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Abstract: Fourier transform infrared (FTIR) spectroscopy, coupled with machine learning
(ML) analysis can be used for disease monitoring with high speed and accuracy, including
the classification of mosquito samples by species, age and malaria detection. However,
current FTIR instruments use low-brightness thermal light sources to generate infrared
light, which limits their ability to measure complex biological samples, especially where
high spatial resolution is necessary, such as for specific mosquito tissues. Moreover, these
systems lack portability, which is essential for field applications. To overcome these issues,
spectrometers using quantum cascade lasers (QCLs) have become an attractive alternative
for building fast, and portable systems due to their high electrical-to-optical efficiency, small
size, and potential for low-cost. Here, we present a QCL-based spectrometer prototype
designed for large scale, low-cost, environmental field-based disease surveillance.

Keywords: quantum cascade lasers; infrared; spectroscopy; anopheles; malaria

1. Introduction
Infrared spectroscopy is one of the most important and versatile techniques for chemi-

cal analysis. It characterises not only the chemical composition of a sample, but also the
structural properties of its molecules by measuring the absorption of light by exciting its
chemical bonds. This is possible thanks to functional groups absorbing infrared radiation
due to changes in the dipole moment during the vibration of molecules within the sam-
ple [1]. Infrared spectroscopy probes these vibrational modes [2] whose frequency depends
on the strength of the bonds and the mass of the atoms involved [3]. Every different
functional group absorbs at a different frequency, so an absorption spectrum of a biological
sample contains a set of unique absorption signatures indicating the presence of proteins,
carbohydrates, lipids, and nucleic acids [4].

Fourier transform infrared spectrometers (FTIR) are the industry standard for mid-
infrared spectroscopy across a variety of areas and applications [5]. They traditionally use
Globars (silicon carbide rods) as a light source since they emit broadband radiation, but
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this incoherent source and the large optics necessary for reasonable collimation do not
allow for compact systems or high-resolution microscopy without significant loss of signal-
to-noise ratio. Nonetheless, the usefulness of mid-infrared spectroscopy for mosquito
surveillance [6] and malaria diagnosis [7] using FTIR have shown promising results in
laboratory and field settings [8,9]. Several drawbacks in this application are; its infrared
light is emitted with a low brightness, which can limit its use with high absorbance samples
such as mosquitoes [10]. It also lacks spatial coherence and often requires liquid nitrogen
cooled HgCdTe (MCT) detectors to achieve sufficient signal-to-noise ratio [11]. Lastly,
the presence of an interferometer limits the miniaturisation of FTIR equipment for field
applications [12,13]. Even though, FTIR spectrometers based on micro-electrotechnical
systems (MEMS) have reported resolutions of 8 cm−1, repeatability and reliability issues
are still present which prevent their commercial use [14].

Since Quantum Cascade Lasers (QCL) were demonstrated in 1994 [15], they have
already challenged conventional FTIR thanks to the advances in QCL performance at
room temperature, namely in power output, gain bandwidth and wall-plug efficiency [16].
They offer compactness [17], high optical output power [18], comparable SNR to FTIR
when using non-cryogenic thermoelectrically cooled detectors and faster spectral data
acquisition [19]. Numerous studies have reported an increase in speed and resolution in
chemical imaging [20], and specifically improved analysis of the amide I and II bands in
proteins [21]. QCL technology is fundamental to fill the gaps in hardware development of
portable and fast systems in disease and vector surveillance [22–24].

As supporting evidence for mid-infrared spectroscopy as a reliable tool for disease
surveillance is increasing, it is timely to explore alternatives to FTIR to adapt it to the
challenges in field deployment. We need to build compact and field-ready systems that
can be deployed anywhere in the world due to the global prevalence of vector-borne
diseases. Building on current developments in room-temperature operating continuous-
wave QCLs, here we build and evaluate a compact spectrometer using an external Cavity
(EC) QCL-based spectrometer in the 9–10.5 µm MIR region.

2. Materials and Methods
Laser and External Cavity Configuration

Figure 1 shows the optical cavity configuration of our laser setup. The Littman-Metcalf
type external cavity configuration consists of four main elements: The gain element (optical
amplifier), in this case a quantum cascade (QC) chip with high reflection back facet and
antireflection coated front facet to avoid Fabry-Perot lasing. Light is collimated by a high nu-
merical aperture antireflection coated chalcogenide lens (6.55 mm diameter, EFL = 4.0 mm,
with an 8 to 12 µm AR coating on both surfaces) before wavelength selection by a diffraction
grating and a scanning galvanometer mirror. The QC chip is AuSn soldered to an alu-
minium nitride (AlN) carrier, custom-made (Thorlabs Quantum Electronics, Newton, NJ,
USA) and the carrier is mounted on a copper heat-spreader and stabilised with a thermo-
electric cooler. The resulting heat from the thermoelectric cooler is removed to the ambient
lab environment. This system is more compact than a traditional chiller and offers an addi-
tional advantage of allowing cooling down to −30 ºC, if necessary. The collimated beam
from the laser is rotated in polarisation by the two unprotected gold coated mirrors (m1
and m2) and directed onto a diffraction grating (100 grooves/mm blazed for a wavelength
of 10.6 µm). This change in polarisation is carried out because of the highest efficiency of
the grating is the orthogonal polarisation to the laser emission. From the grating, a single
wavelength within the first diffraction order is selected by the angle of the galvanometer
driven mirror and reflected back to the diffraction grating. Wavelength selection and feed-
back to the QCL gain chip is therefore controlled by the rotation angle of the galvanometer
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mounted mirror. Lasing is achieved so long as the cavity losses are less than the gain of
the QC gain chip. Light is extracted from the cavity in the zeroth order reflection from
the diffraction grating. The scanning galvanometer mirror is lightweight, and therefore
wavelength selection can occur through fast sweeping. This cavity configuration is chosen
for simplicity of adaptation and ensures that the output beam does not move in angle, such
that a sample scanning and microscopy stage can be easily incorporated. A second benefit
is that the double pass on the grating decreases the bandwidth of the external cavity and
so decreases the instantaneous laser spectrum of the laser, for higher spectral resolution.
For a given resolution, this allows a route to shrink the beam size and so grating size to be
more compact than an equivalent Littrow configuration. The galvanometer was a GVS111,
1D large beam (10 mm) diameter galvo system with a servo driver board (Thorlabs, Ely,
UK). The mirror swings by 0.8° per volt applied from a digital to analogue converter card.
The encoder feedback channel from the mirror position is captured by the analogue to
digital converter on the same card, along with the detector signal. The detector used
was an amplified HgCdTe (MCT) photovoltaic detector (2.0–10.6 m, Thorlabs, UK). It has
an integrated hyper-hemispherical GaAs lens for optical immersion and a wedged ZnSe
window AR-coated for 2–13 µm. All analogue signals from the system are connected to a
desktop computer via a DAQ PCIe card (PCIE 1802-AE, Advantech Ltd., London, UK). This
card is a combined multi-channel digital to analogue converter (DAC) and analogue to digital
converter (ADC). The inputs are the detector signal and the galvanometer position, while the
analogue signals out of the system are a waveform to the servo driver of the galvo system.
The power supply for the laser and thermoelectric cooler is the ITC-4001QCL bench-top laser
diode and temperature controller (Thorlabs, UK). The power source for the galvanometer is
the GPS011-EC galvo system linear power supply (Thorlabs, UK). The system is controlled by
custom-made LabVIEW programs.

QCL chip
L1

M1

M2

0th order 
output

DG

Figure 1. Diagram of the external cavity in Littman-Metcalf configuration. The tuning element is a
galvanometer scanning mirror, combined with a fixed diffraction grating. Infrared radiation can be
extracted from the zeroth-order diffracted light from the grating. QCL: quantum cascade amplifier
chip with HR coated back facet. L1: collimating lens. M1, 2: gold-coated polarisation rotation mirrors.:
DG: diffraction grating. SG: scanning galvanometer.
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3. Results
3.1. EC-QCL Spectral Characterization

The spectral characterisation of our QCL system was performed with an FTIR (vertex
70 v, Bruker, Billerica, MA, USA) with a deuterated triglycine sulphate (DTGS) detector
using 32 scans with a resolution of 0.3 cm−1. The emission spectra of the EC-QCL system
were measured at different galvanometer angles with a current injection of 1.7 A in contin-
uous wave (CW) operation. The wavenumber of the laser can be tuned over approximately
140 cm−1, from 960 cm−1 to 1100 cm−1 (Figure 2a). The maximum optical output power
was 12 mW at 1049 cm−1 and output power follows the spectral profile (Figure 2b) of
the QC gain chip. Instantaneous linewidth measured by the FTIR is 0.3 cm−1, limited
by the FTIR resolution, and was constant across the tuning range of the laser (Figure 2c).
The tuning linearity between peak emission wavelength and grating position is shown in
Figure 2d.
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Figure 2. (a) Normalised emission lines of the EC−QCL during the wavenumber scan. Each
measurement was collected by rotating the scanning galvanometer mirror by 0.1 v. Each colour
represents a different position of the mirror. Current injection of 1.7 A. (b) Measured CW output
power of the EC-QCL as a function of wavenumber. The maximum power peak of 12.6 mW was
achieved at 1040 cm−1. (c) Laser spectrum of the EC-QCL at the wavenumber of 1044.3 cm−1 with a
linewidth of 0.3 cm−1. (d) Step-scan measurements of emission spectrum of the EC- QCL during a
scan between 950 to 1100 cm−1 recorded with 0.3 cm−1 spectral resolution.

3.2. Processing EC-QCL Data

Initially, one hundred scans were collected to establish the ‘background’ followed by
the sample measurement, where each scan consisted of 1000 data points. The QCL beam
was aimed to the same position when measuring backgrounds and samples by using a
sample holder. The background (Io) and sample (I) scans were averaged independently
using ensembled averaging. Final transmittance was calculated with the average spectra
from the background and sample using Equation (1). Fresh background measurements
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were taken every time a sample was measured. Gaussian filters for smoothing the signal
and Saviztky-Golay for second derivatives were applied to the final transmittance. The
absorbance was calculated using the negative logarithm of the transmittance (Equation (2)).
All pre-processing and analysis were performed using Python 3.10 with in-house scripts.

T =
I
Io

(1)

A = −log10T (2)

3.3. Speed Characterization

To assess the spectroscopic capabilities of our system at different scanning speeds, ab-
sorption spectra were measured from a calibrated sample made of 0.3 µm thick polystyrene
(PS) with characteristic absorption bands located at 1028 cm−1 and 1068 cm−1. A triangular
wave output from the data acquisition card at different frequencies ranging from 127 to
500 Hz was used to drive the galvo-mirror in a linear scan through the lasing tuning range
and back again. Spectral measurements were co-added for an average of 100 scans for each,
background, and sample measurements, with a total acquisition time of 2 s per sample
at 127 Hz decreasing to 0.8 s at 500 Hz. Each measurement consisted of 1000 data points
separated by ≈0.3 cm−1. The two main PS absorption bands at 1028 and 1069 cm−1 can
be seen at all scan speeds (Figure 3). Spectra show high correlation between scan rates,
however, there is a slight shift at faster scanning speeds. The largest shift occurs at 500 Hz
of ≈1.2 cm−1 when compared to the 127 Hz due to the lag introduced by the rise and fall
time of the pyro-electric sensor and the changing signal intensity. Laser range was also
affected by frequency scans, as expected, since the moving mass of the mirror is unable to
reach larger deflection angles with a fixed input power limit to the galvo motor. The range
reduced from the static range of 135 cm−1 to 80 cm−1 at 500 Hz (Figure 3). The spectrum
also shows noise in the 1050 to 1100 cm−1 region. This is caused by the lower optical power
of the laser, which decreases the signal-to-noise ratio.
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Figure 3. Mid-infrared spectroscopy measurements of Polystyrene (PS) at different scanning speeds.
Each coloured line represents a scan speed, ranging from 127 Hz to 500 Hz.

3.4. Application on Biological Samples

Mid-IR transmission spectra of Anopheles gambiae (Kisumu strain) mosquitoes were
recorded using the fast-swept mode. A spectrum was acquired by continuously tuning the
galvanometer over the full spectral range (950–1100 cm−1) at a tuning rate of 127 Hz and
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an instantaneous spectral resolution of 0.3 cm−1. The mosquito samples were processed
using the KBr disc method for transmission measurements. First, the mosquitoes were
stored in universal tubes with silica gel at 4 °C for at least three days to eliminate their
water content [6]. Then, the sample was ground with KBr powder using a simple mortar
and pestle made of agate, small enough to minimise infrared light scattering. The resulting
mixture was then compacted in a press until a translucent disc was obtained. This facilitates
transmission measurements from what would otherwise be too thick a sample for light to
pass through with measurable absorption. One hundred scans per spectrum were averaged
for each background (a KBr disc without a sample), and sample, for a total acquisition
time of ≈3 s. After data collection, a Savitzky-Golay second derivative was applied to the
final spectrum. To generate the spectrum using FTIR, the same sample and background
were measured using a dry-air purged Bruker Vertex 70 spectrometer (Bruker Corporation,
Billerica, MA, USA) equipped with a Globar lamp, a Deuterated Lanthanum α-lanine
doped TriGlycine Sulphate (DLaTGS) detector, a potassium bromide (KBr) beamsplitter
in transmission mode with 4 cm−1 resolution. Comparison between FTIR and EC-QCL
second derivative spectra found agreement with three out of the four absorption bands.
The band at 1056 is not well resolved in the EC-QCL spectrum (Figure 4). Three absorption
bands were identified at 988, 1029, and 1056 cm−1. Band 1029 is related to chitin (Table 1).
The shape of the raw spectrum is comparable with the FTIR; however, baseline shifts in
the 1050–1100 cm−1 region are observed. In comparison, between the second derivative
spectra, there is an agreement between bands, however, the artefacts of the spectrum from
the EC-QCL are amplified by the second derivative method.
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Figure 4. Mid infrared spectra of an Anopheles gambiae mosquito recorded with the EC-QCL setup
(green line) and with a commercial FTIR (purple line) as (a) absorbance vs. wavenumber values
and as (b) second derivative vs wavenumber values. Black dashed lines show the agreement of the
spectral features between the two systems.

Table 1. Assignment of wavenumber values found and tentative band assignments in the mosquito
sample using the EC-QCL prototype.

Wavenumber (cm−1) Band Assignment Compound

988 – –
1029 C-O Chitin
1056 C-O –

4. Discussion
Infrared spectroscopy has become an attractive technique to use in vector-borne

diseases surveillance. However, current commercial FTIR machines are not suitable for
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the required field work. Quantum Cascade Laser based spectrometers are flexible and
powerful enough for the development of custom spectrometers that can accelerate the
uptake of spectroscopy to in-routine surveillance.

Here, we have demonstrated the use of our custom-built EC-QCL to acquire spectra
from An. gambiae mosquitoes. Our current set up can measure mosquito samples using
transmission in the 950–1100 cm−1 region in ≈3 s. The functional groups assigned to
this region are C–O–C and C–O stretch [25]. Previous works have shown complex set
of spectral changes in that region that can be used for malaria diagnosis in mosquitoes
and humans [8]. Moreover, we found three matching bands when compared to spectrum
collected with a commercial FTIR, specifically a peak at 1029 cm−1 related to chitin. It has
been described that changes in the absorption of specific wavenumbers related to chitin,
wax and proteins from the cuticle using FTIR can be used to predict species and age in
mosquitoes [25,26]. Even though we found some agreement between the spectra collected
by FTIR and our system, the overall performance of the system will be analysed on how
accurate our machine learning models perform on surveillance when using data from the
EC-QCL system.

We found some aberrations in the spectra collected with our system, which we attribute
to the uneven laser power density across the sample due to the high spatial resolution of a
coherent laser source relative to the incoherent source from the FTIR. Also, technical noise
from the source driving the laser and the high resolution might increase the overall noise in
the signal. Moreover, when using Savitzky-Golay second derivative, small deviations can
produce boundary artifacts and enhance high frequency noise [27]. This can be improved
in a future version by optimising the power density of the laser to achieve a more Gaussian
shape across a more suitable spot size, i.e., without tightly focusing the laser onto the
sample disc.

Processing the sample into a KBr disc increases sample throughput time and measure-
ment duration by more than 5 min per sample. We chose to process the sample with KBr
due to the mosquito’s thickness and the fact that the system currently performs measure-
ments in transmission mode only, which is the easiest to assemble and test, as opposed
to diffuse reflectance mode or Attenuated Total Reflection (ATR). However, QCLs can be
easily adapted for diffuse reflectance in applications such as the analysis of pharmaceu-
tical formulations [28,29]. Attenuated Total Reflection is used for mosquito age grading
and malaria surveillance because it can handle thick samples without any preprocessing,
and QCLs can be easily implemented in ATR systems, as shown in studies for glucose
monitoring [30–32] and microplastic identification [33].

The range of our system is quite small compared to the 400–4000 cm−1 range of com-
mercial FTIR and quite challenging to use due to low absorption of the bands. Machine
learning models are good at using tabular data for classification problems as spectral data
are fed into these models as absorbance at specific wavenumbers. However, not all the mid-
infrared region is needed for this application. The region of 2500–1800 cm−1 does not con-
tain biological-related information, which is discarded before analysis. Moreover, species
identification in Aedes has been carried out using only the region from 1800 to 600 cm−1 [25],
as well as for prediction of species, age and insecticide status in Anopheles [34]. In malaria
diagnosis from blood samples, most of the important features used by models to identify
malaria parasites were located at 800 to 1100 cm−1 [7]. Even though the limited range
of the QCLs can be seen as a disadvantage for general lab use, in this use case especially
when applied in the field, the fact that the full spectrum does not have to be recorded
makes QCL systems more efficient and faster than FTIR. This benefits not only for large
volumes of spectral collection but also for future applications such as chemical imaging. If
a broader spectral range is needed, gain chips with multiple-stage hetero-cascading active
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regions, can increase the spectral range to 772 cm−1 [35]. Also, multiple QCL gain chips
with different wavelength ranges can be combined, extending the range, or using specific
sections of the spectrum accordingly to specific needs. Commercial systems have up to
4 gain chips providing coverage of 5.4 to 12.8 microns (800 to 1800 cm−1) or wider in pulsed
operation, and similar ranges in CW [36].

As evidence of the use of FTIR in field settings for age grading and malaria diagnosis
increases, the translation of this technology will depend on how well infrared data can
predict biological traits in field settings, the costs of manufacture, and how the system
can be implemented into already established routine surveillance workflows. There is
a need to validate the predictive power of infrared spectroscopy in field settings, which
will neeed to be addressed [23]. Regarding implementation costs, our setup costs around
£18,000 to build with off-the-shelf components. As we optimise future iterations of this
setup and as technology uptake increases, chip costs will decrease, making the whole
system more affordable. Fourier Transform IR spectrometers with QCL lasers are being
commercialised from major companies such as Bruker, indicating that the market has a
demand for this type of technology. Additionally, the increasing number of publications
testing other vibrational spectroscopy techniques, such as Raman [37,38] to overcome cur-
rent drawbacks of traditional techniques for vector/disease surveillance further highlights
the need for device development. Finally, adapting this technology to routine surveillance
will require equipment acquisition and staff training; however, it can vastly reduce data
acquisition time and increase the amount of data that can be collected to improve disease
surveillance. Therefore, EC-QCL has great potential for vector and disease surveillance due
to its versatility and adaptability.

5. Conclusions
We have demonstrated the use of a fast swept continuous wave EC-QCL system

for mid-IR spectroscopy in mosquito samples in the 950–1100 cm−1 region. In summary:
(i) High speed and high tuning rate were achieved using off-the-shelf optical components,
which also means that there is room for future optimisation. (ii) The system can collect
spectral information from whole An. gambiae mosquitoes processed in KBr discs at speeds of
100 spectra per second with little optimisation. (iii) Absorption bands in the spectrum from
mosquitoes matched their position when compared with a commercial FTIR spectrometer.
(iv) The current prototype has the potential for extreme miniaturisation and a lower cost
for its use in the field.
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