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Statement of the Problem

The ability to engineer the composition of materials on an atomic scale gave rise to
many novel optical devices, e. g. type-I quantum cascade (QC) lasers, type-II interband
cascade (IC) and diode lasers, quaternary alloy based multiple quantum well (MQW)
diode lasers, etc. Considerable progress has been made in the development of mid-
infrared (MIR) laser sources, which are desirable for numerous military, security, and
civilian applications including countermeasures, chemical sensing, and free space
communications [1]. However, the most prominent laser design and even the optimum
material system is not yet resolved issue for MIR range. Low cost, higher efficiency and
reduced size favor electrically controlled semiconductor lasers, making them more
preferable than optically pumped structures. As a result, there is especially strong demand
for injection semiconductor lasers operating in MIR wavelength range and capable for
continuous wave (CW) room temperature (RT) operation.

Present MIR injection lasers are still limited in their performance. InP and GaAs
based type-I QC lasers suffer from inherently high nonradiative intersubband electron
relaxation assisted by LO-phonon emission. This restrains the output optical power and
affects the temperature performance of the laser [2]. CW operation of the InAs/GaSb
based type-II lasers has been demonstrated only up to 195K for “W” diode lasers [3] and
up to 214K for interband cascade lasers [4]. The enhancement of the temperature
performance of these lasers is still very problematic due to lack of understanding of the
basic relaxation mechanisms in type-II heterostructures, unknown main sources of the
optical loss, and unsatisfactory thermal and transport properties of the laser structures. As
of this time, MQW diode lasers based on quaternary alloys InGaAsSb/AlGaAsSb with
traditional type-I band alignment demonstrate the best high-temperature CW
characteristics yet in restricted wavelength region A <3 um [5], which is determined both
by material band-gap limitations and insufficient hole confinement and transport.

Design and improvement of modern semiconductor lasers can be accomplished only
through extensive theoretical and experimental study of intra- and intersubband electron
dynamics in semiconductor heterostructures leading to deep understanding of the
heterostructure optical characteristics, such as the optical gain, optical loss, and a-factor
spectra. This project includes a research program for all three basic types of MIR lasers

e Enhancement of the phonon-assisted depopulation of the lower lasing states in
type-II interband and type-I intersubband cascade lasers. Study of the gain
modulation in type-I DFB-QCL.

e Study of optical gain and loss and performance advances in type-II electrically
pumped mid-infrared lasers. Enhancement of the laser temperature performance.

e Hole dynamics and heat removal management in MQW laser heterostructures.
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Summary of the Results

Comprehensive theoretical study of the electron relaxation processes responsible for
the depopulation of the lower lasing states in intersubband and interband laser
heterostructures has been accomplished during this project [6]. LO-phonon assisted
relaxation has been given special attention due to the high impact on the laser gain and
temperature performance.

An exact analytical representation was obtained for electron eigenstates in the full
8-band Kane model and applied to calculate the depopulation rate of the lower
lasing state in active region of type-II intersubband cascade laser [7]. We showed
that interband tunneling rate takes its maximum value when the depopulated
states belong to the upper of the coupled electron- and hole-like subbands in the
“leaky window” of the broken-gap type-II InAs/GaSb heterostructure.

The rate of interband electron transitions assisted by LO-phonon emission was
studied in an InAs/GaSb double quantum well heterostructure, which models the
active region of a type-II intersubband cascade laser [8]. The rate of phonon
assisted depopulation process was further compared with the interband tunneling
rate through the leaky window. We showed that the phonon-assisted process can
dominate over the elastic tunneling if the initial and final electron states anticross
and the anticrossing gap is designed smaller than the LO-phonon energy.

Detailed analysis of the electron-phonon resonance in type-II intersubband
cascade laser in extended k-space was performed [9]. We found that the main
peak of the electron-phonon resonance corresponds to electron transitions from
the lowest electron-like subband to the top of the highest light-hole-like subband,
which is strongly spin-split and displaced from the center of the Brillouin zone
due to the asymmetry of the InAs/GaSb quantum well heterostructure.

Electron-phonon wave function overlap was optimized for electron-phonon
resonance in type-II heterostructures [10] and improved laser design with
enhanced optical gain was suggested [11]. We showed that LO phonon assisted
relaxation in type-II heterostructures is more efficient for the fast depopulation of
the lower lasing states than the corresponding intersubband process in type-I
double quantum well heterostructures. Phonon-assisted depopulation can be
conveniently employed even when the lower lasing level is designed near the
upper edge of the heterostructure leaky window, where direct interband tunneling
depopulation becomes inefficient. This design is beneficial for the type-II laser
performance providing the highest value of the matrix element for intrawell
optical lasing transition and simultaneously preventing thermal backfilling of the
lower lasing states.
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Periodic modulation of the carrier density and the optical gain, produced by a
piezo-acoustic wave propagating along the optical axis of a unipolar QCL, was
investigated [12]. We predict distributed feedback in such a piezo-DFB QCL
sufficient for providing the mode suppression ratio over 30 dB [13]. In contrast to
bipolar lasers, the piezoelectric modulation of unipolar carrier density in type-I
QCL is not accompanied by a degradation of the average gain. We showed that
the wavelength of the main DFB mode can be tuned in a wide range, which is
especially important for spectroscopic applications of the quantum cascade lasers.

The program of experimental study of the laser heterostructures was focused on the
understanding of the temperature dependence of the optical gain and loss which is of
crucial importance for laser high-temperature operation [14]. Special measurement
techniques have been developed for MIR type-II lasers which allow gain and loss spectra
analysis in wide temperature range. Heat removal and hole leakage processes were also
studied using MQW InP-based laser and laser array heterostructures.

Lateral mode spatial filtering technique combined with the Hakki-Paoli approach
was developed for gain measurements in broad area type II InAs/GalnSb mid-
infrared diode lasers (A=3-3.1pm) with W-type active region design [15]. We
analyzed the internal optical loss obtained from the gain spectra and found that
the optical loss of 18-20 cm™ was the same for devices with either ten or five
periods in active region. The optical loss is found to be nearly constant in such
devices in wide temperature range between 80 and 160K. Analysis of the
differential gain and spontaneous emission spectra shows that the main
contribution to the temperature dependence of the threshold current is Auger
recombination, which dominates the threshold current within almost the entire
temperature range studied.

A method of optical gain and loss measurement was developed for type-II
InAs/GalnSb interband cascade MIR lasers operating in the 3.4-3.6 pum
wavelength range [16]. The maximum temperature of CW operation was found to
be limited by strong gain saturation due to active region overheating, while the
temperature increase of the total optical loss was relatively small. In devices with
a longer lasing wavelength and a thinner substrate-side cladding layer, a strong
periodic modulation of the optical gain spectra was observed [17]. We showed
that this modulation is consistent with the predicted effect of the resonant optical
leakage into the substrate.

A theoretical model for laser and laser array heating was developed and applied to
heat removing analysis in one- and two-dimensional laser arrays [18]. A 20-
element 1-cm-wide one-dimensional diode laser array mounted in a microchannel
water—cooled heatsink revealed continuous-wave power of 25 W at 1.47-um at
the coolant temperature of 16 C. A two-dimensional array comprising four laser
bars achieved a quasi-continuous-wave output of 110-W at a wavelength of

-5
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1.49 um with an 8-9 nm full-width-half-maximum spectrum width. The coolant
temperature was 18 C. Thermal resistances of 0.56, 0.4 and 0.34 K/W were
experimentally and theoretically determined for arrays with fill factors of 10, 20
and 40 %, respectively.

The temperature dependence of the performance of MQW lasers was analyzed
using detailed microscopic simulations and compared to measurements [19].
Devices with different profiles of acceptor doping in the active region were
experimentally studied [20]. Excellent agreement between measurement and
simulation was achieved as a function of both temperature and doping profile for
static and dynamic properties of the lasers, threshold current density and effective
differential gain. We showed that the static carrier density, and hence the
contribution to the optical gain, varies significantly from the quantum wells on the
p-side of the active layer to those on the n-side. Furthermore, the modal
differential gain and the carrier density modulation also vary. Both effects are a
consequence of the carrier dynamics involved in transport through the MQW
active layer. Despite the complexity of the dynamic response of the MQW laser,
the resonance frequency is determined by an effective differential gain, which we
show can be estimated by a gain weighted average of the local differential gain in
each well. Direct measurement of lateral carrier leakage were carried out for
MQW capped mesa buried heterostructure (CMBH) lasers with mesa width
ranging from Ipum (standard single mode) to 100 pm (wide area) [21]. The
structures were fabricated on one wafer with identical current blocking layers at
the sides. Measurement of gain and loss in the devices showed that the single
mode devices have 6-8 cm™ higher loss and 40% lower optical confinement than
the wide area devices. Beyond these differences, the measurements showed that
up to 30% of the threshold current in the single mode CMBH lasers does not
contribute to the pumping of the MQW active region. Injection efficiency is
measured to be close to unity for both single mode and wide mesa devices.
Scenarios to explain this parasitic current include the potential role for non-
radiative recombination centers at the regrown epitaxial interface, which are
consistent with all of the experimental results.
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Experimental study of optical gain and loss in
3.4-3.6 pm interband cascade lasers

D. Westerfeld, S. Suchalkin, M. Kisin, G. Belenky, J. Bruno and R. Tober

Abstract: The optical gain and loss of lasers operating over the wavelength range of 3.4 to 3.6 um
were measured using the Hakki—Paoli technique. The optical loss was found to increase with
increasing temperature, from 38 cm™! at 80K to 62 cm™! at 200K for a typical sample. Above the
maximum continuous-wave (CW) lasing temperature, the modal gain was observed to saturate
before the device reached threshold. The reason for the gain saturation is the active area overheating
in the CW mode. Some of the samples exhibited strong mode-grouping effects. These effects
indicate the presence of ‘leaky modes’ in these structures and lead to a significant reduction of net

gain at certain frequencies.

Introduction

The interband cascade laser (ICL) has great potential to
meet the commercial and military demand for an efficient,
compact, reliable and low cost mid-IR source. In the eight
years since these devices were first suggested [1] many of
their theoretical advantages have already been demon-
strated. Various devices have demonstrated high perform-
ance, including output powers of 6W/facet, threshold
currents of 13.1 A/cm?, room-temperature pulsed operation
[2], and record high-power conversion efficiencies for mid-
IR diode lasers of 18% [3].

Despite encouraging theoretical predictions [4], ICLs
have not yet demonstrated room temperature continuous-
wave (CW) operation. Since CW operation at or near room
temperature is required for many potential applications, it is
important to understand the factors limiting ICL high-
temperature performance.

The temperature dependence of optical gain and loss
are therefore of great interest. Loss measurements using
the inverse cavity-length method are complicated by the
extreme variability in the device-to-device characteristics
of these lasers [2], and very little data has been published.
The Hakki—Paoli method of determining optical gain and
loss, employed in this work, has the advantage of
requiring only one sample to determine both optical
gain and loss.

Some of the samples studied exhibited strong mode
grouping, as evidenced by periodic distortions in the gain
curve. This effect can be ascribed to mode leakage into the
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substrate, which contributes an additional wavelength-
dependent optical loss in some of the devices investigated.

2 Experiment

The interband cascade lasers (ICLs) used in this experiment
contained 18 stages of AlSb/InAs/GalnSb/InAs/AlISb asym-
metric ‘W’ quantum wells. The active quantum wells were
separated by n-type injection regions consisting of AlInSb,
InAs and AISb layers. InAs/AlSb superlattices were used for
top and bottom cladding layers. The devices were grown by
molecular beam epitaxy on wafers of p-type GaSb. Broad-
area mesa-stripe lasers were formed by etching and cleaving
the wafers to form samples with cavity lengths near 0.5 mm.
The facets were left uncoated. Devices were mounted epi-
layer side up on copper heatsinks and electrically connected
by wire bonding. Finished lasers were mounted on the
temperature-regulated cold finger of a nitrogen cryostat.

The samples came from two different wafers with slightly
different designs. One set of samples lased near 3.4 pm,
whereas slight differences in the details of the active region
caused the other set to lase at a slightly longer 3.6 pm.
Additionally, there were very minor differences in the
thickness of the cladding layers between the two sets of
devices. The 3.4 um samples had mesa widths of 65 or
115 wm, whereas the 3.6 um samples had mesa widths of
60 pm or 110 pm.

The Hakki—Paoli technique [5] determines the gain and
optical loss of a particular lateral laser mode by analysing
the contrast between the peaks and valleys of the Fabry—
Perot fringes in the laser’s sub-threshold amplified spon-
taneous emission (ASE) spectrum. The broad area devices
used in this investigation are able to support many lateral
modes, and so the ASE consists of a superposition of
contributions from all of the cavity modes.

In order to apply the Hakki—Paoli technique, it is
necessary to separate the lateral modes so that the Fabry—
Perot fringes of a small set of lateral modes can be clearly
resolved. In this study, the lateral modes were separated
using spatial filtering [6] of the laser’s far-field emission.
The lasers were placed ~1m from a Nicolet Nexux 670
Fourier transform infrared (FTIR) spectrometer, and a
cylindrical lens was used to provide fast axis collimation of
the ASE. By careful positioning of the sample relative to the
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spectrometer, high-contrast spectra were obtained. This
simple method of spatial filtering compared favourably to a
more complex imaging technique using a reflective
objective and movable diaphragm. Adding a polariser into
the optical path did not increase the ASE contrast.

3 Results

3.1 Internal loss

3.1.1 Temperature dependence: A typical
mode-separated ASE spectrum obtained under continuous
wave (CW) operation is shown in Fig. 1. The device gain
was computed from multiple ASE spectra obtained at
different injection currents, resulting in the curves of Fig. 2.
The vertical axis on this curve (and those to follow) is the
modal gain minus optical losses or net gain. With this
convention, zero on the vertical axis corresponds to
threshold.

The total cavity loss can be estimated by the low energy
saturation of the gain curves. For the example given, the
total optical loss is approximately 53 cm™!'. There is consi-
derable uncertainty in determining the loss due to the
decrease of the signal to noise ratio at the low energy edge

wavelength, um
35 34 3.3
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-]
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0.35 0.36 0.37 0.38
photon energy, eV

Fig. 1 Continuous-wave amplified spontaneous emission spec-
trum at 80K for a 0.5 mm-long device with a 115 um mesa

The inset shows the Fabry—Perot modes in greater detail

<

net gain, cm™

photon energy, eV

Fig.2 Net gain against energy under different injection currents
for a 3.4 um device with a 65 pm mesa width at 80K
Zero on the vertical axis corresponds to threshold

294

of the spectrum. This contributes to a roughly estimated
uncertainty in the loss of the order of £5cm™".

The total loss is the sum of the internal loss a;, and the
mirror loss o, We used the known cavity length, L, and the
observed spacing of the Fabry—Perot fringes to determine
the effective index of the cavity. From the index, we
determined the mirror reflectivity, R. The mirror loss was
then determined using o, = In(1/R)/L. The mirror loss for
all of these samples was 22cm™".

After subtracting the mirror loss, we found the internal
loss for the 3.4 um, 65 pm mesa device of Fig. 2 to be
approximately 31 cm™ at a heatsink temperature of 80K.
The internal loss for the 3.4 um, 115 pm mesa device at
80K was somewhat lower at 19 cm™. The internal loss for
a 3.6 um wavelength, 110 um mesa width sample was
38cm™! at 80K.

The temperature dependence of the internal loss was
measured, and a plot is shown in Fig. 3. The internal loss
increased from 38 cm™' at a heatsink temperature of 80K to
62cm™! at 200 K. At least part of the increased loss at higher
temperatures can be explained by higher free carrier
absorption due to the higher pump currents at the higher
temperatures.

3.1.2 Wavelength dependence: The 3.6 um
lasers produced very unusual ASE spectra with periodic
modulation, as shown in the inset of Fig. 4. This mode
grouping effect has been explained [7, 8] by an additional
periodic cavity loss caused by mode leakage that arises
when the refractive index of the substrate is close to the
index of the waveguide, the substrate is transparent and the
optical mode confinement is poor. In this case, light that
escapes from the waveguide is able to establish standing
waves in the substrate.

The net gain computed from the ASE spectrum shown in
the inset of Fig. 4 is depicted as the lower curve in Fig. 4.
The peaks in the gain spectrum occur when the substrate
modes are not resonant with the waveguide modes. At the
peaks, very little energy is lost to the substrate modes, and
so there is very little additional loss due to the mode
leakage. For this reason, a curve drawn by connecting the
peaks on Fig. 4 resembles the gain curves for the devices
that do not exhibit this leaky mode effect (e.g. Fig. 2).
A curve drawn in this way can be used to estimate the
waveguide losses for these leaking devices by using the low
energy saturation, as discussed earlier.

m L 1 'l 1 L 'l 'l
80 100 120 140 160 180 200

heatsink temperature, K

Fig. 3 Variation of internal loss with heaisink temperature for a
3.4 pm, 65 wm mesa device .
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Fig. 4 Ner gain against energy for two 3.6 um wavelength
devices

Top trace: 130 pum substrate thickness

Bottom trace: 75 pm substrate thickness

The spacing of the minima changes in accordance with theory

Inset: ASE spectrum for 3.6 um, 110 um mesa width device at 80K
showing notches due to leaky mode loss

The notches shown in Fig. 4 are caused when the
waveguide modes are resonant with the substrate modes. In
this case, substantial energy can be transferred out of the
waveguide into the resonant substrate modes. From the
substrate, light can be radiated out of the crystal [9]. Owing
to the greater thickness of the substrate as compared to the
waveguide, diffraction-limited light from the subsirate
could form a better collimated beam than light from the
waveguide [10].

The experimentally observed mode grouping can be
explained by the interference effect of leaky substrate
modes [7]. The refractive indexes of the multilayer active
region, nyp, and superlattice claddings, nc, were obtained
for this model calculation by averaging the bulk values with
respect to the layer widths. The bulk values for binary
materials have been taken from Adachi [11], with linear
interpolation for alloys. For simplicity, we assume similar
dispersion for both np and nc. The width of the narrow top
buffer layer is substantially smaller than the lasing
wavelength 4, and the corresponding gain modulation
period & will exceed the observed gain spectrum width. It
is the reflection from the lower contact and the phase shift
gained during the radiation propagation through the thick
substrate layer of width g >> A, which primarily affect the
interference process. We thus assume that the interference
of substrate leaky modes dominates the observed pattern of
the gain modulation. The influence of the medium gain on
the refractive index has been also neglected in this
simplified model [12].

Within these approximations, the optical loss due to the
substrate leakage o and corresponding gain modulation
period 6 can be expressed as [7]:

gs  4pt cos’(gardar/2)

oy = -~
' By P+ ad
“exp(—2pcdes)(1 — [RI%)
|1 = R-exp(=iv)|* (n
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where

8= ((.<.r,/(.-)(r.12M—ng_)'f’2 is the effective propagation
constant along the waveguide axis,

gar = (w/c)Qag is the effective transverse propagation
constant in the active region,

gs = (w/e)Qs = (w/c)ni —nig + Qh)V? is the trans-
verse propagation constant in the substrate,

pe = (w/oPe = (w/edniy —nd + Q%)% is the trans-
verse altenuation constant in the claddings,

R = rexp(2igghg) is the phase shift due to the round trip
through the substrate with r the effective amplitude
reflection coefficient from the bottom contact,

tan ) = Pe/Qg

and the effective mode width is

dug :dﬂ (1 + Siﬂ(qARdAR)) + cos*(gardan/2)
2 qardar 2pc
X [2 = exp(=2pcdc) — exp(=2pcdcr)] (3)

Indexes 1 and 2 above relate to the top and bottom
claddings, respectively. The quantity Qap is to be found
from the dispersion equation:

2 2 _ A2 32
gardar _ (map —nc — Qag)”’
2 Oar

tan 4)

For a given structure layout, we arrive at the following
parameter values: nar = 3.47 and ne = 3.36.

The effective gain modulation period was a weak function
of the wavelength and changed from 0.065 wm to 0.09 pm
in the wavelength range 3.0 wm to 4.0 wm. The calculated
optical loss spectrum is shown in Fig. 5. At a high value of
the amplitude reflection coefficient » (» = 0.7 in the Figure),
the gain spectrum is characterised by deep and narrow cuts
without strong reduction of the overall gain spectrum curve.
This agrees well with our observation that the non-resonant
losses related to the leaky mode interference are actually
small, so that the devices without interference gain
modulation demonstrate practically the same gain envelope
with a similar value of the low-frequency optical loss.

Since the notch spacing is dependent on the substrate
thickness (see (2)), the leaky mode hypothesis can be tested
by checking the gain spectrum of similar samples which
have been thinned to a different substrate thickness. The top
trace in Fig. 4 shows the net gain for a 3.6 pm device with a

leaky mode loss, cm™'

0.32 0.33 0.34 0.35 0.36
photon energy, eV

Fig. 5 Calculated leaky mode loss for device with substrate
thickness of 75 wm and substrate reflectivity, r, of 0.7
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130 um substrate thickness, while the bottom trace is for a
device from the same wafer that has been thinned to 75 um.
These devices had different cavity lengths (1 mm for the
130 wm thick sample, 0.5mm for the 75pum sample).
The simple theoretical model used in this work assumes that
the cavity length is much bigger that the substrate thickness.
In general, however, any changes in the cavity geometry
may lead to changes in notch spacing, especially in the
situation when the cavity length and substrate thickness are
comparable.

The spacing between the notches is approximately 72 nm
for the 75 wm thick sample and approximately 42 nm for the
130 wm device, in agreement with (2). The depth of the
notches is also significantly decreased for the 130 wm thick
device, possibly due to increased absorption in the thicker
substrate, or to a variation in the quality of the substrate
surface.

3.2 Gain

Figure 6 is a plot of peak net gain against injection current
for one of our devices. At a heatsink temperature of 80K,
the gain is seen to increase linearly with injection current.
By extrapolating this curve, it is seen that threshold is
reached at an injection current of approximately 10 mA.
At a heatsink temperature of 140K, the gain curve is
markedly different. At the higher temperature the gain is
seen to saturate with increasing injection current. This
particular gain curve corresponds to operation at just above
the device’s maximum continuous-wave lasing temperature.
Increasing the injection an order of magnitude beyond that
shown on this graph still did not bring the laser to threshold.
The devices under consideration here were mounted epi-
side up, and are known to have high thermal resistance
values, resulting in CW active region temperatures
significantly higher- than the heatsink temperature [13].
Using low duty cycle pulsed injection, we determined the
characteristic temperature Ty from the temperature depen-
dence of the threshold current density (inset, Fig. 7). The
active region temperature, 7, could then be estimated by
substituting the observed CW threshold current, , into the
model I = Iyexp(T/T,). Figure 7 shows the temperature
difference between the active region and the heatsink at
threshold as a function of pump current. The rapid increase
of the temperature difference is due to the increasing power
dissipation in the active region, as higher pump currents are
required to achieve threshold at the higher heatsink
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Fig. 6 Net gain against injection current for a 3.4 um, 65 um
mesa device at two heatsink temperatures
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Fig. 7 Temperature difference between active region and
heatsink (AT) against heatsink temperature for CW operation of
3.4 um, 65 um mesa device at threshold

Inset: threshold current density against heatsink temperature for 3.4 um,
65 wm mesa device operated in low duty cycle pulsed mode

'lemperatures. The positive feedback effect between increas-

ing loss, increasing threshold current and increasing active
region temperature limits the maximum operating tempera-
ture of these ICLs.

4 Summary

‘The gain and loss of ICL devices has been measured using the

Hakki—Paoli technique. The internal loss was found to
increase gradually with temperature. At higher temperatures,
the gain saturates before the device reaches threshold. The
active region temperature at threshold was found to be signi-
ficantly higher than the heatsink temperature, and this diffe-
rence increased rapidly with higher heatsink temperatures.

The longer wavelength samples showed mode grouping
effects in their spectra. The mode grouping was shown to be
due to mode leakage between the waveguide and the
substrate. This leakage can be reduced by increasing the
thickness of the cladding layers.
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