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We report CO: detection using macroporous silicon
photonic crystals as thermal emitters. We demonstrate
that the reduction of structural non-homogeneities leads
to an improvement of the photonic crystals’ emission.
High quality narrow emission bands (Q ~ 120) located
within the R-branch of carbon dioxide were achieved.
Measurements were made using a DTGS photodetector
and the photonic crystals, heated to 4002C, as selective
emitters. A gas cell with a COz concentration between 0
ppm and 10,000 ppm was installed in the center. Results
show high sensibility and selectivity that could be used in
current NDIR devices for improving their features. These
results open the door to narrowband emission in mid
infrared for spectroscopic gas detection.
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Selective thermal emission has recently attracted much attention
in non-dispersive infrared (NDIR) detection. The goal is to exhibit
narrow emission bands in the specific region where gas molecules
or chemical compounds exhibit their vibrational modes [1]. The
narrower this band, the more selective and sensitive the detection
will be. Currently there are ultra-high resolution laser emitters
working in the mid-infrared (MIR) region [2,3]. However, they are
very expensive because, among others, a temperature regulation
system is needed to avoid displacements of their monochromatic
light. On the other hand, there are broadband emitters which rely
on metal or semiconductor technology. A commercialized option
are mid-IR-LEDs [4,5]. One of the principal problems this
technology faces is low output power. Their common values, in the

range of few pW, suppose an important restriction to different
applications. An alternative to them are thermal emitters, which are
based on blackbody radiation. Planck’s law states that all bodies
above absolute zero transfer energy to the rest of the universe
covering all ranges of the electromagnetic spectrum. Conventional
NDIR devices employ blackbody thermal sources combined to
filters to detect in the species absorption range [1,6]. However, as
Miyazaki et al. highlight in [7], NDIR detection is fundamentally an
inefficient technique because sensing in a small portion of the
spectrum makes most of the radiation being wasted. In the work
they use a nanostructured material as a selective thermal emitter
for NDIR detection of CO2. They show a 30% reduction in energy
consumption compared to conventional blackbody emitters.
However, they do not seek selectivity or improved sensitivity, the
main objectives of our work.

One of the most extensively explored solutions for narrowband
emitters are photonic crystals (PhCs) due to their ability to control
the density of states [8-10]. Different strategies based on plasmon
resonances [11] or multi-quantum-well structures [12-14] have
proved high-quality emissivity when combined to PhCs.
Furthermore, some of them have experimentally demonstrated the
feasibility of generating narrow emission bands in the long-infrared
fingerprint region of organic solvents and gases [13].

Previous studies reported that 2D-structured bulk silicon
increased the surface roughness and therefore higher emittance
could be achieved [15]. Others showed the potential application of
3D macroporous silicon PhCs as selective emitters in the absorption
regions of CO and NOz[16]. The aim of this letter is to enhance the
quality of the in-band radiation and demonstrate the viability of gas
detection using 3D macroporous silicon photonic crystals.

The structure of the document is as follows. We first show the
negative impact that non-homogeneities have in the emission
quality of our samples. Next, some modifications are introduced in


mailto:david.cardador@upc.edu

the manufacturing process and in the design of the photonic crystals
to obtain narrow band emitters located in the carbon dioxide
fingerprint. We describe the dispersive detection of CO, giving the
relationship between the expected power reaching the detector and
the concentration of the gas. We finish by showing a proof of
concept of the benefits that our emitters would give in terms of
sensitivity and selectivity to conventional NDIR devices.

Fig. 1. Schematic of the CO2 detection process using macroporous silicon
photonic crystals as selective emitters; the PhC is heated up to 400 °C
radiating in the MIR with the resonance peak centered in CO:
absorption range. The electromagnetic field crosses the gas chamber
and its concentration is determined by quantifying the difference
between the initial and the final emission intensity arriving the detector.

Let us start by introducing the optical response of previously
reported samples that showed very low-quality thermal emission
[16]. These samples were made through a 5% HF electrochemical
etching at 10 °C, with a constant polarization of 2V and an
asymmetric trapezoidal current profile. As a result of the fabrication
process, 700 nm pitch PhCs consisting on two modulation areas,
with five periods each, and a cavity in the middle were obtained. The
total length of the PhCs was around 25 pm and the substrate depth
around 250 pm (further details can be found elsewhere [17]).

It is well known that these structures raise resonant modes, or
transmitted peaks, within the bandgap due to the cavity inserted in
the middle of the modulated regions [17]. Figure 2a depicts the
dispersion of the peak along the attacked area. It can be seen that
the central frequency, the transmittance, and the quality factor of
the peak depends on the selected spot, as suggested in previous
studies [18,19]. In other words, we demonstrated the existence of a
high number of cooperative resonators along the emitting area,
which isaround 1 cm? Figure 2b shows the average transmittance,
T, and reflectance, R, along the area. We can use them to calculate
the emissivity, E, of the sample through Kirchhoffs Law, which
states that

E=1-R-T 1)

Figure 2c shows a good agreement between calculated and
experimental emissivity, which has been extracted from previous
studies [20]. In addition, the shape of both curves have a great
similarity with the average transmission of Figure 2b. This confirms
that there is a direct relationship between the dispersion, due to
structural non-homogeneities of the photonic crystal, and quality of
the emission peak.

Based on the above, we set out to improve our fabrication set-up
in order to reduce non-homogeneities and thereby increase the
quality of emissions. In particular, the uniformity of lighting during
the electrochemical process was identified as a key factor; it was
observed that samples presented lower quality factors and lower
transmissions at the edges than in the center. Therefore, an optical
diffuser was included to disperse light and thus improve uniformity.
Subsequent measurements revealed a more homogenous response
across the emission area. This allowed us to enhance the Q-factor of
the structures by increasing the number of periods of the photonic
crystals up to eight and ten periods, following the same idea as
previous studies [21,22]. As a result of the improvements, the
dispersion in 8 and 10 periods was substantially reduced -see
Figures 2d and 2g-. Consequently, narrower average transmission
peaks were obtained -Figures 2e and 3h.
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Fig. 2. Dispersion, average transmittance and reflectance, and emissivity
for 5, 8 and 10 periods. (Left-column) Colored circles represent the
multiple peaks measured along the sample. Their x-value is the central
frequency and the y-value, the transmittance. The color represents the
Q-factor. (Middle-column) Average transmittance (black) and
reflectance (blue) for all peaks from left column. (Right-column)
Emission spectrum of each sample.

We measured photonic crystals’ emissivity using a Vertex 70 FT-
IR spectrometer equipped with the A540 emission adapter. We
heated the samples to 400 °C and referenced their spectrum to
blackbody radiation, which was obtained by heating a carbonized
piece of silicon at 400 2C. Figures 2f and 2i show that emission is
improved as we increase the number of periods. On one hand, we
can see that the base of the peak is reduced from the initial value of
40% in the case of 5 periods, to 20% and 7% for 8 and 10 periods,
respectively. This is due to the fact that light is more filtered as more
periods are in the structure. Thus, the amplitude of the peak is
increased from 20% to 40% and 55%. For the same reason, the
base of the peak is tightened as more periods are added. In Figure
2cwe see thatthe base is 150 cm™ wide while in Figure 2iithas been
reduced to 100 cm™. As a result of both improvements, amplitude
enhancement and base narrowing, the quality factor of the peaks
doubled and quadrupled the initial value of 30 for 8 and 10 periods,
respectively. In addition, we can see that the experimental
emissivity is very similar to the calculated using Kirchhoff's Law.



There is another interesting information in the emissivity figures;
we can estimate the in-band radiance of our samples, i.e. the emitted
power of our peaks, throughout the Planck’s Law,

3
AP = A B, = AT [V o @)

which describes the radiated power of a black-body, AP (W), at a
temperature T (K), within a frequency range [v, v2] (cm™), and with
an active area A (cm?). To facilitate it, we numerically computed the
integral of the spectral radiance as described by Widger and
Woodall [23]. Thus, after setting the appropriate values, T=400 °C,
A=1cm?vi=2300 and v2 = 2400 (for 10 period’s peak), we got a
radiated power of AP ~ 5 mW. Note that this value is for a black
body. In our case, our maximum emissivity is 62% and the total area
of the peak represents the 40% of the blackbody emission within
the frequency range, v2- vi. Therefore, the estimated value of our
peak without COz and at 400 °C is about 2 mW.

Emission peaks for 8 and 10 periods completely fitted into the
carbon dioxide fingerprint. This allowed us to perform
spectroscopic measurements with the photonic crystals as thermal
emitters. For this purpose, we used a DTGS detector from Bruker v-
70 FT-IR working in the MIR. We placed a specifically fabricated gas
cell of 1.4 cm depth in the middle of the optical path and we
introduced COz concentrations ranging from 0 ppm to 10,000 ppm.
Next, we measured the variation of the peak area, in essence, the
estimated power reaching the receiver, versus the concentration.
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Fig. 3. Emission spectra for 8, a), and 10, b), periods when exposed to 0;
2,000; 4,000; 6,000; 8,000 and 10,000 ppm of CO2 at 400 C. In a), the
dotted line indicates the emission spectra at 300 2C without gas. c)
Relationship between the area of the peaks and the concentration (8

periods red line, 10 periods black line).
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Figures 3a and 3b depict the optical response of the selective
emitters for 8 and 10 periods when exposed to CO2. We see that, for
the same concentrations -ie. curves with the same color-, the
response of the narrower emitter is more accused than for the
wider. This is because the peak for 10 periods is comprised within
the R branch instead of encompassing the entire absorption range
of CO2, as happens for the 8 period’s case. In addition, in Figure 3a

we can see that the central frequency of the emission can be
precisely tuned by controlling the temperature. In that manner, the
position of the peak can be regulated to achieve the most optimal
response.

For a more visual interpretation of the results, we plotted the
sensitivity curves for 8 and 10 periods in Figure 3c. In essence, each
red point corresponds to the normalized area of each one of the
peaks in Figure 3a, and the same applies to black points and Figure
3b. Comparing both curves, we see a higher slope for the case of 10
periods, meaning a higher selectivity than for 8 periods. In both
measurements the uncertainty in the concentration, given by the
error associated in the mass flowmeter, varies from 100 ppm
(lowest concentration) to +250 ppm (highest concentration).

Up to this point it has been demonstrated that macroporous
silicon photonic crystals can be used as selective emitters for CO2
detection. Let us finish by showing a proof of concept of the benefits
that our emitters would bring to current NDIR devices.

NDIR gas sensors [24,25] work with a broadband emitter and a
thermopile that detect in a wide range -typically from 2 pm to 20
um-. Hence, they need a bandpass filter to only sense in the specific
area of the gas. Figure 4a shows that our emitting peaks are three
times narrower than the filters used in previous gas sensors -red
dashed line-. It can also be observed that the bandwidth of our
emitters ensures that only the signal below the curve of the
emission peak is detected. In other words, the rest of the spectrum
is blocked by the filter and only our emission peak, pointing to the
R-branch of CO2, will survive. Consequently, higher sensitivity is
reported in Figure 4b.

To calculate the response of the NDIR device for the same path
length than ours, we computed the Beer-Lambert Law for
broadband spectroscopy [26]. This is, we equally discretized both
carbon dioxide spectrum, obtained from HITRAN database [27],
and filter transmission, and we applied Equation 3.

o = exp(~Cogo, (VL) ®)
where lo(vi) and I (vi ) are the incident and received radiation
intensities at frequency vi respectively; ocoz(vi) (cm?
molecule) is the absorption cross section at frequency v;; C
(molecules m3) is the concentration of the gas under test; and
L is the absorption optical path length (cm).
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Fig. 4. a) (Left axis) Transmittance of conventional bandpass filters,
(dashed red line, data extracted from [24]), emissivity of macroporous
silicon PhCs (black) and CO2 absorption spectrum (grey, right axis). b)
PhC (dotted line) and filter (dashed line) selectivity.




The estimated radiated power can be extracted from Equation 1,
using same parameters as before except for the emitter area which,
in this case is 0.1 cm? Therefore, the power in the case without CO2
would be approximately 200 pW. This value is comparable to the
power emitted by the broadband sources used in the device.
Further studies should focus on lateral band suppression, e.g.
depositing adequate materials in the rear side of the wafer, for
filterless detection.

Finally, the authors would like to remark that these results could
be used to improve the emissivity reported in previous articles in
order to detect CO and NO: [20]. Furthermore, thanks to the
versatility of the photoelectrochemical etching process, the
reported macroporous silicon structures can be designed to
specifically work in the entire MIR band. Consequently, these
results suppose, not only the evidence of the detection of a specific
gas, but the demonstration that this technology can be used to
detect other gases in the MIR by optical spectroscopy.

To conclude, in this Letter we have performed corrective actions
to improve the emissivity of macroporous silicon photonic crystals;
we have reduced the dispersion in the samples and added more
periods to the structure. In this manner, we achieved narrowband
thermal emitters placed in the carbon dioxide fingerprint. The best
case presented an emissivity amplitude of approximately 55% and
a g-factor of 120. This allowed spectroscopic detection at the R-
branch of COz and its comparison to current NDIR devices. Results
show that the use of our emitters would lead to higher sensitivity
and selectivity than using broadband sources. In addition, it has
been estimated that the emitted power would be very similar to the
one radiated using conventional emitters. Finally, we remark that
these results can be extended to other gases thus, opening the door
to selective emission along the mid-infrared.
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