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35 Abstract

33 Mid-infrared spectroscopic techniques rely on the specific "fingerprint" absorption
40 lines of molecules in the mid-infrared band to detect the presence and concentration of
42 these molecules. Despite being very sensitive and selective, bulky and expensive equip-
ment such as cooled mid-infrared detectors are required for conventional systems. In
this paper, we demonstrate a miniature CMOS-compatible Silicon-on-Insulator (SOI)
photothermal transducer for mid-infrared spectroscopy which can potentially be made
49 in high volumes and at a low cost. The optical absorption of an analyte in the mid-
51 infrared wavelength range (3.25 — 3.6m) is thermally transduced to an optical trans-
53 mission change of a micro-ring resonator through the thermo-optic effect in silicon.
55 The photothermal signal is further enhanced by locally removing the silicon substrate

57 beneath the transducer, hereby increasing the effective thermal isolation by a factor
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of 40. As a proof-of-concept, the absorption spectrum of a polymer that has been lo-
cally patterned in the annular region of the resonator was recovered using photothermal
spectroscopy. The spectrum is in good agreement with a benchmark Fourier-Transform
Infrared spectroscopy (FTIR) measurement. A normalized noise equivalent absorption

coefficient (NNEA) of 7.6 x 10 6em=1W/H 2'/? is estimated.

Keywords

Photothermal spectroscopy, mid-infrared, silicon photonics, microring resonator,gas sensing
Silicon photonics is emerging as an important platform for photonic integration.! It is
mostly being considered for telecom and datacom applications, but the portfolio of appli-
cations is now rapidly expanding towards miniaturized sensing systems such as label-free
biosensing?? and gas sensing.*?
Spectroscopic sensors are an important class of devices that probe the unique "fingerprint"
absorption spectrum of molecules. These sensors are unmatched in terms of selectivity for
label-free detection of chemical components. The mid-infrared wavelength region is of par-
ticular interest due to the higher optical absorption cross-section at these frequencies as
compared to telecom and visible wavelengths, because of the strong rovibrational resonances
in this band. At the moment however, mid-infrared spectroscopic sensors are typically bulky
and expensive. Considerable research is geared towards the integration and miniaturization
of various optical components for this wavelength range. In particular for the 2 to 4 um
wavelength range, a number of components have been demonstrated on the SOI platform
such as filters, modulators, sources and detectors. 5! However, the buried oxide buffer layer
shows strong absorption for wavelengths beyond 4 pm.!'? Integration of silicon photonics for
spectroscopy is being considered on other substrate platforms such as CaF,'? as well as the
use of chalcogenide glass waveguides. 14716
Photothermal spectroscopy is a highly sensitive and selective approach that measures the

optical absorption of a material indirectly. The frequency dependent optical absorption « in-
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duces a change of the thermodynamic parameters: pressure, density and temperature which
can be probed independently from the excitation source.!” These techniques have proven to
be extremely sensitive and robust to environmental noise for the detection of various chem-

18723 and microscopy applications. 242" Limit of Detection (LOD) values of

ical compounds
parts-per-trillion (ppt) have been demonstrated using quartz-enhanced photoacoustic spec-
troscopy (QEPAS) systems.?®?? One of the main reasons for the success of photothermal
techniques is the fact that the signal is only originating from the absorption whereas in con-
ventional transmission spectroscopy methods, scattering and reflection losses influence the
measured signal.!” This makes these techniques particularly attractive for applications in
the field. In this work, a novel photothermal spectroscopic transducer is demonstrated that
uses a suspended microring resonator on a SOI chip to transduce the temperature change
of a polymer analyte, induced by optical absorption in the mid-infrared wavelength range
(3250-3600 nm or 3075-2780 cm™!).

The sensing principle is shown in Figure 1. The analyte is deposited (or captured in real-life
applications) in the annular region of the microring resonator. The near-infrared (1550 nm)
probe light transmission T coupled to the microring features a Lorentzian line shape near
resonance where mAp operes = 27 Rnesp with m the mode number, R the ring waveguide
radius and n.rs the effective refractive index. The wavelength selective absorption of mid-
infrared radiation by the analyte gives rise to a wavelength selective temperature increase
AT (Apumyp) which is transferred to the resonator. In turn, the increase in temperature causes
a change of n.s¢. The change An.ss is read out by a near-infrared probe coupled to the ring
resonator by measuring the shift in the transmission spectrum of the resonator. The probe
wavelength A, is chosen at a point where the transmission spectrum has the highest slope
dT/d)\ = T'. By locking the probe laser to the slope of the optical resonance, the resonance
shift is transduced to a power change AP, of the detected probe signal. By modulat-
ing the mid-infrared pump beam, the wavelength shift will translate into a modulated probe

power change APy, ope (Apump) Which can be read out sensitively using a lock-in type detection.

3
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Figure 1: The heat generated through absorption of the mid-infrared pump beam increases
the temperature of the ring resonator. Through the thermo-optic effect, the effective index
of the waveguide changes, hereby changing the resonance wavelength \..; of the microring.
For a fixed probe wavelength A, ., a change in probe power AP, . is measured using a
near-infrared detector. The absorption spectrum of the analyte can be reconstructed by
scanning the pump wavelength and recording the maximum probe modulation AP, opemaz-

Experimental

fabrication

The air-clad ring resonator devices were fabricated using a Multi Project Wafer service
(MPW) in the 200 mm CMOS-pilot line at imec.*® The silicon device layer is 220 nm thick
and rests on a 2 um thick buried thermal oxide (BOX). The TE-polarization grating couplers
are defined using a 70 nm etch step. To achieve high-Q factor resonators, rib waveguides
were used with an etch depth of 70 nm and 650 nm waveguide width. The ring resonators
have a radius of 25 ym. A gap of 750 nm between the bus waveguide and ring resonator
was chosen to obtain critical coupling. A photoresist AZ5214 from MicroChem was used
as a mock-up analyte for the experiments. The resist was spin-coated and patterned in the

annular region of the resonators using standard photolithography methods.

To increase the effective thermal resistance of the ring resonators, windows were opened

in the silicon substrate by anisotropic etching in a KOH-solution. The samples were thinned
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down from 700 pm to 150 pm thick and consecutively polished. A SiN/SiO, (400/500 nm)
thick hard mask was patterned on the backside of the samples. The samples were etched
in a KOH-solution (80°C/ 20% concentration) for 180 minutes. A specially designed holder
prevents the etchant from reaching the top device layer. The top device layer was addition-
ally protected by using a photoresist layer to prevent spurious KOH-leakage from damaging
the top surface. The opened windows are 280 um wide with an unintentional slight offset of

~ 25 pum from the center of the ring resonators, as seen in Figure 2.

window

Si substrate |8

Figure 2: (a) Microscope image of suspended ring resonator with R=25um and 1.35 um
thick AZ5214 photoresist patterned in the annular region. (b) Backside image of the same
device shows that a 280 x 280um? window was opened in the silicon substrate. The dark
blue regions are the sidewalls of the anisotropically etched silicon substrate. (¢) The various
regions are indicated by partially coloring the tilted (52°) SEM image. The inset shows a
detail of the tiling.

After substrate removal, the front side protection layer is removed in O, plasma and a
1.35 um thick disk of AZ5214 is lithographically patterned on top of the suspended mem-
brane resonators inside the annular region with a radius of 21 um. The localization of the
analyte within the ring waveguide has two reasons. The generated temperature change is
localized near the ring and the optical transmission of the ring resonator is ideally unaltered.
Additional losses induced by the analyte overlapping with the optical field would have a
dramatic impact on the Q-factor of the ring and therefore the photothermal signal. The
optical properties of the suspended microrings were practically unaltered by the processing

as can be seen in Figure S1 and Figure S2 in the Supporting Information.
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Although no mechanical stability tests were performed on the devices, it is estimated through
FEM simulation that the devices can withstand a mechanical shock that corresponds to a
level 10 severity threshold according to the American National Standard S2.62-2009 which

31

corresponds to an inelastic free fall from a height of 5 m,”" see also Figure S3 in the Sup-

porting Information.

measurement setup
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Figure 3: Schematic of the photothermal spectroscopy measurement setup. A tunable near-
infrared laser source at 1550 nm is vertically coupled to the ring resonator after passing
a 10dB attenuator and a polarization controller. The operating wavelength A, is set
at the point with the highest slope of the ring resonator transmission spectrum. A free-
space modulated tunable mid-infrared source (OPO) is step-scanned across the absorption
spectrum 3250-3600 nm. The pump beam illuminates the analyte on the ring resonator from
the end facet of a single mode ZrF, fiber at an approximate distance of 100 pm from the
surface. At each Ay, the generated heat is transduced to a change in An.;; and therefore
the resonance wavelength of the ring. The resulting modulation of the probe AP, is read-
out using a lock-in amplifier at the modulation frequency. A fraction of the OPO power
Pyump is monitored in free-space using a thermopile power meter while the OPO wavelength
is monitored by a wavemeter. The probe power P, ope maz 15 monitored using the near-infrared
photodetector at a wavelength off-resonance.

The measurement setup is schematically shown in Figure 3. An Optical Parametric

Oscillator (OPO) system from Aculight was used as the mid-infrared pump source. The

6
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mid-infrared emission wavelength is swept by adjusting the intra-cavity etalon angle and the
position of the periodically poled Lithium Niobate (PPLN) crystal. More details about the
automation of the wavelength tuning process can be found here. 3 The OPO light is focused
into a ZrF, single mode fiber.

A fraction of the OPO power is monitored in free-space using a thermopile detector S401C
from Thorlabs. The output ZrF, fiber end is cleaved and positioned ~ 100um above the
ring resonator. Considering that the mode field diameter of the SM fiber is about 15um this
ensures a beam spot on the resonator with a waist of 35um.

The tunable probe laser Agilent TL81980A is vertically coupled to the chip. The input power
is attenuated by 10 dB in order to avoid nonlinear effects in the high Q ring resonator device.
The on-chip probe power is estimated to be around -23 dBm. A polarization controller is
used to ensure that TE-polarized light is coupled to the chip. The analog output of the
probe power meter HP81532A is coupled to a Stanford SR830 lock-in amplifier.

The mid-infrared pump wavelength is tuned from 3.25um to 3.6um. Two different devices
were measured with different parameters and resolution AM,,,,, as seen in Figure 4 and
table 1. To compensate for the slow ambient temperature change of the microring, the
probe wavelength A, is re-optimized at each pump wavelength by searching for the local
maximum of the photothermal signal using a step-wise hill-climbing algorithm, see also
Figure S4 in the Supporting Information. The lock-in amplifier records 10 consecutive data
points for each \,,m, using an integration time of 100 ms and a filter slope of 18dB/oct. The
modulation frequency is 300 Hz. The reference power levels are collected simultaneously.
The acquired peak-to-peak modulation voltage amplitude S at the modulation frequency is

related to the device setup parameters through

AAp'r'obe
| |
dT Ares ON
S = GAPprobe = GPprobe,maxA‘Iprobe = GPprobe,max J(Aprobe) n_ga_TAT()\pump) (1)

~ 1/FWHM

7
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Sensors

where G is the gain of the photodetector, AP, is the change in transmitted probe power,
Pyrobe.maz 18 the maximal transmitted probe power off-resonance, AT, is the change in
transmission, dJ/d\ is the transmission slope of the ring resonator for a given Aj.ope, 14
is the group index, On/JT is the thermo-optic coefficient in silicon and AT(A,ump) is the
photothermally induced temperature modulation of the ring waveguide. The maximal slope
is inversely proportional to the linewidth (FWHM) of the resonance. The FWHM of the
microrings is in turn equal t0 Ayrope res/@ With @ the loaded quality factor of the resonator. **
The relationship between the temperature increase AT and microring resonance shift A\, ope

has been used in equation 1.4 The temperature modulation depends on the following pa-

rameters
~a(Apump)Lef s
I 1

AT = Y Ppumpf [Rring, W(\, 2)] Ry (1 — e~ Cwump) ey (2)

with ~ the thermal power yield which is the fraction of the absorbed power that is converted
to heat. (1 — ~) is the fraction of the absorbed power re-emitted through luminescence
processes. '’ Luminescent yield is notoriously known to be very low in the mid-infrared and
therefore ~ is assumed to be constant over the measured mid-infrared wavelength range and

1135 P,ump is the power exiting the ZrF, fiber, f is the fraction of the optical

equal to unity
power of a Gaussian beam contained within a radius R,;,, for a beam with waist w(), 2)
where z is the distance of the fiber facet to the ring resonator, Ry, is the effective thermal
resistance of the transducer, a is the absorption coefficient of the analyte and L.ys is the
effective thickness of the analyte.

The reported variation of the Mode-Field Diameter (MFD) of the SM mid-infrared fiber in
the measured wavelength range is taken into account for the calculation of f.3% The resulting

function f increases ~20% in absolute value from 3250 nm to 3600 nm. Typical parameters

used for the experiment are listed in table 1.
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Table 1: Parameters used to calculate the photothermal absorption spectrum and some
typical values for the two measurements from Figure 4. An error estimate is given where

applicable.

ACS Sensors

parameter 1 II error | unit
Pprobemaz® -32.3 -28.8 0.1 | dBm
|dT /d\|maz® 122 63 10% | nm™!
Q° 166k 77k 10%

Ares® 1550.076  1549.232 | 0.001 | nm
Ppump(2921.4cm™1)* 0.45 0.35 0.04 | mW
AT(2921.4cm™1) 11.0 9.8 20 % | mK
«(2921.4cm™1) 745.2 646.6 |25 % | cm™!
f[Rrin97

w(2921.4cm=1t,100pum)]¢ 0.86 0.64 10 %

Ry° 142 273 1% | K/W
Rring 35 25 um
resolution ) 20 nm
total time 35 10 min
z 100 10 | um
G 106 V/W
ng’ 3.71 5%

on/0T 7.6 x1074 K-t
Leff 2.8 0.01 um
integration time 100 ms
fmod 300 Hz

a
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IRRAS

To evaluate the photothermal spectroscopic method, the absorption spectrum of the ana-
lyte was evaluated using Infrared Reflection Absorption Spectroscopy (IRRAS) using TM-
polarized light and under the Brewster angle of the analyte/air interface. A Varian 680
Fourier Transform Infrared Spectrometer (FTIR) was used. The incidence angle was ad-
justed using the Veemax accesory from Pike to the Brewster angle of 58 degrees for the
polymer /air interface. A ZnSe wire grid polarizer is used to obtain TM polarization. In
this configuration, the specular reflection from the air/polymer interface is eliminated such
that only the beam reflected off of the silicon substrate is collected. The sample is therefore
measured in transflectance mode;?"?® the light effectively traverses the sample twice, see
also the inset of Figure 4. A 1.35um thick sample was prepared by spincoating the AZ5214
photoresist onto a silicon wafer. The absorption spectrum is estimated by assuming the
Beer-Lambert law and comparing the reflectance spectrum R (\) to the reflectance Ry(\)
of a plain silicon wafer under identical conditions, see also the equation in Figure 4. The

absorption coefficient « is on the order of 0.05um™!.

Results and discussion

Figure 4 shows the measured photothermal spectrum with the absorption spectrum calcu-
lated using equations 1 and 2 and the comparison with the FTIR spectrum. The peak
positions (3016.7, 2921.4 and 2862.9 cm~!) corresponding to the aliphatic C—H stretching
vibration frequencies agree well with the results obtained from IRRAS.

The magnitude of the measured absorption coefficient also corresponds quite well with the
IRRAS results. Figure 4 also shows that two different devices measured under different con-
ditions produce the same absorption spectrum by normalizing the signal to the measurable
quantities in table 1. This shows that as long as the position of the pump fiber to the chip

is reasonably known and controlled, the variability of on-chip devices (e.g. Q-factor) can be

10
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36 Figure 4: Comparison of the absorption spectrum of the photoresist AZ5214 recovered by the
37 photothermal method (PT) for two different devices under different measurement conditions
[ and II (see table 1) to the absorption spectrum measured with the FTIR. The PT absorption
40 coefficient is estimated using equations 1 and 2. For the FTIR measurement, the inset shows
41 that the absorption coefficient apryg is estimated by comparing the reflectance spectrum of
42 the analyte to the reflectance spectrum of silicon (see formula in graph). Measurements are
performed under the Brewster angle (58 degrees) and TM polarization to eliminate fringes
45 of the transflectance spectrum.
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accounted for. An estimate of the error on the parameters used for the calculation of the
absorption is given in table 1. A safe value of 10% was assumed for the fitting algorithm to
retrieve the Q-factor and derivative from the measurement. By considering the worst case
scenario for the error addition in the calculation, it is estimated that o at 2921 cm™! for

experiment II in Figure 4 lies within the extreme bounds of 500-870 c¢m ~!.

Even after taking the beam waist wavelength dependency into account, there are minor
discrepancies in the relative peak heights of the photothermally recovered spectrum and the
FTIR spectrum. This is due to the fact that the photothermal technique probes the non-
radiative absorption directly whereas the FTIR technique is influenced by optical scattering
effects. '™ It is well known that optical scattering is stronger for shorter wavelengths and this
could explain why the FTIR technique overestimates the nonradiative absorption at shorter
wavelengths.

The device acts as a wavelength-selective bolometer for the mid-infrared source. The sen-
Sitivity Spaaz/Ppump is estimated in Figure 5 and equals 150 V/W at the peak absorption

L with agg91 4em-1 ~ 750cm ™! for a non-suspended

wavelength of the polymer of 2921.4cm™
resonator. The probe power P, spe maz for the measurement is 1.6 417, Further improvements
can be achieved by thermally isolating the ring resonators.

In the current setup, the measurement time is on the order of 10 minutes. The scanning
time of the experiments can be greatly reduced by considering a different mid-infrared source
and reducing the measured wavelength range. An External Cavity-Quantum Cascade Laser

1

(EC-QCL) can be used which can achieve kHz scanning rates in a ~ 7 cm™' wavelength

range or 20-40 Hz rates in a ~ 100-150 cm~! wavelength range. 404!

Thermal isolation

Thermal isolation of the ring resonators can greatly increase the photothermal signal re-

sponse. Thermal steady-state FEM simulations were performed using COMSOL. The effec-

12
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Figure 5: Photothermal signal on the lock-in amplifier for increasing P, corresponding
to measurement [ in Figure 4 at A\pymp = 2921.4cm~ L. Poump is the power exiting the mid-
infrared fiber facet towards the resonator. The device can be viewed as a thermal detector
for the mid-infrared source with a sensitivity S/P,um, of 150 V/W for P, ~ 1.6puW. The
FWHM of the optical resonator is 10 pm. The FWHM of the photothermal signal is ~ 0.6x

Enhancement factor [a.u.]

Figure 6: 3D-axial symmetrical FEM simulation of the effective thermal resistance of sus-
pended ring resonators. The expected increase in thermal resistance Ry, for a window of
280 x 280m? is on the order of x100. A thin, sub-micron thick §, remaining silicon slab on
the backside of the membrane can significantly reduce the isolation factor. The influence of
the tiling (indicated in blue in Figure 2 (c)) has been accounted for by adding concentric Si
rings with a period of 3um and 70% fill factor on top of the BOX. The value for L ndow =
corresponds to experiment [ in Figure 4
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tive thermal resistance Ry, was estimated by calculating the average temperature increase
in the ring waveguide for a given power dissipation.

In Figure 6, the results of a 3D axial symmetrical model are given with the axis of sym-
metry in the center of the ring and normal to the surface. As seen in the microscope and
SEM images in Figure 2, the top silicon slab is only continuous in a square 120 x 120um?
area. Beyond this slab, the top layer is filled with tiling, which thermally disconnects the
top silicon layer. This tiling layer is included in the simulation by adding a periodically
etched slab beyond the 60um radius with a period of 3 um and a fill factor of 70%, hereby
modeling the tiling as concentric rings. From Figure 6 it is clear that care has to be taken
that the silicon substrate is etched completely up to the BOX for maximum effectiveness.
The heat dissipation to the silicon substrate is the dominant heat loss mechanism. From
the microscope and SEM images in Figure 2, one should also consider that (a) the opened
window is unintentionally shifted by 25um with respect to the center of the ring and (b) the
ring resonator area is thermally connected to the rest of the silicon slab on the device layer
by ~ 5um wide strips along the access waveguides, which contribute to the heat dissipation
to the sides (indicated in red in Figure 2(c)). Full 3D simulations (without the tiling layer)
indicate a decrease of the enhancement factor by 10% to account for (a) and an additional
20% decrease to account for (b). For Liinaew = 280um, the expected enhancement factor
from Figure 6 is corrected to ~ 57 for better correspondence with the structure depicted in

Figure 2.

The fabricated membrane ring resonators were compared to identical devices on silicon
substrate with the same measurement setup. The acquired maximal lock-in signal S for
a certain \p,m,, is normalized to the reference pump power Py, and Ppoe, see Figure 7.
In order to evaluate the photothermal enhancement, differences between the maximal slopes
of the two ring resonators are taken into account by normalizing the maximal photothermal

response to the corresponding maximal slope |dT/d\|q.- The slopes are extracted from the
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Lorentzian transmission from Figure S2 in the Supporting Information. The performance

ratios of the suspended resonators as compared to the supported ones are given in table 2.

10%
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26 Figure 7: Normalized photothermal signal modulation S of 1.35um thick AZ5214 photoresist
27 at Apump = 3419nm(2925¢m 1) for (a) supported and (b) suspended ring resonators. Two
29 different ring resonators were compared. The maximum photothermal signal is enhanced by
30 more than 10 dB in both cases.

Table 2: Performance comparison of suspended (B) resonators to supported ones (A). Quan-
35 tities are expressed as ratios (B/A).

37 device 1 2
38 pmbeB/ mbeA 1.014 1.445

0.72 1.0
’ dA mazx, B d/\ max,A

42 maac/Pp’robePpump] / [Smaac/PprobePpump] 30.8 34.5
43 Rth,B/Rth,A 43.1 34.5

46 The best measured enhancement factor E = Ry, g/ Ry a of 43 is slightly lower than what is

expected from simulations.

52 Limit of Detection

55 It is clear that a high slope of the transmission spectrum is beneficial for the photothermal

57 signal and thus a high Q-factor resonator is desirable. Ultra high-QQ disk resonators have

15
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been shown.*? However, from a practical point of view, it becomes very difficult to lock the
probe wavelength to the optimal operating point. As indicated in Figure 5, the Full Width at
Half-Maximum (FWHM) of the photothermal signal is ~ 0.6 times smaller than the FWHM
of the Lorentzian resonance transmission. For a ring resonance with ) > 300k this gives
a photothermal FWHM < 3 pm, approaching the limits of the accuracy of typical external
cavity lasers. Therefore we believe the presented ring resonators with Q factors around 100k

are a good trade-off between sensitivity and practival feasibility.

The limit of detection (LOD) is evaluated for the thermally isolated device (1b), as shown
in Figure 2 and whose measurement results were previously shown in Figure 7. The RMS
deviation of the lock-in signal S (as defined in equation 1) at the optimal probe position is
0.49mV for a 100 ms integration time, Py ope,maz = 0.5 and gain G = 106V/W. This cor-
responds to a minimal detectable change in probe transmission of AT,.ope = 5 X 10~*, which
is a reasonable estimate for lock-in type detection schemes. Given the increased thermal
resistance of approximately Ry, ~ 1.2 x 101K /W this leads to an estimated normalized noise
equivalent absorption coefficient (NNEA= i Ppump/VAS) of 7.6 x 10~ %cm =W /H2'/? for
Pyrove,maz = 0.5uW. The on-chip probe power cannot be chosen too large as the thermal
non-linear effects would affect the response of the ring resonator. With a fiber power Py,
of 50 mW, P,rope,on—chip = 0.5 pW and 1s integration time, a minimal detectable absorption

coefficient oy, of 1.5 x 107%em ™! is predicted.

Instead of the photoresist demonstrated here, a gas-adsorbing porous coating with pre-
concentration factors as high as 10* can be patterned for practical trace gas sensing appli-
cations. #*% Typical absorption values of trace gases in the 3-4 um wavelength region are of
the order of 30 cm™! at 1 atm and room temperature.*! Even without assuming gas pre-

concentration inside the coating, this gives a LOD estimate of c¢,,;,, = bppm.
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The performance in terms of NNEA reported here is modest compared to state-of-the-art
minuaturized optical sensors such as some QEPAS examples where NNEA values as low
as 107 cm™'W/H 2z"/? have been shown.?®?’ However the proposed transducer shows that
non-contact all-optical interrogation is possible which can be a key requirement in certain
applications, e.g. sensors incorporated in food packages. Additionally, the use of a pre-
concentrating coating is expected to bring down the NNEA to competitive values.

For real-life applications such as trace gas detection in food packages, it would be advis-
able to select a narrower wavelength range of ~ 100-150 cm ! to target only a limited number
of absorbing species. This way, a more compact, faster and relatively cheaper mid-infrared
source can be used such as a Distributed Feedback (DFB) QCL or EC-QCL. Furthermore,
free-space optics for the probe and pump beam can be used, as opposed to fibers, to flood
illuminate the chip from a short (<1 meter) distance. As only the ring can be illuminated
with the mid-IR beam, an optical aperture can be defined on top of the ring resonator sensor,
that is aligned with the ring resonator, reflecting or absorbing all other pump light, see also
Figure S5 in the Supporting Information. A collimated pump with a millimeter sized beam
diameter would have a fraction of the power contained on the resonator on the order of 1073,
a loss which could be compensated by the coating pre-concentration factor. Small position
variations of the beam would then not affect the average pump power density delivered to

the coating. The transmitted probe signal could then be collected by a near-IR camera .

Conclusions

An on-chip mid-IR photothermal spectroscopic sensor using suspended silicon-on-insulator
microring resonators is demonstrated. The transducer circumvents the need of using a mid-
infrared detector by transducing the heat generated through optical absorption to a cheaper
near-infrared read-out system. The sensor was used to recover the absorption spectrum of

the photoresist AZ5214 in the 3.25—3.6um wavelength range in good agreement with bench-
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mark FTIR techniques.

The photothermal signal has been increased by a factor of 40 by opening a window in the sili-
con substrate beneath the resonator, hereby suspending the ring resonators on the buried ox-
ide and thus thermally isolating the ring waveguide. The resulting effective thermal resistance
is estimated to be 1.2 x 10*K/W. The latter results in a NNEA of 7.6 x 10~ Scm ='W/ H 2'/2
for 0.5 uW of probe power. By using a pump power of 50 mW and 1s integration time, a
LOD ayin of 1.5 x 10~*em ™! is predicted. Thermal FEM simulations suggest that further
improvements by a factor of 2-3 can be made by making sure that the ring resonator is
completely thermally disconnected from the rest of the chip on the device layer. This can

be achieved by etching trenches in the device layer close to the ring waveguide.

For practical trace gas sensing applications, a gas-adsorbing porous coating can be pat-
terned on the ring transducers. Sub-ppm LOD values are expected for trace gases absorbing

in the 3 — 4um wavelength range.

This sensing approach is specifically interesting for all-optical non-contact trace gas detec-
tion applications. For example, the disposable and cheap SOI ring resonator transducer can
be embedded inside a food package, whereas the read-out unit containing the tunable probe
and pump sources are positioned at some distance above the package. This photothermal
spectroscopy approach would then allow, e.g. for a selective and sensitive way of detecting

trace gases originating from spoilage without the need of using a cooled mid-infrared detector.

Supporting Information Available: The following files are available free of charge.

e Supporting Information: optical properties of the suspended membranes; FEM simula-
tion of stress due to mechanical shock; time evolution of the optimal probe wavelength

during measurement; schematic of a possible free-space measurement configuration.
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