confinement factor) calculates
that nth = 1.06 × 1012 cm−2 is required to reach this
gain. The corresponding radiative current per QW is then
9.5 A/cm2. This particular laser displayed a low measured
threshold current density of 108 A/cm2 (36 A/cm2 per QW),
from which the Auger component is 26.5 A/cm2 per QW and
C2D = 1.4 × 10−16 cm4/s. The corresponding Auger lifetime
is 6.4 ns, and the total lifetime including both radiative and
nonradiative contributions is 4.7 ns. Threshold carrier densities
for most of the other T1QW lasers discussed below are in
the 1.0-1.5 × 1012cm−2 range, while the carrier lifetimes vary
from ≈ 1 to 4 ns, with the lower values typically observed at
longer wavelengths.

For T2QW ICLs with the band structure illustrated in Fig. 1
[20], only one electron (hole) subband is typically occupied.
Even though the electron and hole densities are not necessarily
the same, they can be nearly equalized by adjusting the doping
level in the electron injector (carrier rebalancing) [25]. This
leads to a relatively low threshold carrier density of nth =
6.5×1011 cm−2 for a typical 2-mm-long uncoated broad-area
laser with internal loss 5 cm−1 (gth ≈ 10.5 cm−1). The
radiative current density at threshold is then computed to be
≈ 3 A/cm2, a small fraction of the total measured threshold
current density of 150-200 A/cm2. The radiative current is
much lower than in the T1QW example because the optical
matrix element and threshold carrier density are both reduced.
Assuming an internal quantum efficiency of 80%, we obtain
C2D ≈ 3 × 10−15 cm4/s and a carrier lifetime of 0.6-0.8 ps.

Although this procedure extracts a 2D Auger coefficient
from the QW laser threshold, and all state-of-the-art III-V mid-
IR lasers employ T1 or T2 QWs instead of bulk materials,
it is nonetheless convenient to relate the 2D values to a
3D representation so comparison may also be made to bulk
mid-IR materials [22]. Moreover, most previous investigations
of Auger recombination in QWs have reported 3D rather than
2D Auger coefficients (e.g., [17], [41]–[43]), so a conversion
is needed, at the very least, to place the earlier studies in
context. We accomplish this transformation by calculating a
normalization length corresponding to the quantum-confined
carrier’s spatial extent along the growth axis, which may be
derived using the wavefunctions υe and υhh for the relevant
electron and hole subbands [15]. The resulting relationship
of 3D and 2D Auger coefficients is then:

C3D ≈ C2D

∫ |υe|2 dz

|υe|2max

∫ |υhh|2 dz

|υhh|2max

(2)

The normalization length for a T1QW is typically a fraction
of the QW width W (with C3D = C2DW 2/4 in the limit of
infinite barriers), whereas for a T2 InAs-GaInSb-InAs-AlSb
“W” QW such as those used in ICLs it tends to be roughly
equal to the GaInSb hole QW thickness. Other definitions
of normalization length are certainly possible and can be
encountered in the literature, so care must be exercised in
any detailed quantitative comparison across different published
works. Nevertheless, the main trends remain the same regard-
less of the precise definition of normalization length, and
the fast variation with wavelength reduces the importance of
numerical factors of order 1. Note that Auger coefficients
in photodetectors based on type-II superlattices must also
be carefully normalized to be comparable to values in bulk
absorbers because the electron-hole overlap is generally well
below unity. Overall, we believe the definition in Eq. (2) can
be applied meaningfully to a wide variety of band structures
and Auger mechanisms.

IV. “3D” AUGER COEFFICIENTS

In earlier works, Eq. (1b) was used to extract 2D Auger
coefficients from the experimental threshold current densities
of ICLs emitting at wavelengths between 2.8 and 6.2 μm [15],
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Fig. 4. Auger coefficients vs. wavelength (corresponding to the energy gap),
as extracted from T1 (red) and T2 [18] (blue) QW laser thresholds at room
temperature. The T1QW results include laser data (same symbols as in fig. 3)
as well as non-laser Auger results reported by U. CO/U. TX/LANL [17] (filled
squares), and NRL/MIT-LL [28] (filled star). For this plot, the 2D Auger
coefficients derived from laser threshold experiments were converted to 3D
as discussed in the text. Also shown are literature values for various bulk III-V
(black), II-VI (green), and IV-VI (magenta) binary and alloy semiconductors.
The three curves are guides to the eye.

[18], [32]. Equation (2) was then used to compare the con-
verted 3D values to Auger coefficients in bulk binary and alloy
semiconductors with energy gaps spanning the same range.

Figure 4 expands that analysis by including the converted
3D results for T1QWs (red points) [16], [17], [19], [29], [30],
[33]–[40]. The open red points are extracted from threshold
data acquired at University of Surrey using hydrostatic pres-
sure to vary the bandgap, and hence the emission wavelength,
of a given device [19]. This allowed single lasers to span
wavelength ranges up to 350 nm. The results are compared
to the most complete data set for ICLs with T2 “W” active
QWs (blue points) [18], which were extracted from the pulsed
thresholds for broad area lasers with standard dimensions at
300 K. Also shown in Fig. 4 are the Auger coefficients reported
for various bulk III-V (black) [28], [44], II-VI (green) [45]–
[49], and IV-VI (magenta) [50], [51] semiconductors with
energy gaps in the same mid-IR range.

The C3D values derived from type-II ICL thresholds are
remarkably consistent, with fluctuations at a given wavelength
rarely exceeding a factor of 2. This is despite the extraction
from data acquired over an 11 year period, from lasers
processed from 70 different wafers with stage multiplicities
ranging from 3 to 10 and employing a wide variety of
active QW and waveguide designs. The T1QW results for
structures grown at a number of different facilities are also
largely consistent. One exception is a hydrostatically-tuned
InGaAsSb/AlGaAsSb MQW laser, whose values are an order
of magnitude higher at wavelengths between 1.9 and 2.2 μm
(open red diamonds). That structure displayed no obvious
deficiencies in layer design or growth/processing quality [19],

although its QWs were thinner (80 Å) than for any of the other
T1QWs (100-130 Å).

The other anomaly is the much lower T1QW Auger coef-
ficients reported recently for InGaAsSb/GaSb MQWs with
bandgaps near 3.1 μm (red squares) [17]. That study extrapo-
lated C3D values to the limit of non-degenerate carrier popu-
lations as a function of compressive strain on the QWs, which
was induced both epitaxially and mechanically. The low C3D
values are probably associated with the use of GaSb rather than
AlGa(In)AsSb barriers to bound the InGaAsSb QWs. Note that
whereas Eq. (2) accounts for the spatial distribution of carrier
wavefunctions localized in the QW, the valence band offset
for structures with GaSb barriers was only 0-75 meV [17].
Consequently, many of the optically-injected holes would
not have been confined to the QWs at all, instead occupy-
ing the extensive surrounding GaSb layers. Thus the Auger
coefficients may have been artificially suppressed by weak
wavefunction overlap of the unbound holes with electrons
localized in the QWs. As mentioned above, the very low
valence band offset and weak hole confinement provided by
GaSb barriers makes them disadvantageous in T1QW lasers.

Deferring examination of the wavelength dependences for
T1 and T2 QW Auger coefficients to the next Section,
we emphasize here the dramatic contrast with bulk materi-
als. Figure 4 confirms that the lighter hole mass near the
valence band maxima of a compressively-strained QW indeed
induces a strong suppression of the Auger non-radiative decay,
enabling mid-IR lasers incorporating QWs of both types to
display low thresholds. In contrast, the Auger coefficients
for bulk III-V and II-VI (HgCdTe) materials increase with
wavelength by two orders of magnitude between 2 μm and 6
μm. The exceptions are PbSe and PbTe (magenta points),
which also have very low Auger coefficients. One result
reported for PbSe [50] is lower for its wavelength of 4.4
μm than any of the QW values. This is due to the very
different band structure of narrow-gap lead chalcogenides,
which features mirror-image electron and hole dispersions at
the four degenerate L-points, rather than the light electron and
heavy hole masses characteristic of InAs or HgCdTe.

V. 2D AUGER COEFFICIENTS

Whereas the conversion to 3D provides a meaningful com-
parison of T1 and T2 QW Auger coefficients to bulk val-
ues, the 2D coefficients extracted directly from the threshold
analysis are naturally more relevant to QW laser operation.
Figure 5 replots the T1 and T2 Auger coefficients from
Fig. 4 in the 2D representation, excluding T1QW structures
with GaSb barriers that are less favorable for lasing. For both
QW types, the main trends as a function of wavelength are
naturally quite similar in the 2D and 3D representations.

At longer wavelengths, the coefficients increase exponen-
tially because Auger recombination is an activated process.
Note, however, that after passing through minima the trends
for both QW types increase again with decreasing wavelength.
It is well documented that this occurs in T1 InGaAsSb QWs
because at wavelengths somewhat shorter than 2 μm, the
bandgap moves into resonance with the split-off gap [16],
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Fig. 5. 2D Auger coefficients vs. wavelength extracted from laser thresholds
at room temperature, based on the T1 [16], [19], [29], [30], [35]–[40] (red)
and T2 [18] (blue) QW data used to generate fig. 4 (same symbols) but
excluding T1QW structures with GaSb barriers. The red and blue curves are
again guides to the eye.

[20]. In that regime it is straightforward to conserve both
energy and momentum via ppn Auger processes in which the
electron recombination with a heavy hole excites a second
heavy hole to the spin-orbit split off valence subband. This
process also limits InP-based QW lasers operating in the
1.3-1.6 μm range [52].

The reason for the increase of C2D in T2QWs at wave-
lengths shorter than ≈ 3.2 μm is unknown at present, but
occurs regardless of where the ICLs are designed, grown
and processed [53]. Similar minima in jth at λ ≈ 3.2 μm
and ≈ 3.5 μm were observed at U. Surrey when hydro-
static pressure was applied to vary the bandgap of two
ICLs [54], [55]. Furthermore, the unexpected behavior of the
Auger coefficient is accompanied by an increase of the internal
loss in the same shorter-wavelength range [18]. Theoretical
simulations based on current models for the ICL band struc-
ture, carrier dynamics, and mode properties predict that both
the Auger coefficient and internal loss should continue to
decrease down to wavelengths much shorter than 2.5 μm.
For comparison, the Auger coefficients for near IR InGaAs
QW lasers grown on InP are typically in the 10−29 cm6/s
range in 3D units, which corresponds to the 10−17 cm4/s range
in 2D [19], [41], [42]. The coefficients for InGaAs-GaAs lasers
emitting at shorter wavelengths are even lower [43].

Whereas considered individually the overall wavelength
trends for both QW types look quite similar in the 3D and
2D representations, note that the relative magnitudes of C2D
in T1 vs. T2 QWs have shifted appreciably. In particular,
in 2D the T1QW values appear much more advantageous out
to wavelengths as long as ≈ 3.5 μm. That shift results from
the much wider normalization lengths for T1QWs, which are
typically ≈ 55, 64, or 79 Å for T1QW thicknesses of 80, 100,
or 130 Å, respectively, as compared to ≈ 40 Å for the T2 “W”
QWs. Thus if the 3D carrier concentrations and lifetimes in

Fig. 6. Total threshold current density vs. wavelength for the same T1 and
T2 QW lasers whose thresholds per QW per stage are plotted in fig. 3. The
blue curve is again a guide to the eye.

T1 and T2 QWs are equal, the T1QW has a much higher
2D concentration and consequently, from C2D = 1/n2τA,
a much lower Auger coefficient. So long as all the injected
electrons and holes occupy states in the lowest conduction
and highest valence subbands that produce gain, a lower C2D
correlates directly with lower threshold current density for
lasing (assuming similar optical confinement factors and net
losses).

However, whereas C2D determines the non-radiative decay
rate based on the total sheet carrier concentration per QW,
the fraction of those carriers populating “useful” subbands
that actually produce gain is quite different in state-of-the-art
designs for the two types of QWs. For example, a statistical
calculation at room temperature for the T1QW band structure
illustrated in Fig. 2 finds that 88% of the electrons reside in
the lowest subband and most of the other 12% in the second.
On the other hand, the close spacing the valence subbands
makes them almost bulk-like. Only 35% of the holes reside in
the uppermost HH1 subband, with 28% in the second, 25% in
the third, 10% in the fourth, and 2% in fifth. The simulation
estimates that whereas the lasing threshold is reached with
a hole density of 3.3 × 1011 cm−2 in the HH1 subband,
9.3 × 1011 cm−2 total holes must be injected to reach that
“useful” concentration. For T1QWs with the thinnest QW
thicknesses of 80 Å, the electron (hole) populations in the
lowest (highest) subbands are only moderately higher, with
95% of the electrons in E1 and 42% of the holes in HH1.

By contrast, both conduction and valence intersubband
separations in the T2QW of Fig. 1 are large enough that
for injection corresponding to the lasing threshold at room
temperature, the fraction of carriers occupying higher sub-
bands is negligible. It follows that simply comparing 2D
Auger coefficients for T1 and T2 QWs provides a misleading
indicator of which QW type can lase with lower threshold
carrier density.

One could consider defining a “handicapped” Auger coeffi-
cient that accounts for the distribution of carriers between the
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subbands: Ch
2D ≡ (n/nE1)

2(p/pHH1)C2D for nnp processes or
(n/nE1)(p/pHH1)

2C2D for ppn processes. The implicit assump-
tion here that a single Auger coefficient governs carriers occu-
pying all the subbands is reasonable, because intersubband
thermalization occurs on a time scale much faster than the
recombination lifetime. However, we stop short of implement-
ing this approach because of its fundamental similarity to
simply employing the threshold current density itself as the
figure of merit. It differs only in separating the lifetime and
its dependence on band structure from other factors such as
multiplicity of QWs, optical confinement factor, waveguide
loss, and optical matrix element (which is higher in a T1QW
due to stronger overlap of the electron and hole wavefunc-
tions). And of course it would not be meaningful to apply
such handicapping to IR detectors, since their dark currents
are nominally insensitive to carrier distribution between the
subbands.

Because the total threshold current density is ultimately of
greater interest than the threshold per QW, Fig. 6 replots the
data from Fig. 3 in that form. We find that the net thresh-
olds for T2QWs remain lower for wavelengths down to at
least ≈ 3.1 μm, although this still fails to tell the whole story
as will be discussed in the next Section.

VI. OTHER CONSIDERATIONS

We see from Figure 6 that the thresholds for T1 and
T2 QW lasers cross over near λ ≈ 3.1 μm. However, it was
mentioned above that the multiple stages in an ICL require
higher operating voltage than for a non-cascading InGaAsSb
QW diode. Although it is not feasible to plot threshold power
densities (Pth) corresponding to the jth data shown in Fig. 3,
because most of the references did not provide I-V curves
or otherwise specify the threshold voltage (Vth), we can
nonetheless use whatever information is available to estimate
the differing voltage requirements. A survey of the best data
for T1 InGaAsSb QW lasers yields that at λ = 2.03 μm,
a narrow-ridge laser with 3 active QWs from SUNY operated
with threshold voltage 0.9V [56]. At the somewhat longer
wavelength λ ≈ 2.7 μm, a DFB laser with 6 active QWs
from JPL operated with threshold voltage 1.05 V [57], while
a broad-area device with 2 QWs from Walter Schottky Institut
displayed Vth = 0.75 V [58]. Typical narrow-ridge or broad
area T1 lasers from SUNY with 3 active QWs emitting
at λ = 3.15-3.4 μm [38], [39] operated at threshold voltage
0.8-1.4 V, whereas U. Montpellier reported a slightly higher
Vth of 1.6 V for a narrow-ridge device with 2 QWs and
emitting at 3.04 μm [59]. From these data we can estimate
approximate excess voltage ratios for different wavelength
ranges: γV ≡ eVth/h̄ω ≈ 1.5 (where h̄ω is the photon
energy) for devices emitting at 2.0-2.5 μm, ≈ 1.8 for devices
spanning 2.5-3.0 μm, and > 2.0 (up to 4.0) for the less
mature T1 devices operating at 3.0-3.5 μm. By contrast,
threshold voltages for the broad area T2 ICLs emitting at
λ = 3.2-4.0 μm from [18] typically fall in the range 2.1-2.4 V
for 5-stage ICLs and 3.4-3.9 V for 7-stage ICLs. These
values imply γV ≈ 1.4M , where M is the number of stages.
More specifically, γV ≈ 6.8 for 5-stage ICLs and ≈ 9.8 for

7-stage devices. Since 5-stage ICLs perform quite well when
low drive power is a key figure of merit, we can roughly
convert the relative jth for T2 vs. T1 QWs to relative Pth by
multiplying the T2QW current densities by ≈ 4.4 in the range
λ = 2.0-2.5 μm, by ≈ 3.8 in the range 2.5-3.0 μm, and by
≤ 3.3 in the range 3.0-3.5 μm. Following application of these
factors to the jth data shown in Fig. 3, we conclude that Pth
for state-of-the-art T1 and T2 QW lasers are roughly equal at
λ ≈ 3.3 μm.

Furthermore, threshold power density represents only one
figure of merit for mid-IR laser performance. Other key
attributes are governed by the performance above threshold,
such as maximum cw power attainable with good beam
quality and maximum wallplug efficiency (WPE). While direct
comparisons between lasers of different types that are designed
and fabricated at different facilities are never possible due
to inevitable variations in the optical confinement factors,
processing methods, cavity parameters, thermal management,
etc., a brief overview is nonetheless useful. At λ ≈ 2.0 μm,
T1QW diodes and T1 ICLs have produced cw output powers
approaching 2 W and WPEs up to 20-30%, although most of
those T1 reports studied broad area lasers (e.g., 100 μm ridge
width) that emitted in multiple lateral modes [30], [60], [61].
Broad-area T1QW diodes emitting at λ ≈ 2.4 μm have emitted
up to 1.05 W cw, with WPE up to 17.5% [35]. At λ ≈ 3.0 μm,
T1 ICLs generated maximum cw powers up to 960 mW (WPE
≈ 11%), whereas at λ ≈ 3.3 μm the maximum was 650 mW
with WPE ≈ 16% [60]. Narrow-ridge T1 ICLs emitted up to
107 mW (WPE ≈ 9.7%) at λ ≈ 2.97 μm [62] and 85 mW at
λ ≈ 3.25 μm [60]. By comparison, narrow-ridge T2 ICLs that
emitted in a high-quality beam have demonstrated cw power
> 500 mW and WPE up to 18% [63]. WPEs exceeding 10%
have been routine for narrow-ridge T2 ICLs with wavelengths
as short as 3.1 μm and as long as 3.7 μm. The internal loss
of 3-5 cm−1 for T2 ICLs emitting between 3.1 and 3.7 μm
[18] is somewhat lower than the values reported for T1QW
lasers operating beyond 3 μm [60], [62].

We finally note that if the energy gap of the T1 well material
can be reduced, e.g., by substituting a dilute nitride, dilute
bismide, or metamorphic InAsSb grown on a buffer with lattice
constant between those of GaSb and InSb, the QW thickness
could be decreased for greater subband separation and lower
fraction of the carriers populating non-lasing subbands. On the
other hand, we see from Fig. 6 that T2 ICLs of the current
generation become disadvantageous at wavelengths λ ≤ 3.0
μm due to the unexplained increase of jth in that range.
However, once the source of that unexpected increase is
identified, it may become possible to redesign the structures
for more competitive performance at shorter wavelengths.

VII. CONCLUSION

We have clarified and quantified the physical mecha-
nisms determining threshold current and power densities in
narrow-gap type-I and type-II QW lasers, which are emerging
as central components in a new generation of compact mid-IR
optoelectronic systems. While most of the dominant concepts
and mechanisms have been discussed previously with regard to
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one laser type or the other, this work’s focus on the differences
provides a more realistic assessment of fundamental factors
limiting the present designs.

We have compared the Auger coefficients derived by ana-
lyzing T1 and T2 QW laser thresholds to other mid-IR values
from the literature. Assuming non-degenerate statistics and
equal electron and hole populations, the Auger decay rate in
a QW is τ−1

A ≈ C2Dn2. This expression is generally accurate
for photodetectors with absorber carrier densities far below
the degenerate limit. It is less accurate in lasers that operate
near the onset of degeneracy and, for this reason, can produce
a slight underestimate of the “true” low-density Auger coeffi-
cient. This is particularly true for lasers with low confinement
factors (few wells or stages) and higher cavity loss. Con-
sidering the difficulty of establishing the full carrier-density
dependence of the Auger rate in these structures, we believe
that our approach is a reasonable approximation.

It is often useful to convert the 2D Auger coefficient derived
in this manner to a 3D value so a tentative comparison can be
made to Auger coefficients in other systems including super-
lattices and bulk materials. This is accomplished by defining a
“normalization length” that accounts for the spatial extent of
the electron and hole wavefunctions. The comparison of 3D
Auger coefficients in Fig. 4 confirms that the non-radiative
decay is substantially suppressed in both QW types, which
occurs because compressive strain lifts the degeneracy of the
heavy and light hole subbands as shown in Figs. 1 and 2. The
much lighter in-plane effective mass for holes near the top of
the valence band introduces a substantial activation energy for
Auger recombination at room temperature.

The plot in Fig. 5 of 2D Auger coefficients for both QW
types indicates lower T1QW values to wavelengths beyond
3.5 μm. However, this does not necessarily imply a lower
lasing threshold because T1QW lasers must inject more car-
riers to produce enough gain for lasing. Only a fraction of
the injected carriers (especially holes) occupy the extremal
conduction and valence subbands, whereas nearly all of the
electrons and holes injected into a T2QW laser occupy the
most favorable subbands. The plot of T1 and T2 QW lasing
thresholds in Fig. 6 indicates that when all of these con-
siderations are combined, the thresholds governed by Auger
recombination cross over near λ ≈ 3.1 μm. But even this
finding must be taken with a grain of salt, because T2 ICLs
generally require higher operating voltage than T1 diodes.
Hence their threshold power density may be higher even
when the threshold current density is lower. Nonetheless,
T1 ICLs, which also require higher operating voltages, have
often provided the best performance results (e.g., WPE) for
T1QW lasers emitting beyond 3.0 μm.

Other factors such as maximum output power, wallplug
efficiency, and manufacturability related to the growth and
processing of single-mode or high-power devices must also
naturally be considered in choosing which QW type should be
employed for a given application at a given wavelength. Since
the lasers of both types are still far from fully mature, ongoing
performance improvements may further shift the balance.
At λ > 3.0 μm, the T1QW lasers are limited by a substantial
injection of carriers into non-lasing subbands, whereas at

λ < 3.2 μm the T2QW devices are limited by some unknown
mechanism that causes both the Auger coefficient and internal
loss to increase with decreasing wavelength.
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