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In this Letter, we demonstrate the self-mixing effect in an interband cascade laser. We show that a
viable self-mixing signal can be acquired through the variation in voltage across the laser terminals,
thereby removing the need for an external detector. Using this interferometric technique, we have
measured the displacement of a remote target, and also demonstrated high resolution imaging of a
target. The proposed scheme represents a highly sensitive, compact, and self-aligned sensing
technique with potential for materials analysis in the mid-infrared. © 2013 AIP Publishing LLC.
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Interband cascade lasers (ICLs) are a promising room
temperature, continuous-wave (CW) source of narrowband
mid-infrared (MIR) radiation."™ The recent availability of
MIR ICLs has driven the development of new chemical sens-
ing systems that make use of unique molecular spectroscopic
signatures in the MIR.® With envisaged applications in
chemical analysis and biomedicine, MIR ICLs present a via-
ble alternative to MIR quantum cascade lasers (QCLs) due
to their much lower input-power requirements.'
Furthermore, high sensitivity MIR detectors usually require
active cooling to be effective (and even cryogenic cooling at
longer wavelengths).

These problems can be overcome by using an ICL as
both the source and detector of MIR radiation by exploiting
the self-mixing (SM) effect in these devices. With their
input-power requirements almost two orders of magnitude
lower than those now attainable for QCLs, ICLs are well
positioned to become the lasers of choice for all applications
which require long-term continuous-wave room temperature
operation at relatively low output powers."* The resulting
SM system yields a low input-power, self-aligned compact
sensor with coaxial optical geometry that can continuously
operate at room temperature for extended periods of time.

The SM effect occurs when radiation emitted from the
laser interacts with a distal target and part of the radiation is
reflected back and injected into the laser cavity. This
returned light causes perturbations to the operating parame-
ters of the laser (such as the threshold gain, emitted power,
lasing spectrum, and the laser voltage), thereby generating a
measureable signal that contains information about the tar-
get.”® As such, a particularly convenient SM signal can be
acquired by monitoring the voltage across the laser termi-
nals. This permits the exploitation of the SM effect to create
a simple, compact sensing system with high sensitivity and
dynamic range.””!" To date, SM sensors have been reported
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for a wide range of laser wavelengths including visible, near-
infrared, MIR, and recently terahertz.'>'¢

In this Letter, we demonstrate the existence of the SM
effect in ICLs. Further, using a MIR distributed feedback
(DFB) ICL (4 =3.57 um) operating at room temperature, we
demonstrate that the variation in voltage across the laser ter-
minals caused by feedback can be used as a viable SM sig-
nal, thereby removing the need for an external detector. Our
demonstration consists of two experiments. In the first
experiment, we obtain a typical SM displacement signal
from a target displaced along the optical axis of the system.
Recalling the equivalence between displacement sensing and
detecting temporal variations in the refractive index,'” it is
clear that this system can also be used for measuring tempo-
ral changes in the refractive index of the medium located
between the laser and the external reflector, or for measuring
the refractive index of such a material.'® In the second
experiment, we demonstrate an imaging system in the MIR
using the SM effect in ICLs. This demonstrates the potential
for imaging spatial (lateral) variations in refractive index or
absorption of a target in the MIR range of the spectrum, fol-
lowing the procedure described in Ref. 19.

The DFB ICL that was used was fabricated on a GaSb
substrate by molecular beam epitaxy. The waveguide struc-
ture consists of a lower (3.5 um thick) and an upper (2 um
thick) InAs:Si/AlSb superlattice cladding with a 4.73 nm pe-
riod. They sandwich two separate 200nm thick GaSb:Te
confinement layers which themselves surround the six stage
active region. The cascade design was adapted from Ref. 1,
since this structure with rebalanced carrier densities has pro-
ven to provide good lasing performance. To select a single
longitudinal mode, deeply etched ridges with fourth order
sidewall gratings were processed by e-beam lithography and
dry etching. The operating characteristics (light-current
curve and the emission spectrum) of the 0.9 mm long ICL
used in this study can be seen in Fig. 1.

The experimental setup of the SM system is shown in
Fig. 2. The ICL was kept at a constant temperature of 20 °C

© 2013 AIP Publishing LLC
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FIG. 1. Light-current (solid) and current-voltage (broken) characteristics of
the MIR ICL. Inset: the emission spectrum of the MIR ICL at a drive current
of 60 mA (at 20°C).

using a Peltier effect based temperature controller mounted
inside the laser package, and operated at a constant drive cur-
rent of 65 mA. The emitted radiation from the ICL was colli-
mated using a 2in. diameter, 2in. focal length off-axis
parabolic reflector and focussed normally on the target using
a second identical reflector (giving an optical path length of
341.6 mm). The beam was modulated at 1 kHz with an opti-
cal chopper placed just in front of the output aperture of the
laser. Thus, the optical chopper modulates the optical feed-
back level the laser is experiencing. Two states are present:
(1) chopper blade is obstructing the beam—Iaser is operating
with virtually no feedback, and (2) the beam is transmitted
between the blades and to the target—laser is operating with
an external feedback level dictated by the target. These two
states result in two distinct voltage levels across the ICL rep-
resenting our SM (square-wave) signal in the time domain,
shown in the inset to Fig. 2. The voltage signal was
ac-coupled into a x 1000 gain differential amplifier and sub-
sequently fed into a 16-bit computer-based data acquisition
card synchronised with the chopper. The target was mounted
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FIG. 2. Schematic diagram of the experimental apparatus used. The ICL
was driven by a constant current (65 mA). An optical chopper was used to
modulate the laser feedback. The ICL terminal voltage variations are
acquired using an ac-coupled amplifier (with x 1000 gain) and fed into a
PC-based data acquisition card (PC DAQ). A pair of parabolic mirrors
focusses the beam onto the remote target mounted on a computer-controlled
three-axis translation stage. Inset: typical SM voltage signal acquired when
optically chopping the laser beam (after amplification).
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FIG. 3. Experimental RMS voltage signal (solid line) and fitted model (bro-
ken line) waveforms showing the typical interferometric fringes, as the chro-
mium mirror is swept through the focal plane (at O um displacement) of the
second mirror.

on a three-axis computer-controlled translation stage, allow-
ing it to be displaced along the optical axis of the system (z)
or in a plane perpendicular to the optical axis (x-y).

This apparatus was used to perform the two experiments.
In the first experiment, the target was displaced along the
z-axis, thus creating a typical SM interferometric signal shown
in Fig. 3. For this purpose, a chromium coated mirror was
moved towards the laser, through the focal plane of the second
mirror using the smallest step size achievable with our transla-
tion stage (47.625 nm). At each longitudinal step, the voltage
signal across the laser was measured. Morphologically, the
SM signal acquired in this way consists of a periodic square
wave (see Fig. 2). The two voltage levels of the SM signal
correspond to the two states of the optical chopper as
explained earlier. The root-mean-square (RMS) voltage of
this waveform was then computed and used to represent the
strength of the SM signal. Figure 3 shows this measured SM
signal strength as a function of distance (solid line) over rela-
tive displacement of *3.57 um (%=1 wavelength) around the
focal point of the second mirror. This waveform is typical of
those observed for displacement experiments in other SM sys-
tems.'®?° The SM signal shows the four expected interfero-
metric fringes for a total displacement of two wavelengths.
Therefore, relative position of the target can be recovered
from this SM signal with sub-wavelength resolution.”’ The
total amplitude change of the laser terminal voltage (3 uV
peak-to-peak) as the target is displaced is an order of magni-
tude smaller than the typical signal obtained for in-plane diode
lasers or vertical-cavity surface-emmiting lasers (which are
both in the tens of microvolts****) and several orders smaller
than the terminal voltage change observed in terahertz QCLs
(millivolts).'***

The experimental self-mixing waveform obtained in this
way can be modelled through the use of the excess phase
equation (that is, the steady-state solution to the
Lang—Kobayashi rate equation model for a laser under optical
feedback), when the stimulus is simply displacement linear in
time.”*> The broken line in Fig. 3 is the result of fitting this
model to the experimental linear displacement data. From the
model fit, we obtained an estimate for the feedback
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FIG. 4. Images generated from raster-scanning an Australian 5-cent coin. (a)
Photograph of the coin. (b) Raster-scanned image obtained from the ICL
voltage SM signal and with 10 um step size [area scanned shown as small
square in (a)]. (c) Raster-scanned image obtained from the ICL voltage SM
signal and with 5 um step size [area scanned shown as small square in (b)].

parameter”® C ~ 1 from what is a highly reflective metallic
target. This lends support to the idea that ICLs may be simi-
larly stable under feedback, as has been reported for QCLs.*’

In the second experiment, a target with changing surface
profile was imaged. In this case, the target was an Australian
5-cent coin. The target position was fixed longitudinally in
the focal plane of the focusing mirror, and raster scanned in
a plane perpendicular (x-y) to the optical axis (z). The volt-
age signal was acquired and processed exactly as in the dis-
placement experiment, to produce a two-dimensional image.
Figure 4 shows the results of two scans with different spatial
resolution. The small square in Fig. 4(a) shows the 3 x 3 mm
area scanned in 10 um steps, with the result of the scan
shown in Fig. 4(b). The interference fringes in areas of the
coin which are flat are particularly noticeable. When the step
size was reduced to 5 um, the fringes in areas with more
rapid change in profile became readily visible [see Fig. 4(c)].
Each fringe is a line of constant height on the target, with
height difference between two adjacent fringes correspond-
ing to 4/2(2/2 =1.785 um), giving an indication of the
surface depth gradient, and suggesting the potential applica-
tion of the SM technique to three-dimensional imaging.”®

In summary, we have demonstrated the SM effect in an
ICL. We have shown that a SM signal in an MIR ICL can be
acquired through the variation in voltage across the laser ter-
minals, removing the need for an external detector. Using
this SM system we have demonstrated measurement of lon-
gitudinal target displacements. Furthermore, we have dem-
onstrated room-temperature, high-resolution, high-sensitivity
imaging using an ICL, thereby opening up the possibility for
imaging two-dimensional variations (mapping) of the refrac-
tive index or the absorption coefficient of biological and
chemical samples at MIR wavelengths. In addition to being
simple, compact and highly sensitive, our scheme offers the
significant benefit of room temperature operation and very
low input-power requirements. As we have demonstrated in
earlier work, self-mixing sensors are most sensitive when
operated close to the laser threshold.?* With low threshold
currents and low bias voltages (leading to input-power
requirements almost two orders of magnitude lower than

Appl. Phys. Lett. 103, 231107 (2013)

those for QCLs) ICLs operated in CW at room-temperature
are perfectly positioned to become the lasers of choice for
MIR SM sensors. Our demonstration paves the way for the
application of ICL-based SM systems to the identification or
analysis of gases and materials at MIR wavelengths.
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