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Abstract—Infrared spectral range between 1.7 and 2.5 µm is of
particular interest for biomedical sensing applications due to the
presence of first overtone C–H stretch and a combination of stretch
and bending vibrations of C–H, N–H, and O–H bonds. These vi-
brations are molecule specific and can be used to selectively sense
important biomolecules such as glucose, lactate, urea, ammonia,
serum albumin, etc. In this paper, we review recent developments
of swept-wavelength lasers based on GaSb type-I gain-chip tech-
nology, their key performance parameters for spectroscopy appli-
cations and provide experimental data on spectroscopic sensing of
the key biomolecules both in synthetic solutions as well as whole
blood.

Index Terms—Swept-wavelength laser, tunable laser, spectro-
scopic sensing, gallium antimonide, glucose sensor, biosensor,
linewidth.

I. INTRODUCTION

S PECTROSCOPIC laser sensing is an attractive sensing
technique not only because of the sensitivity and speci-

ficity but also due to the ability to perform sensing in a large
dynamic concentration range as well as offer multi-component
sensing capability [1]. Semiconductor lasers are key components
in building spectroscopic sensing instruments due to their na-
ture of technology-compactness, scalability, efficiency and po-
tential for low-cost offering the best Size-Weight and Power-
Cost (SWaP-C) properties among the types of different lasers.
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For spectroscopic sensing, the ability to emit narrow linewidth
laser emission at the object-specific wavelength and the ability
to tune the emission wavelength is most important. Wavelength
selection is typically achieved by realizing distributed feedback
gratings (DFB) within the laser cavity, and wavelength tuning is
performed by simply changing the current. In this way, the laser
can tune several nm, which is in most cases sufficient for sensing
small gas molecules such as CO, CO2, N2O, CH3, SO2 etc [2],
[3]. However, in cases where sensing of multiple molecules is of
interest or where the specific ro-vibrational absorption spectra
are broadened due to collisions (for instance in a liquid phase)
or in case of long molecules such as polymers or proteins, a
much wider tuning band is required [4], [5]. In such application
cases the tuning bandwidth of a single DFB laser is not suffi-
cient. Therefore different approaches should be considered, such
as DFB arrays [6], or complex monolithic widely tunable lasers
based on sampled gratings [7], [8] or external cavity diode lasers
(ECDLs) [5]–[9]. Both DFB arrays and widely tunable mono-
lithic lasers are well matured for telecom wavelengths but the re-
lated fabrication techniques are difficult to transfer to other spec-
tral bands as they require complex fabrication and processing
technology steps such as E-beam lithography, multiple epitaxial
growth steps etc. Therefore, the broadband semiconductor laser-
based spectroscopy is mostly performed using ECDLs, where a
semiconductor gain-chip with very low reflectivity facet coating
acts as a broadband gain material while the wavelength filter-
ing and tuning is performed by an external diffraction grating.
This technology enables a coverage of wide spectral bands in the
visible, mid-IR or long-wave infrared ranges with the infrared
range coverage based primarily on the quantum cascade laser
(QCL) technology [5]–[9]. Most of the mentioned approaches,
are bulky, expensive and rather delicate to operate. It is worth
to mention the efforts on transferring the ECDL architecture to
the microelectromechanical systems (MEMS) technology im-
plementation [10], but so far these efforts were mainly limited
to near-infrared and telecom spectral bands.

In this work we review our recent developments of widely
tunable laser sources for largely unexplored spectral region of
1.7–2.5 μm in between the near-IR and mid-IR bands. This re-
gion offers an access to the first overtone of C-H stretch and
a combination of stretch and bending vibrations of C-H, O-H,
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N-H bonds. It offers more than an order of magnitude better
sensitivity vs. the telecom spectral band due to a higher molar
absorptivity of the most important biomolecules such as glu-
cose, lactate, urea, serum albumin, creatinine and others [11].
Probably one of the reasons why this spectral band has been
overlooked was the lack of efficient semiconductor light sources
in this range. Despite the efforts put to realize such tunable
lasers [12], [13], their performances remained quite limited.
Our work is mostly based on the last decade’s GaSb type-I
strained QW technology developments. We demonstrate that
this technology is matured and offers an excellent choice as
optical gain material for the beyond-telecom spectral band [14]–
[16] to realize compact swept-wavelength lasers using MEMS
technology [17] or ECDLs using hybrid GaSb/Si photonic in-
tegrated circuits technology [18], [19]. In this paper, we re-
view swept wavelength laser (SWL) technology in terms of
the performance, linewidth, spectral purity, wavelength tuning
continuity and tuning speed. We provide application examples
for spectroscopic sensing of critical biomolecules including a
powerful technology demonstrator of glucose sensing in whole
blood.

II. GaSb GAIN-CHIP TECHNOLOGY

A. Epitaxial Growth

The gain-chip device wafers were epitaxially grown on
3-inch Te doped n + GaSb substrates using an industrial solid-
source multi-wafer molecular beam epitaxy machine, equipped
with Al, Ga, In, As, Sb as elemental source materials and Si,
GaTe and Be as dopant sources. The device layer sequence was
started with a 50 nm n-doped GaSb buffer followed by a 60 nm
thick AlxGa1-xAsySb1-y linearly graded layer, nominally doped
at 1 × 1018cm−3 density and compositionally graded from 0 to
50% on Al content and As concentration adjusted so as to main-
tain the lattice matching to the substrate. The grading was fol-
lowed by a 2.2 μm thick lower Al0.5Ga0.5As0.04S0.96 cladding,
in which first 1500 nm were nominally doped to 3 × 1017cm−3

and the following 700 nm were doped to 7 × 1016cm−3 in
order to reduce the free-carrier induced losses of the opti-
cal mode. The cladding layer was followed by an undoped
Al0.25Ga0.75As0.02Sb0.98 waveguide and a barrier layer, in
which two compressively strained quantum wells (QWs) were
embedded. QW emission wavelength was tuned by changing
the alloy composition in the quantum well. Thus for 1.7 μm
wavelength, AlGaInSb QWs were used in the active region. For
1.9 and 2.1 μm emission wavelengths, GaInSb QW material
was used. For longer wavelengths, quaternary GaInAsSb QWs
were used. QW and waveguide thicknesses were adjusted for a
1% transverse vertical optical confinement factor per QW. For
the optical mode symmetry, both waveguide layers on the n
and p sides were left nominally undoped. The p – side wave-
guide was followed by 2.2 μm thick Al0.5Ga0.5As0.04Sb0.96

cladding doped with Be. The first 700 nm of the layer were
doped at 1 × 1017cm−3, followed by a 500 nm thick slice doped
to 1 × 1018cm−3, while the last 1000 nm of the cladding were
doped to 5 × 1018 cm−3. Cladding was followed by 60 nm p+
AlxGa1-xAsySb1-y linear grading and topped with 200 nm of a
heavily Be-doped (1 × 1019 cm−3) GaSb p-contact layer.

Fig. 1. SEM image of the output facet of the processed GaSb-based gain-chip.

B. Gain-Chip Fabrication

The grown wafers were processed as quasi-index guided
single-angled facet (SAF) gain-chip devices. For a single spatial
mode output, the 4 μm-wide and ∼1.5 μm-deep ridge waveg-
uides were defined by UV photolithography and Cl-based ICP-
RIE etching, followed by sputtering of a ∼330 nm thick SiO2

insulation layer. A contact window on the top of the ridge was
defined by lithography and opened by means of CF4/O2 based
ICP-RIE dry etching step. E-beam evaporated Ti/Pt/Au was used
as a p-ohmic contact followed by a ∼2 μm thick Au plated
heatsink. The wafers were then thinned down to ∼120 μm to fa-
cilitate cleaving. As the last step, the back side Ti/Pt/Au contact
was evaporated. The wafers were cleaved into bars of 1 mm and
0.7 mm cavity length and the bar facets were coated. The out-
put facet was then anti-reflection coated to have the reflectivity
<0.1% and the back facet got a high reflectivity coating with the
reflectivity> 95%. Each bar contained 18 angled gain-chips and
2 straight ridge Fabry-Perot (FP) laser chips used as a reference
for facet reflectivity measurements and basic laser parameters
extraction in order to compare and evaluate the gain-chip perfor-
mance in external cavity configuration. Fig. 1 shows scanning
electron microscope image of the processed gain-chip.

C. Gain-Chip Performance Results

Normalized amplified spontaneous emission (ASE) spectra of
five different GaSb gain-chips covering the entire 1.7–2.5 μm
spectral range of interest is shown in Fig. 2. Here, the spectrum
of the gain-chip emitting around 1.9 μm is affected by the ab-
sorption of water vapor in the atmosphere during the spectral
acquisition with Fourier-Transform-Infrared (FTIR) spectrom-
eter (Thermo Fisher Nicolet 6700). It can be seen that the ASE
spectra are broad with typical FWHM> 50 nm. Moreover, some
of the chips clearly exhibit the band filling effect and emission
from the higher excited state of the quantum well. This is a
known feature of highly strained GaInAsSb QW, which yields a
low effective mass of the heavy holes as well as weak electron-
phonon interaction. In case of swept-wavelength laser applica-
tion, this feature is particularly useful as it extends the optical
gain bandwidth, yielding extremely broad laser tuning ranges.



VIZBARAS et al.: GaSb SWEPT-WAVELENGTH LASERS FOR BIOMEDICAL SENSING APPLICATIONS 1501812

Fig. 2. Normalized ASE emission spectra of five different GaSb gain-chips.
Heatsink temperature was stabilized at 20 deg C, drive mode – continuous wave.
The drive current was chosen to be twice the threshold value of the reference FP
laser within the same wafer. Reproduced from [17].

More specific details on the exact epitaxial structure of the gain-
chips can be found in [17]. In free-running mode (ASE) these
AR coated gain-chips provide CW output powers up to 5 mW,
which in most cases is limited by a thermal roll-over and a strong
non-radiative recombination such as the Auger process [16] at
a high carrier density. Note however that the ASE output power
of the gain-chip does not provide a reliable insight about the
expected laser output power from the same gain-chip embedded
in an external cavity and operating at a clamped carrier density.
We observe that the gain-chips emitting <1 mW in ASE mode
can provide>50 mW of laser output power in the external cavity
configuration.

III. SWEPT-WAVELENGTH LASER

A. External Cavity Swept-Wavelength Laser Configuration

Gain-chip is the key enabling component of the external cavity
laser diode where its properties determine such critical perfor-
mance parameters of the ECDL as tuning bandwidth, linewidth,
noise and output power, which essentially define the potential
application scenario. In this section we describe the concept of
the MEMS based SWL and provide a deep insight into the mi-
croscopic parameters, physical properties and characteristics of
the gain-chip and laser itself.

Fig. 3 shows the photographic image of the MEMS based
ECDL which we used as a test bed. The GaSb-based gain-
chip was embedded into an external cavity based on Littman-
Metcalf configuration. A commercial off-the-shelf holographic
diffraction grating with 600 groves/mm and blaze wavelength of
1200 nm was used in combination with a commercial high NA
aspheric lens for beam collimation. The wavelength tuning was
achieved by closing the ECDL cavity with electrically driven tilt-
tunable Au coated MEMS mirror. It has a mechanical resonance
frequency of ∼200 Hz and the tilt angle dynamic range from

Fig. 3. Top-view of the MEMS based GaSb swept-wavelength laser based on
Littman-Metcalf configuration with the main building blocks indicated in the
picture.

−5 to + 5 degrees. We reached a reasonable spectral resolu-
tion and performance with the mirror sweep frequencies up to
150 Hz, collecting the spectral curve data at the rate of 300
sweeps/s.

B. Microscopic Parameter Extraction

In order to extract the microscopic parameters of the gain-chip
used in our SWLs, we perform Hakki–Paoli measurements of
amplified spontaneous emission (ASE) and lasing spectra. We
extract the modal gain, spontaneous emission, and the phase-
amplitude coupling coefficient αH [20] for one of the selected
gain-chips, with the gain peak close to 2.2 μm wavelength. The
spectral measurements were performed in the dispersion-free 0th

diffraction order output beam of the ECDL using an optical spec-
trum analyzer (Yokogawa, AQ6375B). For taking the ASE spec-
tra, the 1st order diffraction beam incident on the MEMS cavity
mirror was blocked while we continued using the dispersion-free
0th diffraction order of the cavity grating for spectral measure-
ments. The lasing regime with MEMS cavity tuned for specific
wavelength allowed us to perform spectral measurement at a
carrier density clamped to its threshold value (Fig. 4), while
measurements in the ASE regime allowed it to vary (Fig. 5). In
both cases, we studied the behavior of the Fabry-Perot fringes
on the ASE pedestal modulated due to the residue facet reflectiv-
ity of the gain chip. At a clamped carrier density, their red shift
with the current is due to thermal effects (Fig. 4, inset), while in
the ASE case, the blue shift is due to the interplay between the
carrier induced refractive index change and temperature effects
(Fig. 5, inset). In addition to the behavior of the net modal gain
coefficient with the temperature and pump current, we extracted
the phase amplitude coupling coefficient αH by taking a differ-
ence between the two measurements in Figs. 4 and 5 [21]. Note
that a strong phase amplitude coupling in semiconductor laser
increases the frequency noise and causes the linewidth enhance-
ment by a factor of 1 + α2

H .
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Fig. 4. Lasing spectrum in GaSb ECDL at 230 mA pump current plotted in
logarithmic scale (blue curve, right axis) and in a linear scale at the ASE pedestal
(black curve, left axis) showing the FP cavity fringes due to chip facet reflections.
The red curve is a fringe -averaged ASE from the chip at clamped carrier density.
The inset shows a zoom on the fringe shift with the pump current. The red shift
with the pump current is a purely temperature effect because the carriers are
clamped at threshold density.

Fig. 5. Spontaneous emission spectrum in GaSb gain chip at 230 mA pump
current (black curve, left axis). The red curve is a fringe -averaged ASE from
the chip. The inset shows a zoom on the fringe shift with the pump current. The
net blue shift with the pump current is due to an interplay between the carrier
induced refractive index change and temperature effects.

Using the relationship

ASE(λ) = −SE(λ)/G̃(λ)LG (1)

between, the spectral components of the net modal gain coeffi-
cient G̃ in the free-running gain chip times the gain chip length
LG and the resulting amplified spontaneous emission ASE(λ),
we extracted the spectral profile of an unamplified spontaneous
emission SE(λ). It defines the spectrum of the noise source in
our laser.

Using 0.1% front facet AR coating and 98% rear facet re-
flectivity values [17], we estimated the cold cavity losses in our

Fig. 6. Modal gain curve, spontaneous emission and fringe-averaged amplified
spontaneous emission in free running GaSb chip of 1 mm length as well as the
ECDL power and ECDL differential slope efficiency curves for the same chip
embedded in the external cavity. All measurements are performed at the pump
current of 230 mA.

1 mm long chip to be of 36.6 cm−1. Adding this constant value to
the measured net modal gain we obtained the modal gain curve
G(λ) which is plotted in Fig. 6 (red curve, left axis). In this figure
we also plot the FP-fringe-averaged ASE spectrum in compar-
ison with the extracted unamplified SE (black and blue curves,
right axis). As expected, the true SE, ASE and the optical gain G
curves have slightly different spectral profiles, but all of them are
centered nearby 2190 nm wavelength and reveal broad spectral
widths. Thus, the optical gain spectrum is of 180 nm FWHM.
For comparison, a typical NIR GaAs or InGaAsP QW lasers
provide optical gain bandwidth of only 30–50 nm wide. Such
a broad gain curve in GaSb type-I QWs renders them highly
attractive not only for building widely tunable lasers for various
spectroscopy applications [17] but also for realizing ultrafast
infrared mode-locked lasers [22].

Figure 6 shows also the resulting output power variation in
our GaSb ECDL when the ECDL wavelength is tuned with the
MEMS mirror tilt angle. Surprisingly, the spectral profile of the
output power curve does not follow the gain curve shape while
it reproduces well the steps in the differential slope efficiency
curve. Therefore we attribute this shape to the injection effi-
ciency of heavy holes into GaSb quantum wells, which is sub-
jected to the band filling effect and is different for the emission
from the ground and excited states of the well [16].

Performing such spectral measurements at different pump
currents and gain chip submount temperatures we extract the
key optical gain and noise parameters as well as the tempera-
ture and current tuning coefficients. These are summarized in
Fig. 7 and Table I. In Fig. 7, we plot a dispersion of the trans-
parency current Jtr and of the logarithmic modal gain coeffi-
cient G0 [the overall modal gain is G = G0 ln(J/Jtr)]. Their
values at the center of the gain curve are quoted in Table I.
For our ECDL with the cavity length of 7.5 cm and grating
efficiency of 9% in the double–pass Littman–Metcalf configu-
ration, the threshold gain is 12.7 cm−1. In Fig. 7 we plot the es-
timated threshold current dispersion, which agrees well with the
experiment.
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Fig. 7. Dispersion of the transparency and ECDL threshold current densities
(left axes) as well as of the logarithmic modal gain coefficient and the phase
amplitude coupling factor αH (right axis).

TABLE I
EXTRACTED PARAMETERS OF GaSb GAIN CHIP

∗) Values are specified at the gain maxim 2190 nm. ∗∗) at ECDL threshold

In general, the linewidth enhancement factor αH varies
strongly with the wavelength and carrier density [21]. We also
observe such strong variation of αH in our GaAs gain chip. In
Fig. 7, we report its spectral behavior for the clamped carrier
density at ECDL threshold, accounting for the dispersion of the
threshold current. Out of 5 selected emission wavelengths, the
lowest linewidth enhancement is at 2190 nm, which is close to
the gain maximum.

The extracted microscopic parameters of the GaSb type-I QW
gain-chip provides useful information regarding their suitability
for precision spectroscopic instruments or can serve as useful
input data for modelling other type of tunable lasers in this ma-
terial system such as DFB, DBR, VCSEL etc.

C. Swept-Wavelength Laser Performance

In this section we discuss the main performance results of
the swept-wavelength lasers based on the GaSb gain-chips

Fig. 8. CW output power vs. wavelength for five GaSb-based SWLs. Heatsink
temperature was stabilized at 20 degrees C.

Fig. 9. Wavelength tuning characteristics of two ultra-broad bandwidth
MEMS-ECDLs with different wavelength gain-chip designs. Heatsink temper-
ature was kept at 20 degrees C, laser was driven at 770 mA in CW mode.

with a closer look into the tuning behavior offered by the
MEMS ECDL. Experimental wavelength tuning characteristics
are shown in Fig. 8 for the SWLs based on the gain-chips pre-
sented in Fig. 2. It can be seen that MEMS driven GaSb-based
SWLs demonstrate excellent tuning characteristics in terms of
bandwidth and output power. Except for the SWL, centered
at 1.7 μm, all of the lasers demonstrate tuning bandwidths in
excess of 400 cm−1 while maintaining output power above 10
mW. While these results are already beyond state-of-the-art, in
Fig. 9, we report superior experimental data obtained for our lat-
est optimized selected swept-wavelength lasers, centered around
2.1 and 2.25 μm. Here, the tuning bandwidths of 627 cm−1 or
77.8 meV and 595 cm−1 or 74 meV with output power equal or
greater than 20 mW is achieved. To the best of our knowledge
this is the largest tuning bandwidth achieved with single GaSb
gain-chip, exceeding the recent state-of-the-art by more than
100 cm−1 [23]. It clearly demonstrates the potential for spec-
troscopy applications of the direct type-I quantum well GaSb
technology, as a single broadband chip can replace more than
10 separate DFB lasers.

One of the peculiarities of the MEMS based SWL is related
to small controllable mode-hops occurring because the MEMS
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Fig. 10. False-colored superimposed optical spectra at various MEMS mirror
tilt angles showing continuous tuning over 220 nm and SMSR of >50 dB .

Fig. 11. Lasing wavelength in function of the MEMS mirror angle. The inset
shows a zoom revealing individual tuning steps.

mirror cannot be positioned at a “sweet” pivot axis location for
mode-hop-free tuning [9]–[24]. As we discuss below, this is not
a limitation for a large number of spectroscopic sensing appli-
cations, e.g., for applications targeting broad spectral signatures
in liquids.

D. Mode-Hopping Characteristics

In or approach, a proven Littman-Metcalf external cavity
configuration with the double pass over the grating per cavity
roundtrip was selected. However instead of a complex cavity
opto-mechanics with dedicated location of the pivoting axis for
a retroreflector [24], we close the cavity with a light-weight tun-
able MEMS mirror and use an extremely well AR treated GaSb
gain chip for spectral purity and selectivity.

Fig 10 shows tuning of the lasing spectra at various tilt angles
of the MEMS mirror for a selected GaSb based SWL with center
wavelength ∼ 2.2 μm. This laser had a tuning bandwidth in
excess of 220 nm with output power of 25 mW and side-mode
suppression ratio up to 55 dB, indicating emission in highly
single-mode regime.

Mode-hopping characteristics of this laser is shown in
Fig. 11 and Fig. 12. As per Fig. 11, the mirror is rotated in
steps of 0.01°, yielding mode hops of 17.7 GHz per step, fully
controlled by the mirror tilt angle. For comparison the Free
Spectral Range (FSR) of the free-running chip is 40 GHz and
the FSR of the ECDL cavity is 1.7 GHz. Their impact is not

Fig. 12. Wavelength change at each tuning step.

Fig. 13 Wavelength hopping histograms for two SWLs.

seen in distribution of the frequency change at each tuning step
(Fig 12), although they can be appreciated by plotting a his-
togram of the frequency step distribution.

In Fig. 13a, the 1.7 GHz steps at external cavity FSR are
clearly visible, affirming the spectral purity of the ECDL and an
excellent AR coating. A case, where the AR coating reflectivity
was not as good is shown in Fig. 13. Here, while the nominal
facet reflectivity was supposed to be similar as for the gain-chip
in Figs. 10–12, the mode hops at the external cavity FSR are
distributed non-uniformly and the chip FSR dominates in the
tuning curve despite that the SMSR for this laser is still high, of
43 dB.
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Fig. 14. SWL sweep train, when the MEMS mirror is driven at 150 Hz. The
inset shows a zoom-in into a single gain-bandwidth sweep of the gain-chip.

TABLE II
PERFORMANCE SUMMARY FOR GaSb SWEPT-WAVELENGTH LASERS∗

∗ λcenter – is the center wavelength of the gain curve, Pmax – is the maximum output
power within the tuning curve, BW @≥10 mW – is the tuning bandwidth while maintaining
10 mW or higher output power.

Another important aspect of the MEMS tunable GaSb SWL is
the wavelength tuning speed. As mentioned in the earlier para-
graph, the MEMS mirror used in the SWL has a mechanical res-
onant frequency of ∼ 200 Hz, which limits the maximum tuning
speed. Experimentally, we have observed that 150 Hz MEMS
drive frequency is the upper useful limit for our SWLs. In prac-
tice, the wavelength sweep is performed twice per cycle – i.e., the
MEMS mirror moves forwards and then backwards. This allows
us to collect 300 spectral scans per second. Fig. 14 illustrates a
train of SWL sweeps recorded with a fast photodiode during
150 ms interval, when the MEMS mirror is driven at 150 Hz.
From Table II and Figs. 8 and 9, it can be seen that for most
of the gain-chips the wavelength tuning speed is 60’000 cm−1/s
(considering the average bandwidth of 400 cm−1), and can reach
up to 188’100 cm−1/s for SWL with a gain-chip bandwidth of
∼627 cm−1. To the best of our knowledge, these tuning speeds
are not only beyond the state-of-art ECDLs but also when com-
pared to the tunable solid-state OPO-based lasers.

E. Frequency Noise and Linewidth

For the linewidth measurement in GaSb SWLs, we used Si
wafer as a frequency discriminator. The Si wafer was uncoated
and of 1.5 mm thick, and was used as a Fabry-Perot (FP)
etalon with a fineness of 2.5 and free spectral range of 28.5
GHz. By tilting the incident angle within ±2° off the axis, we

Fig. 15. Power spectral density of frequency noise in GaSb ECDL, averaged
over the spectral tuning range. For comparison, FN PSD in 852 nm DFB and
420 nm and 780 nm ECDLs are shown (based on data from [25] and [26]).

tuned the FP fringe on and off the resonance with the laser
emission frequency. The frequency noise (FN) measurement
were performed by tilting the FP etalon angle to the half of
the transmission fringe, where the AM-FM conversion slope
has a maximum. The measured slope of our discriminator was
90 1/THz−1 for the conversion of the FM noise into relative
intensity noise (RIN). The transmitted optical signal was fed to
a TEC-cooled InGaAs p-i-n photodetector (Hamamatsu G5853-
203) followed by a variable-gain trans-impedance amplifier
(Femto, DHPCA-100) and monitored on an FFT spectrum
analyzer (Agilent HP89410A). The intensity noise was first
measured with the Si etalon tilted for a transmission maximum
and then tilted for the half of the transmission fringe in order to
superimpose the converted frequency noise onto the laser rela-
tive intensity noise. At the end, the FN PSD is extracted by taking
the RIN difference and scaling it with the discriminator slope.

The measurements were performed for several emission
wavelengths across the entire spectral tuning range in our GaSb
SWL. Within the noise limit of our setup and the acoustic noise
sensitivity of the MEMS mirror, we have not noticed a signifi-
cant effect of the wavelength tuning on the measured FN power
spectra density (PSD). Fig 15 shows the FN PSD averaged be-
tween the curves taken at different wavelengths.

As expected, FN in our ECDL are smaller than that of a DFB
laser. Unfortunately no literature data on FN PSD in GaSb DFB
lasers is known to the authors so as the comparison is made with
a GaAs DFB device laser used in atomic spectroscopy at 852
nm [25]. Figure 15 also provides a comparison with two other
ECDLs. Apparently, all ECDLs in virtue of longer cavities have
smaller linewidths than DFB. One of the two selected reference
external cavity lasers was a free-running GaN based ECDL op-
erating at 420 nm wavelength [25] and another one was a GaAs
based actively stabilized ECDL at 780 nm [26]. Note that in
contrast to our Littman-Metcalf GaSb ECDL, all cited ECLDs
utilize Littrow cavity configuration.

The lasing linewidths in these lasers are estimated from the
measured FN spectra utilizing the method from [27]. In Fig 16,
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Fig. 16. Estimated linewidth of GaSb ECDL vs integration time. The linewidth
averaged over the spectral wavelength tuning range is shown. For comparison,
integrated linewidth of 852 nm DFB and 420 nm ECDL are shown based on the
data from [25]and [26].

the linewidth is plotted as function of the integration time set by
the duration of the linewidth measurement experiment.

More specifically, the lasing linewidth FWHM is equal to
(8·ln2)1/2 multiplied by the square root of the FN integrated
from the cut-off frequency corresponding to the inverse of the
integration time up to the intercept of the frequency-noise curve
and the line 8f·ln2/π2 labeled “beta-line” in Fig. 15.

Despite the different gain materials and wavelengths, for the
integration times of∼1 ms, all ECDLs shows comparable perfor-
mance in terms of linewidth, which is in the 300 kHz–400 kHz
range. Note that this integration time corresponds to FN con-
tribution from the Fourier frequency range 1 kHz to ∼20–50
kHz with the FN curve slope ∼1/f dominated by the flicker
noise. At low Fourier frequencies, FN curve in our GaSb MEMS
based ECDL reveals several acoustic bumps which extend from
100 Hz to 2 kHz, and have higher spectral amplitudes than in
420 nm ECDL. Respectively the linewidth vs integration time
curve shows a clear step each time a new acoustic resonance
enters the bandwidth of the linewidth integration setup. The
enhanced acoustic sensitivity may be attributed to the use of
MEMS mirror with the lightweight flexure mechanism as com-
pare to the rigid volumetric metal mounts used in other ECDLs.
Note that strong acoustic sensitivity does not allow us to con-
clude on the spectral dependence of FN across the wavelength
tuning range in our GaSb ECDL. As a result, the linewidth for
integration times >2 ms in MEMS based GaSb ECDL exceeds
the linewidths of other ECDLs in Fig 16. Yet at any integra-
tion time it remains well below the linewidth of the quoted DFB
laser for atomic spectroscopy applications and it is well suf-
ficient for a majority of spectroscopy applications. For exam-
ple, Doppler linewidth broadening of an Rb atomic transition
at room temperature is much larger, of ∼600 MHz. The acous-
tic contribution to the FN noise is expected to be suppressed
in ECDL configuration without mechanically moving parts
such as GaSb gain-chip integrated with Si photonic integrated
circuit [19], [18].

Fig. 17. Schematic block diagram of three SWL-based spectroscopic sensor
for critical biomolecules [17].

IV. SPECTROSCOPIC BIOSENSING WITH GaSb
SWEPT-WAVELENGTH LASERS

A. Spectroscopic Sensor Concept

The use of swept-wavelength laser allows a spectroscopic sen-
sor to be realized in a straight-forward way. In the simplest case,
it comprises only the SWL and a photodetector. In practical re-
alization, some additional functions such as wavelength control
and calibration have to be added. Fig. 17 depicts a schematic
block diagram of an array of three SWLs used for spectroscopic
sensing of some of the main biomolecules [17].

Here, the output beams of one or more GaSb SWLs are colli-
mated and combined into a single beam which is sent through a
cuvette with the physiological substance. The signal is collected
with a single TEC-stabilized extended GaInAs photodetector.
An additional wavelength control and calibration module (not
shown in the figure) is deployed to account for the nonlinearities
due to MEMS mirror tuning as well as to provide an absolute
wavelength calibration.

B. Biosensing Applications

As a proof-of-concept of the spectroscopic sensing of multiple
molecules using GaSb SWL, we target different bio-molecules:
glucose, lactate, urea and bovine serum albumin. Each of the
molecules act as relevant biomarkers and/or important baseline
contributors that need to be taken into account when performing
remote sensing experiment.

Fig. 18 shows experimental absorbance spectrum of a bovine
serum albumin (BSA) in tris-buffer saline solution, which was
used to simulate human serum album (HSA) – the most dominant
protein in human blood plasma and thus a very important and
strong baseline contributor. In this picture three GaSb SWLs
were used to record the entire BSA specific spectrum, spanning
across more than 500 nm. The result clearly illustrates the effect
of strong collisional broadening of the absorption spectra and
the necessity of ultra-broad tunable lasers.

Blood glucose, lactate and urea represent one of the most im-
portant biomolecules that can act as indicators or markers for
important physiological processes. In particular, this addresses
chronic diseases such as type-I and type-II diabetes, where glu-
cose is the dominant key marker, however in advanced stages
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Fig. 18. Absorbance spectrum of bovine serum albumin recorded with a three-
SWL based spectroscopic sensor. Each laser is indicated by the different color.
The black line represents measurements with a commercial table-top FTIR in-
strument. Reproduced from [17].

of diabetes it might be critical to monitor lactate and urea at the
same time as they could provide early indication of serious com-
plications such as ketoacidosis and lactic acidosis [28]. Aside
from diabetes, lactate is an important clinical marker and mor-
tality indicator for severe sepsis cases [29]. In addition to clini-
cal relevance, glucose and lactate are key metabolites for athlete
performance monitoring as they provide insight into metabolism
and muscle performance [30]. All of the mentioned applications
represent extremely important and large markets with potential
effect for not only cost-saving for the healthcare system but also
improving the quality of life and in some cases life-saving. Ac-
cording to World Health Organization (WHO), in 2014, diabetes
alone affected lives of more than 400 million people worldwide.
Therefore, the market potential for laser-based spectroscopic
sensor technology is extremely large. We have demonstrated
the possibility to use GaSb SWL technology to measure lactate,
urea, serum albumin and glucose earlier [17], thus in this paper
we focus on the possibility to not only demonstrate proof-of-
concept possibility for sensing these important bio-molecules
but also to quantitively assess the potential of such GaSb-SWL
based sensor. The next section describes the implementation our
GaSb SWL based sensor for calibrated remote sensing of blood
glucose. For this purpose, a single, broadband SWL with tun-
ing bandwidth of ∼ 500 cm−1 was implemented in the sensor
architecture.

C. GaSb Swept-Wavelength Laser-Based Glucose Sensor

Biosensing must provide an accurate prediction of the con-
centration level of the target molecule. Therefore we performed
a large number of measurements of different glucose concen-
trations in order to construct concentration calibration model
based on the multivariate partial least square (PLS) based al-
gorithm [31], [32]. Using GaSb-based SWL based on a gain-
chip with extremely wide tuning bandwidth (Fig. 9) as a light
source has a great advantage since it provides access to an ex-
tremely large number of molecule specific wavelengths that can

Fig. 19. Second-order derivative of transmittance spectra for different glucose
concentrations obtained with GaSb-based SWL.

Fig. 20. Experimental sensor calibration curve for synthetic glucose solution
in TBS matrix.

be used to construct the prediction algorithm. For example, in
our case, the concentration calibration algorithm for glucose in
TBS solution was constructed by selecting around 100 wave-
lengths that are most significant to prediction. Fig. 19 shows
second-order derivative of experimental glucose transmittance
spectra, whereas Fig. 20 illustrates the experimental sensor glu-
cose concentration calibration curve.

To obtain the sensor calibration curve in Fig. 20, we measured
150 datasets of TBS solution with different glucose concentra-
tion in the 2–10 mmol/l range. Around 120 of the datasets were
used to create the calibration model and 30 randomly selected
datasets were used for prediction validation. The results yielded
excellent sensor performance with determination coefficient of
99.9% and a root-mean-square-error-of-prediction (RMSEP) of
0.13 mmol/l.

In practical cases, measurement of glucose concentration level
is more challenging as it has to be measured from whole blood,
which, by nature, is a very complex physiological substance
with a large number of different constituents such as forming
elements, different proteins, and other molecules.

To validate our GaSb-based SWL spectroscopic sensor, 28
volunteers, following the signature of the Informed Consent
Form, were subjected to glucose tolerance test. The test was
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Fig. 21. Experimental sensor calibration curve in case of glucose in whole
blood in mmol/l. Here, the green dots represent datasets used to build the cali-
bration model, and red dots indicate the data sets used for validation.

TABLE III
GLUCOSE SENSOR PERFORMANCE IN WHOLE BLOOD

R2 – determination coefficient, RMSEP- Root Mean Square Error of Prediction, MARD-
Mean Absolute Relative Difference

performed by means of oral intake of solution containing 75 g
of glucose. The series of venous blood sampling were performed
repeatedly during the course of approximately 2 hours. The
group of volunteers contained healthy individuals as well as
type-I and type-II diabetics. In order to build a library of whole
blood data for the calibration algorithm, we used a commercial
clinical blood analyzer (Piccolo from Abaxis), used as a gold
standard. We then used the calibration model to predict glucose
concentration from the spectroscopic measurements obtained
with GaSb based SWL sensor. In total over 500 datasets were
obtained from 28 different individuals during the course of ap-
proximately 1 month. Fig. 21 shows the experimental calibration
curve of the SWL-based spectroscopic sensor in case of glucose
sensing in whole blood. The sensor performance is summarized
in Table III.

Experimental data demonstrate the excellent glucose concen-
tration prediction performance even is such complex matrix as
whole blood. As per Table III, determination coefficient of 95%
in combination with 1.15 mmol/l RMSEP and MARD values of
10.8% is achieved. This marks significant sensitivity improve-
ment compared to prior art [33], [34], which mainly focus on
synthetic solutions. In addition these results already compare
well with clinical device requirements [35] and requirements as
per ISO 15197:2015 standard.

V. CONCLUSION

In this paper we presented comprehensive results on the
GaSb-based swept-wavelength laser technology for 1.7–2.5 μm
spectral region. A large part of the presented results go beyond-
state-of-the-art for the discussed field of technology such as
ultra-broad wavelength tuning of 627 cm−1 per single chip with
output power in excess of 20 mW and wavelength tuning speed
of 188 000 cm−1/s. In addition, we provided useful insight into
microscopic parameters of GaSb type-I QW based gain-chips as
well as external cavity linewidth and noise performance. Further-
more, we demonstrated a real-life application example of a GaSb
SWL-based spectroscopic sensor for critical biomolecules, in-
cluding excellent sensor performance in case of glucose sensing
in whole blood. Demonstrated experimental results are already
very close to the requirements of ISO 15197:2015.
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Augustinas Trinkūnas received the B.Sc. and M.Sc.
degrees in electrical engineering from Vilnius Uni-
versity, Vilnius, Lithuania, in 2012 and 2014, respec-
tively. Since 2013, he has been an Epitaxy Engineer
with Brolis Semiconductors, Vilnius, Lithuania. His
activities are mainly focused the molecular beam epi-
taxial growth of GaSb-based optoelectronic devices.
He has coauthored more than 15 publications in peer-
reviewed journals and conference proceedings.
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