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Abstract: We report a proof-of-principle of surface detection with
air-guided quantum cascade lasers. Laser ridges were designed to exhibit
an evanescent electromagnetic field on their top surface that can interact
with material or liquids deposited on the device. We employ photoresist
and common solvents to provide a demonstration of the sensor setup. We
observed spectral as well as threshold currents changes as a function of the
deposited material absorption curve. A simple model, supplemented by 2D
numerical finite element method simulations, allows one to explain and
correctly predict the experimental results.
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1. Introduction

Quantum cascade (QC) lasers are semiconductor sources that can efficiently cover the two mid-
infrared (mid-IR) atmospheric windows (3µm≤ λ ≤ 5 µm and 8µm≤ λ ≤ 12 µm)[1]. Since
their first demonstration in 1994 [2], improvements in the epitaxial growth, thermal manage-
ment [3, 4, 5], and also cavity geometries have led to single mode, continuous-wave (CW)
operation at room temperature at several mid-IR wavelengths [6, 7]. The use of QC lasers
as monochromatic sources for chemical sensing is motivated by the fact that most molecules
of chemical interest exhibit roto-vibrational transitions in the two mid-IR atmospheric win-
dows [8, 9]. In particular, QC lasers have been applied to gas sensing [8, 10, 11, 12], but also
more recently to detection in a liquid environment [13, 14, 15, 16, 17]. For detection applica-
tions, wavelength tunability is an important requirement, besides single-mode operation. Single
mode operation is typically achieved using distributed feedback (DFB) technology [18], with
the emission wavelength tuned by changing the heat sink temperature or the injection current.
This technique yields tuning ranges of for instance 20 nm for a single device at mid-IR wave-
lengths [19]. Wider tuning ranges can be achieved via monolithic integration of several differ-
ent DFB devices on a single chip [20]. Recently, alternative approaches have been proposed
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Fig. 1. Principle of surface sensing employing an air-guided QC laser. Left figure: 2D finite-
element simulation of the laser mode (the magnitude of the electric field is shown) super-
posed onto a schematic view of the device. Right figure: 1D section of the laser mode at
the center of the ridge. The orange region is the air-cladding above the device where the
evanescent field penetrates, making the device sensitive to an external perturbation.

(see Refs.[21, 22]). In Ref. [22], the emission wavelength of a QC laser was tuned by photo-
inducing a change of index of refraction of a chalcogenide cladding layer deposited on top of a
DFB device. In Ref. [21], filling the grooves of a DFB QC laser with a material or liquid whose
refractive index can be easily modified allowed fine tuning of the laser operating frequency. All
the aforementioned approaches exploit thereal part of the material/liquid refractive index in
order to induce a wavelength change.

Another approach is possible however, and it consists on exploiting theimaginary partof the
refractive index. If a laser device is engineered whose optical mode exhibits an evanescent field
that penetrates in the air-claddings around the device itself, then the absorption characteristics
of the external object will affect the waveguide losses, making them wavelength-dependent.
The threshold current (Ith) and the spectral features will be both modified as a function of the
material or liquid that contacts the evanescent field, thus transforming the devices in surface
sensors, that could then be in principle integrated in a microfluidic chip [23].

In order to implement a surface sensor, the laser should present an evanescent field. The
principle has already been demonstrated - using mid-infrared fibers - in Ref [12, 13]. One
other strategy has been recently shown - using common solvents as test liquids - in Ref.[24] by
Belkin et al. employing ultra-narrow ridge QC lasers. A possible alternative approach, however,
is proposed in a companion article by R. Perahia et al. [25], where a surface-plasmon laser is
employed with almost all the top metal cladding removed leaving only lateral contacts for
current injection. These devices (which we call air-guided QC lasers) have been fabricated
and characterized [26], and an aSNOM (Aperturless Scanning Near field Optical Microscopy)
survey allowed the direct measurement of the evanescent field present at their surface [27].

In this paper, we show that indeed this class of devices reacts to a material or a liquid de-
posited on its surface, and that they are in principle suited to surface detection applications.
The demonstration is corroborated by a theoretical model which is able to correctly predict the
experimental results. In Section 2 the laser devices are detailed, as well as the setup used for
the demonstration. In Section 3 initial results are presented and the detection principle is vali-
dated using photoresist Shipley S1818 as test material. In section 4 we give a proof of principle
of fluid detection using ethanol and isopropanol as test analytes. Finally, the predicted results



obtained from a simple model will be described and they will be compared to the experimental
data in Section 5.

2. Surface detection principle, device design and fabrication

Figure 1 shows the principle of surface sensing employing air-guided QC lasers. A 2D finite-
elements simulation of the optical mode is superimposed onto the front facet of the laser ridge. It
indicates that the mode is essentially located under the air. This characteristic yields an evanes-
cent field, whose decay length is≈ 500 nm as deduced from the 1D simulation of Fig. 1(b), and
from experimental measurements [27]. When an absorbing material (or liquid) is deposited on
such a device, the total propagation losses become frequency dependent, leading to a different
transparency (and therefore emission) wavelength, and also to an increase of the current thresh-
old. Since the details of the frequency-dependent losses depend on the absorption features of
the analyte deposited on the surface, these devices can be used as sensors.

The laser heterostructure used (MR2230) was grown by low pressure (150 Torr) metal or-
ganic vapor phase epitaxy (MOVPE), using an InGaAs/AlInAs heterostructure lattice matched
to a highly-doped InP substrate. Further details of the growth process can be found in [28]. The
active region is based on a standard two-phonon-resonant design, and the target wavelength is
λ = 7.5µm.

Fig. 2. Sketch of the experimental setup used for the measurements. The laser devices are
soldered with indium on a copper block. This latter is then mounted onto a Peltier-Cooler.
(a) Side view. (b) Top view. The emitted light is collected from the laser facet and fed into
a FTIR spectrometer operated in rapid-scan mode, with a typical resolution of 0.125 cm−1.
A liquid-nitrogen-cooled MCT detector was used.

The lasers are fabricated in a standard ridge mesa etched (26-31-36-41µm-wide) Fabry-Perot
cavity configuration. Most of the device top surface is left exposed, and the electrical current
is injected through lateral metallic contacts (Ti/Au, 30/300 nm) located on the two sides of the
resonators. In Fig. 1(a) the lateral contacts are schematically represented in yellow. Details of
the samples and of their operating characteristics are reported in Ref. [26]. After mechanical
polishing and back contact deposition, the samples were cleaved into laser bars of typically 1.5



mm length, mounted with indium solder on copper blocks, wire-bonded and characterized on a
Peltier holder.

Laser spectra and light-current (LI) characteristics, and the absorption curves of the investi-
gated test liquids (ethanol and isopropanol) were all taken using a Fourier Transform Infrared
Spectrometer. Shipley resist S1818, isopropanol (IPA) and ethanol have been employed to pro-
vide a proof-of-principle of the operation of the devices as sensors. A scheme of our setup for
fluid delivery is shown in Fig. 2. To control the stability of a drop of liquid on the device top
surface, we used a bevel shaped needle and a push-syringe. At a certain, specific pushing speed,
the fluid delivery is compensated by its evaporation and the drop is stable in volume. Two CCD
cameras are used for real-time control of the fluid delivery on the samples. Before sensing tests,
the devices were measured as reference.

3. Surface sensitivity: photoresist detection

In order to demonstrate the surface-sensitivity of the devices, Shipley photoresist (S1818) was
used as test absorbing analyte. We chose photoresist for the following reasons: first, it is well
known that resist exhibits strong absorption features at mid-IR wavelengths (see Fig. 3). Sec-
ondly, it is relatively straightforward to deposit it with precision on top of the lasers using
photolithographic techniques.

(a) (b)

Fig. 3. (a) Laser tuning upon S1818 photoresist deposition on the device top surface. Black
curve: emission spectrum of the laser device before resist deposition. Blue curve: emission
spectrum with the resist deposited on the top surface. Red curve: emission spectrum with
the resist deposited on half the top surface. Purple curve: calibrated absorption spectrum
of Shipley photoresist S1818, obtained via FTIR spectroscopy. The lasers were typically
operated with 50-ns-wide pulses at a repetition rate of 84 kHz. (b) Light-current-voltage
(LIV) curve of the device without and with resist. The current threshold of the unperturbed
device (black curve) is approximately 27% lower than the threshold when the resist is
deposited on the surface (blue curve). When the resist is deposited on half the top surface
(red curve) the threshold approximately 13% higher than the unperturbed case. The lasers
were operated with 50-ns-wide pulses at 84 kHz repetition rate.

The resist was spun onto laser devices already mounted on a copper block in order to have
them previously tested. Selective sample exposition to UV light and development allows one
to completely remove the resist from the copper block and from the sample facets, until the
resist covers the top device surface only. Care was taken in order to completely remove the
resist from the laser facets. Figure 3 shows the results obtained from a 41-µm-wide laser ridge.
A global frequency blue-shift of the laser spectral envelope of≈ 27 cm−1 (Fig. 3(a)), and an



increase of nearly 27% in the threshold current have been observed (Fig. 3(b)). The absorption
curve of the resist used for the test (Shipley S1818) - as obtained with FTIR spectroscopy - is
reported in Fig. 3(a). It presents a linear behavior with a negative differential absorption around
the emission frequency of the laser. We expect therefore that the transparency condition will be
reached at shorter wavelengths when the resist is deposited on the device top surface, since the
analyte losses decrease with an increase in frequency. This prediction is correctly confirmed by
the experiment. Furthermore, the resist deposition on the device top surface increases the total
propagation losses, and the expected increase of Ith has been correctly observed experimentally.
In addition, when only half of the device surface is covered with resist the Ith increase is only
13%, proving that it scales linearly with the volume of absorbing material probed. The laser
spectral envelope shift is in this case≈ 25 cm−1. As a final check, the photoresist was removed
with acetone and the devices were re-tested: emission frequency and Ith were the same as the
values obtained prior to resist deposition.

4. Surface sensitivity: discrimination between two test liquids

The goal of this section is to investigate if monitoring the variations of the emission frequency
and/or of the current threshold of the lasers we developed allows one to discriminate between
two test chemicals. We chose to test the devices with isopropanol (IPA), ethanol and a mixture
of both (50% IPA-50 % ethanol). The reason for this choice is the reasonably strong absorption
exhibited by both the analytes in the 7.5µm ≤ λ ≤ 8 µm spectral range of interest (see Fig.
4). Upon fluid deposition (with the technique described in Fig. 2), we observe two clearly
distinguishable spectral effects: a global frequency shift of the laser envelope of Fabry-Perot
modes (accompanied by a small change of the mode spacing), as well as an increase of the
laser threshold current.

Figure 4(a) reports the spectral characteristics of a 41-µm-wide air-guided QC laser upon
deposition of IPA and ethanol, respectively. The black curves represent the laser emission when
no liquid is present. When IPA (ethanol) is deposited on the top surface, the envelope of the laser
emission tunes from 1275 cm−1 to 1270 (1285) cm−1, respectively. The measured absorption
spectra of the two solvents are reported in Fig. 4(a) (red and blue curves). A comparison with
the spectra demonstrates that the laser tunes its emission frequency in order to minimize the
propagation losses, that are modified by the presence of the fluid on the top surface. It must be
noted that ethanol shows a nearly symmetric absorption peak at a frequency of 1275 cm−1. A
blue-shift as well as a red-shif can therefore be expected. However, free carrier absorption must
be taken into account. Since its magnitude scales approximately asλ2, a blue-shift to higher
frequencies minimizes the losses, and it can explain what we indeed observe experimentally.

These results show that the spectral changes of the devices upon liquid deposition allow one
to discriminatepureIPA from pureethanol. One can wonder if a dilution of the two liquids can
also be detected with the same system. Upon deposition of a 50%-50% mixed solution of IPA
and ethanol, an intermediate spectral behavior was in fact observed as shown in Fig. 4(b). We
can approximately estimate the volume of liquid which can interact with the device near field.
The typical device has an air-gap opening of 24µm. For a 1.5 mm long laser, and considering
that the evanescent field extends for 0.5µm above the sample surface, we obtain a volume≈18
pL. This value represents an estimate for the volume of liquid which is, in principle, sufficient
for sensing with the proposed technique. A slightly better value of 10 pL is estimated for the
devices proposed in Ref. [24]. However, it is important to note that prior knowledge of the
absorption spectra of the analyzed material/liquid is necessary. At this stage therefore, this
system can be used to detect a certain known chemical after pre-calibration, but not to detect
unknown species, nor to obtain a quantitative measurement of the analyte dilution in a liquid.

As for the effect on the laser threshold, upon IPA, ethanol, and 50 %-50 % dilution deposi-



tion, Ith increased by 10.6 %, 10.6 %, and 11.45 %, respectively. The threshold current cannot
therefore be considered a discriminating parameter since almost identical increases have been
obtained for IPA and for the 50 %-50 % dilution. This finding indicates that the detectivity of
the system is rather limited. The two solvents absorption at a frequency corresponding to the
laser emission are 315 cm−1 for IPA and 404 cm−1 for ethanol, respectively, while the S1818
resist absorption at the same frequency is 716 cm−1, i.e. approximately two times larger. It
appears therefore that this system could be used as a detector - by monitoring Ith upon liquid
deposition - if the absorption magnitudes differ by few hundreds of cm−1.

Wavenumber (cm-1) Wavenumber (cm-1)

(a) (b)

Fig. 4. (a) Laser tuning of a 41-µm-wide air-guided QC laser upon ethanol (blue spectrum)
and IPA (red spectrum) deposition. The black spectrum represents the unperturbed laser
emission. The red (blue) curves represent the measured absorption of IPA and ethanol, re-
spectively. The measurements were taken at 18 C degrees. The lasers were operated at 84
kHz, with 50-ns-wide pulses. The signal was fed into an FTIR spectrometer and detected
with an MCT detector. (b) Laser tuning with a 50%-50% mixed solution of IPA and ethanol
(green spectrum). The green curve represents the measured absorption of the solution. In-
set: frequency shift of the Fabry-Perot mode spacing upon fluid deposition. Black curve:
without fluid. Green curve: with fluid.

5. Theoretical model and discussion

In order to explain the experimental results, we introduce a theoretical model that allows one to
write a simple expression for the total losses in the presence of an absorbing material (or liquid)
in the device near field. By imposing the transparency condition (i.e. total losses equal to gain),
we can obtain the laser emission frequency shift in the presence of the absorber on the device
surface. A full theoretical model is developed and discussed in a separate paper [25].

The laser material gain is modeled as a Lorentzian function centered atνg, with a full width at
half maximum (FWHM) of 130 cm−1(≈10% of the central frequency). The total propagation
losses per unit length of the laser are described as the sum of two contributions: waveguide
(αwg) and mirror (αm) losses. The frequency dependence of the waveguide losses is assumed
to be dominated by free carrier absorption, and it is taken into account by adding a dependence
proportional toν−2 and toαwg calculated at a fixed frequencyν0. This is in general a good
approximation. The presence of the liquid in the near field of the laser is taken into account
via its complex index of refractionna = n0+ ika through first order perturbation theory of
Maxwell’s equations. The index real partn0 induces a minor shift of the laser frequency (see
inset of Fig. 3(b)), while its imaginary partka induces - to first order - an increase in laser
threshold. It can be shown in fact that the waveguide loss perturbation is proportional to the



productΓeka, and therefore toΓeαa (whereαa is the analyte absorption andΓe is the percentage
of energy of the evanescent mode)[25]. Furthermore, a frequency-dependent loss will modify
the transparency condition and it will produce a shift of the laser frequency as well. The shift
can be actually much larger than the very small one induced by the real part only of the index of
refraction. It is exactly this phenomenon that can successfully explain the experimental results.

Within this model, the total losses at a frequencyν - when an absorber is present in the laser
near field - can be expressed as follows [25]:

αtotal(ν) = αm+αwg(ν0)(
ν0

ν
)2 +

ng

n0
Γeαa(ν), (1)

whereng is the modal group index.
An extremely simplified linear approximation for the wavelength-dependent analyte absorp-

tion close to the peak laser gain yields an intuitive view of the mechanism on which the sensor is
based. With a typical absorption a 500 cm−1 (corresponding to the absorption value of ethanol
or isopropanol at a wavelengthλ ≈ 7.5 µm), we found that two liquids deposited on the same
laser device can be distinguished if (i) the magnitudes of their absorption are different and/or
(ii) if their differential absorption (defined as∂α/∂ν, whereν is the frequency) have opposite
signs. In addition, the frequency shift depends on the initial laser emission frequencyνg, de-
fined as the emission frequency of the unperturbed laser. This system seems therefore able to
distinguish between two different absorbing materials (or liquids). The laser threshold current
(Ith) is another relevant parameter, which depends only on the loss magnitude at the peak laser
gain. As a consequence, two different chemicals can be discriminated on the basis of their effect
on Ith only if their absorptions are different enough. No effect on the other hand is expected on
Ith if just a difference in the differential absorption is present.

In order to go beyond this very simple linear approximation, we introduced in the model
the real absorbing curves of the solvents used for the experiment. This allows one to obtain a
more accurate modeling of the the behavior of the air-confined lasers in presence of absorbing
liquids, and to predict the laser frequency shift upon fluid deposition. The values forαwg(ν0),
Γe andng are obtained numerically with 2D finite elements simulations, whileνg is assumed to
be the emission frequency of the unperturbed laser. The table below summarizes the parameters
employed in the simulation:

FHWM νg ν0 αwg(ν0) n0 ng Γe R L

(cm−1) (cm−1) (cm−1) (cm−1) (%) (cm)

130 1275 1300 9.03 1.4 3.25 0.192 0.28 0.15

The lasing threshold condition - gain equals loss - is then used to relate the loss introduced
by the absorber to the lasing frequency and to its threshold current density.

The theoretical results obtained by applying the model to the tested laser devices are shown
in Fig. 5, together with a summary of the experimental results. The bottom part of panel (a)
reports the emission spectra of the laser devices in the unperturbed case (black curve), and upon
IPA (red curve) and ethanol (blue curve) deposition, respectively. A global shift of the spectral
envelope is clearly observable. The top part of panel (a) reports instead a visual representation
of the lasing threshold condition in the presence of IPA (red curves) or ethanol (blue curves).
The full lines represent the total losses in the presence of the analyte, as obtained from Eq. 1.
The dashed lines represent the material gain at transparency: the tangential condition identifies
the predicted laser frequencies (vertical full lines), which are found in good agreement with the
experimental findings.



(a)

(b)

Fig. 5. (a) Absorption model (b) Experimental (blue circle) vs. predicted (black circle)
lasing frequencies for IPA as a function of initial frequency. Inset shows lasing condition
for three characteristic initial frequencies

The experiments have been performed on several laser devices, each having a different initial
emission frequency thanks to the inherent variability of processing, semiconductor wafer non-
uniformity, etc... All the results - in the case of IPA detection - are reported in Fig. 5(b):νg is the
initial, unperturbed laser emission frequency, andνlasing is the emission frequency when IPA
is present in the device near-field. The black circles represent the prediction of the theoretical
model, while the blue circles correspond to the experimental results. The agreement between
theory and experiment is good, and it shows that the model indeed allows one to predict the
laser behavior upon fluid deposition, and to discriminate - in this case - IPA from ethanol. Fur-
thermore, the inset of Fig. 5(b) reports a visual representation of the lasing threshold condition
for three characteristic initial laser frequenciesνg, marked by the green rectangles in the main
panel. It provides a direct, intuitive explanation for the presence of ”jumps” in the predicted as
well as in the experimental curves, and it further confirms that the proposed theoretical model
can successfully predict the behavior of these surface sensors.

As for the current threshold, the model predicts an increase of 10.7% of Ith when IPA is
deposited, and of 12.37% when ethanol is deposited, while the experiment yields and increase
of Ith by 10.6% in both cases. The agreement between theory and experiment is fair. The small
discrepancy between the predicted and experimental result for ethanol could originate from
the confinement factor (Γ), which is modified by the presence of the fluid on the device top
surface. We employedΓ = 73.9% for the unperturbed laser, andΓ = 74.5% in the presence of
both ethanol and IPA. A better approximation would take into account their slightly different
indeces of refraction, yielding different confinement factors.

6. Conclusions

In this initial work, we have demonstrated that mid-infrared QC lasers featuring air-guided
waveguides (a relatively straightforward architecture from a technological point of view) are
suited to surface sensing of liquids with absorption features close to the laser emission fre-
quency. In particular, we provided a simple theoretical model that correctly predicts the spectral
and threshold behavior of the lasers when an absorbing material or liquid is present in the de-
vice near-field. These results are promising for optofluidics application. For instance, if Ith only
needs to be monitored, the system would consist of the QC laser (and its microfluidic chip), and



a detector which could even be integrated on the chip itself, employing for instance the same
quantum cascade structure in a photo-current configuration. However, the drawback is that - in
the current configuration - the absorption curves of the liquid to be detected need to be known
in advance.

Finally, these devices present some disadvantages. Their emission is not single mode, the
central emission frequency is hardly predictable, their sensitivity is rather limited, and their
integration on a microfluidic chip is complicated by their lack of planarity. A new device ge-
ometry, which can solve the aforementioned problems, is based on micro-cylindrical resonators,
it has been studied, and the results are presented in a companion article [25]. The results of the
analysis suggest that micro-cylindrical devices will exhibit improved sensitivity to the presence
of an absorbing liquid in their near-field. In addition, they can be implemented as arrays of sin-
gle mode micro-lasers on the same chip, an ideal geometry for the fabrication of a microfluidic
circuit. These new devices, once developed, will allow to assess if this sensing approach can
measure in an analytically relevant concentration range, an assessment that was not possible
with the current device architecture.
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