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ABSTRACT

Major trace gases have absorption lines in mid-IR. We propose silicon-on-sapphire waveguides at mid-IR
for gas sensing based on evanescent field absorption. This can provide a general platform for
multipurpose sensing of different types of gases in a reusable fashion. Three types of waveguides (strip,
rib and slot) are investigated on their geometrical dependence of evanescent-field ratio (EFR) and
propagation loss to serve as the proposed gas sensor. Slot waveguide provides the highest EFR ( > 25%) in
mid-IR with moderate dimension, but its fabrication can be more challenging and its high loss (~ 10 dB/cm)
impairs the sensing resolution and necessitates higher input power in longer waveguides. Strip and rib
waveguides can achieve similar EFR with smaller dimensions. We analyze the detection of CO, in
atmosphere based on its mid-IR absorption peak at ~4.23 pm as a case study. Numerical analysis based
on up-to-date commercial mid-IR detector parameters shows that a resolution of 2 ppm, 5 ppm and
50 ppm can be achieved in cooled InSb, room-temperature HgCdTe and room-temperature PbSe

Waveguide propagation loss

detectors respectively by using 1 cm waveguides. Effect of waveguide loss also has been investigated.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Gas sensors have found wide applications and high demands in
chemistry, biology, medicine, manufacturing and environmental
industry [1]. Major types of gas sensors include catalytic, electro-
chemical, thermal, ultrasonic, semiconductor and infrared sensors.
Their detection mechanisms can rely on the thermal, chemical,
mechanical, electrical or optical property of the functional material [2].
However, most of these sensors are bulky and some even require a
thermal management system [2]. Their integrability and portabil-
ity are limited and they are not applicable in scenarios where
limited space is available. It is attractive to have miniature sensors
that could be fitted into small chip areas. In this way, they could be
integrated with on-chip control and processing circuits to build a
chip-scale sensing system, which can be deployed in distributed
sensing networks. Chip-level gas sensors have been demonstrated
using micro-ring resonators and Mach-Zehnder interferometers in
near-IR spectrum [3,4]. They both utilize the refractive index
variation due to different types and concentrations of the gas
immersing the evanescent field. However, the refractive index
change by the gas itself alone in these sensors is too small to be
detected. A film is often required to be coated on device surfaces to
enhance the refractive index variation and hence to increase the
sensitivity. However, a particular film is often reactive to only one
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type of gas and different materials have to be deposited for different
gas species. Hence, a general-purpose sensor is not applicable. More-
over, the response time is also limited by the chemical or physical
reaction rate and its lifetime is usually short. To probe further, besides
refractive index change, gas type and concentration also affect the
absorption experienced by the evanescent field. This property in
planar waveguides can be also utilized to achieve gas sensing as has
been shown in fiber optics [5-7]. While fiber optics and waveguide
technology are well-developed and become mature in the famous
near-IR telecommunication band, there are very few types of indust-
rially or environmentally important gases with absorption peaks in the
near-IR wavelengths. In contrast, the mid-IR spectrum window con-
tains absorption peaks for a wide variety of trace gases, including H,0,
CO, CO,z NO, N,O, NO, and CH4 [5,8]. If viable waveguide-based
sensors for these gases are available at affordable price, they can be
integrated with electrical circuitry to support system-on-chip applica-
tions for chemical, biological, industrial and environmental monitor-
ing. Unfortunately, the SOI and fiber technology cannot be extended
easily to mid-IR due to the strong loss associated with the oxide layer.
Free-standing silicon waveguides with air substrate are proposed to
circumvent this limitation in mid-IR [8-10]. However, this type of
waveguide is unstable mechanically or optically in the long term
especially under harsh natural conditions, where the sensors usually
are. Another way to circumvent the substrate loss is to use a non-lossy
substrate material. Among many proposed candidates, sapphire has
gained popularity for its superior mechanical and thermal stability
and a transparency window up to ~6 um. Silicon-on-sapphire
(SOS) waveguides are proposed and proven to be a good mid-IR
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alternative to SOI in the near-IR [11-16]. With the abundance of
gas absorption peaks in the mid-IR spectra, SOS platform can
support the detection of all the gas species mentioned earlier.

In this paper, we propose an evanescent field absorption gas
sensor based on SOS waveguide in mid-IR wavelength. This
provides a general solution to the sensing of different trace gases,
which could result in inexpensive and robust miniature gas
sensors with fast response and large reusability. Another advan-
tage is that the platform can potentially be used to detect different
types of gases at the same time with broadband mid-IR sources
(e.g. thermal radiators). The mid-IR optical signal can be detected
indirectly using silicon waveguide and near-IR detectors [16,17].
Meanwhile, mid-IR sources are getting available also through the
parametric process in silicon waveguides [18,19]. Also integrated
mid-IR detectors on a silicon substrate have been also demon-
strated [20,21]. With further advancements in mid-IR photonics,
an on-chip gas sensing system would become possible in the
foreseeable future. The paper is organized mainly in three parts.
We first present the sensing mechanism of the proposed SOS
waveguide based absorption evanescent sensor. The SOS wave-
guide is then designed for high detection resolution of the target
gas concentration. Evanescent field ratio (EFR) is defined as the
ratio of evanescent field power in the cladding to the total power
of the waveguide mode. The geometrical dependence of EPR, as
well as propagation loss, provides a guideline for the design of SOS
waveguide for mid-IR absorption sensing application. In particular,
three types of common waveguides (strip, rib and slot wave-
guides) are included in the design. Although all three types are
capable of delivering a platform to sense the target gas with high
resolution, slot waveguide is shown to possess the highest EFR
values with moderate dimension and hence higher sensing per-
formance if other conditions are the same. However, it is more
fabrication intensive and prone to having higher propagation loss,
which makes a higher input power necessary to compensate the
loss and to maintain acceptable sensing resolution for longer wave-
guides. On the other hand, rib waveguide offers the lowest propaga-
tion loss among the three types, favoring its application as an
evanescent gas sensor. In the end, we apply this sensing mechanism
to detect CO, concentration fluctuation at the atmospheric base level.
Our analysis based on the up-to-date mid-IR detector parameters
shows that a resolution as low as 2 ppm can be readily achieved with
these waveguides at atmospheric environment.

2. Evanescent absorption sensing
As light travels through the silicon waveguide, most of the

energy is confined within the silicon core. However, as shown in
Fig. 1, there will be also evanescent field extending to the substrate

a

region and cladding region formed by the surrounding media.
In the cladding, the wave interacts with the gas surrounding the
waveguide and goes through power attenuation if the light
wavelength is properly aligned with the absorption lines of the
gas. The absorption is dependent on the concentration of the
target gas. The power transmitted through the waveguide can be
characterized using the Beer-Lambert law as follows [5]:

1(c) = Ipexp(—necl — apl) (1)

Ip is the input power to the waveguide; € and c are the absorption
coefficient and concentration of the target gas, respectively. [ is the
length of the waveguide and «p is the intrinsic loss of the
waveguide, including the linear loss and coupling loss distributed
along the waveguide length. It is noteworthy that the gas absorp-
tion will result in excess loss on top of static loss of the system and
it is this incremental loss that is critical for the sensing. The
influence of variation on the coupling loss can be minor because
the system can be sealed mechanically. We will analyze the
influence of different static propagation losses on the sensing
performance in the forthcoming sections. 7 is the evanescent field
ratio (EFR), which is defined as the ratio of evanescent field power
in the cladding gas to the total modal power:

— —
q://casS-ﬁ)dxdy+[ﬁmS-ﬁ)dxdy (2)

where S is the Poynting Vector of the mode field in the
waveguide and 77 is the normal vector to the waveguide cross-
section. By differentiating Eq. (1) with respect to the concentration c,
we get the sensor's sensitivity to the change of the gas concentra-
tion as follows:
dl

S= ac= —nellpexp(—necl—apl) 3)
The light at the output is detected with mid-IR detectors. Commercial
mid-IR detectors include photoconductive, photovoltaic and thermal
detectors. Since thermal detectors are too slow and suffer from
thermal drifting issue, only photoconductive (PC) and photovoltaic
(PV) detectors are analyzed here. Photovoltaic detectors absorb
photons with energy beyond and near their band-gap to generate
current. Because the energy associated with mid-IR photons corre-
sponds to a narrow band-gap, thermal generation can result in
considerable dark current. Low temperature operation is always
necessary to suppress dark current and the shot noise associated
with it. The noise components in photovoltaic detectors include
thermal noise, shot noise and flicker noise. If a low-pass filter is
inserted to eliminate flicker noise, the total noise iﬁ,pv will mainly
consist of thermal noise iﬁ,m and shot noise iﬁ,sh as follows:

iz e = 4(ky T /R0)FBe )
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Fig. 1. Schematics of the evanescent absorption gas sensor: (a) cross-sectional view and (b) side view.



188 Y. Huang et al. / Optics Communications 313 (2014) 186-194

i2 g = 2q[RI(C) +ig]Be (5)

where R; is load resistance, F, is the circuitry noise figure, R is the
responsivity of the detector, B is the electrical bandwidth, and I(c)
is the incident power to the mid-IR detector [22]. In the photo-
conductive mode, photo-generated carriers change the conductiv-
ity of the medium and lead to a change in the voltage across the
medium. Due to different detection mechanisms, the noise com-
position in photoconductive detectors is also different from
photovoltaic ones. Main noise components in photoconductive
detectors include thermal noise, generation-recombination noise
(GR-noise), background noise, flicker noise and also the noise
transferred from voltage supply. While supply voltage induced
noise can be minimized to negligible level by using low noise
voltage supplies and flicker noise also can be eliminated by low-
pass filters, the total noise iﬁ’pc mainly includes thermal noise i2 ,,

GR-noise i, and background noise i ,, [23,24]:
5, . .
iﬁgr = / 44101"2 = 20iol'c tan 71(2”387) (6)
Jo  (14+4r%f°72) 7T
) 3
ln,bg =(q ¢AEBBBE (7)

where 7 is average carrier lifetime, iy is the total generation current, I'g
is the current gain, ¢ is quantum efficiency, A is active detector area,

Epg = féf sl% [Mﬁ] d’ is the total photon flux density with 4.

being the cut-off wavelength and ¢, the emissivity for the window
material.

There is also noise associated with the intensity fluctuation of
the light source. This intensity noise will be also attenuated by the
waveguide and can be referred to the input of the detector as
optical noise power [24]:

Iz;y = RIN IgBoexp(—2necl — 2aql) ®)

where RIN is the relative intensity noise of the laser. The detector
noises iﬁ’pv and iﬁ’pc can be also referred to optical power at the
detector input as follows:

-2 =2 -2
12 _ lTl.Pv _ ln,th+ln,sh 9
npv= Rz T g2 9
-2 2 2 -2 -2 2
12 _ ln,pcRL _ (ln,th+ln,gr+ln,bg)RL 10
npe= T2 T R2 (10

The total intensity-referred noise will determine the limit of
detectable optical power level. Combining with the sensitivity in
Eq. (3), we can derive the resolution of the gas sensor Ac, defined
as the minimum resolvable gas concentration fluctuation for a
signal-to-noise ratio greater than unity, using PV or PC detectors as
follows:

IZ

+13
npv T IRIN
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3. Waveguide design

According to Eq. (3), in order to increase the detection sensi-
tivity, the waveguides need to be designed for maximum gas-field
interaction to achieve a large n value. A waveguide with small
electrical dimension is generally desired to support strong eva-
nescent field [25]. In this paper, we investigate three types of SOS
waveguides, including strip, rib and slot waveguides, for absorp-
tion based gas sensing in mid-IR as shown in Fig. 2. W and H are
the width and height of waveguide, respectively. T is the thickness
of the dielectric slab layer in rib waveguide and S is the width of
the slot in slot waveguide. As an example, we design the
waveguide for the wavelength of 4.23 um, which corresponds to
an absorption line of CO, in mid-IR. The simulated » values will be
used in the case study of CO, sensing in the next section.

In strip waveguide, both quasi-TE and quasi-TM modes are of
interest for field enhancement, because the gas will be interacting
with the evanescent field on the top and at the two sidewalls of
the waveguide. For quasi-TE mode, the dominant electrical field is
in the horizontal direction, which will be enhanced at the gas
interface with the sidewalls to satisfy the electrical displacement
continuity condition, es;Es; = egasEcas- The electrical field jumps up
due to lower dielectric constant in the gas compared to silicon core
as shown in Fig. 3(b) and (c). In this case, the electrical field is
almost as strong as in the waveguide core. As the waveguide gets
narrower, the mode gets squeezed and the evanescent field can
jump to a even higher level and hence produces pronounced
enhancement. This, in turn, leads to an increase in the EFR as
shown in Fig. 3(a). However, there is a limit on the benefit we can
gain out of narrowing the waveguide. When W gets too small
(W< 0.8 um in this case), the quasi-TE mode gets leaky and it is no
longer supported as a guiding mode. EFR saturates for large W
values because the energy will mostly be confined laterally in the
silicon core and most of the evanescent field will be from the top-
wall interface. In the vertical direction, however, EFR depends less
heavily on the waveguide height H. This is because the tangential
electrical field in this case is continuous and no enhancement can
be expected from the dielectric constant discontinuity. Never-
theless, EFR still becomes larger as we shrink H, especially when H
is small. In the quasi-TM mode, vertical electrical field is dominant.
And for the same reason as in the quasi-TE mode, the evanescent
field will be enhanced at the top cladding as shown in Fig. 4(b) and
(c). The EFR is sensitive to waveguide height and it depends on H
in a similar fashion as it does on W in the quasi-TE mode, Fig. 4(c).
Meanwhile, greater waveguide width still reduces the EFR. Leaky
mode will also come into play when W and H become too small.

Rib waveguide provides more design freedom by inserting a
silicon slab layer to aid wave guiding. Achievable EFR can exceed
that in strip waveguide, because modes can remain guided for
smaller dimensions. At the same time, the bell shape mode profile
also leads to more evanescent field distribution in the cladding
region near the two shoulder corners where the gas resides. Since
the quasi-TE mode in rib waveguide has considerable portion of
field distributed in the two shoulders of the rib [26], the EFR is

W c w

"

Fig. 2. Three main types of waveguides investigated: (a) strip, (b) rib and (c) slot waveguides.



Y. Huang et al. / Optics Communications 313 (2014) 186-194 189

a b
025 T T 10
—e— H04um
02} —&— H06um 05
—A—
HO.8um 0
[ 05
t 40 05 0 05 10
C 1
5 0.8
8 os
©
E 04
[*]
0 1 1 L L L =4 02
08 1 12 14 16 1.8 2
. 0
Width(um) 4 05 0 05 A
Width(um)
Fig. 3. Quasi-TE mode in strip waveguide: (a) EFR versus waveguide width, (b) mode distribution at 4.23 um (W=1 um, H=0.6 um), and (c) normalized E, field along X
direction.
a Cc
. : 2
15
1
[
L 05
LU
o}
// o
-1
o} 02 04 06 08 1

0.

@
05 1 15 2
Height(um)

Normalized Ey

Fig. 4. Quasi-TM mode in strip waveguide: (a) EFR versus waveguide height, (b) mode distribution at 4.23 pm (W=1.3 pm, H=1 pm), and (c) normalized E, field along

Y direction.

sensitive to slab thickness T as shown in Fig. 5. When W is small,
larger T tends to give smaller EFR. Interestingly, this tendency is
gently reversed when the ridge gets wider. To understand this by
examining the mode profiles, when W is small, there is consider-
able field distribution in the corner between the ridge shoulder
and the slab and the increasing of H will push the gas out of this
region. This results in a drop in the EFR values. When W is
relatively large, this contribution is diminished due to weak field
distribution in the corner. However, thickening the slab will shift
the overall mode up slightly and hence increase the EFR contribu-
tion from the top waveguide wall. EFR lessens as W or H increases
due to better confinement in the waveguide core in both cases.
Quasi-TM mode in rib waveguide has most of its energy concen-
trated in the center ridge and EFR is hence insensitive to slab
height T as shown in Fig. 6. And higher H degrades EFR, but less
prominently as H gets larger for the same reason as stated before.

Slot waveguide is widely investigated in evanescent field based
applications, since it typically provides good field-matter interac-
tion in the slot [3]. For the slot waveguide shown in Fig. 2(c), only
quasi-TE is investigated because evanescent field in the slot is
enhanced in this mode. As shown in Fig. 7, slot width plays an
important role in determining EFR. When the S/W ratio is high,
mode distribution will be squeezed into the slot region and EFR is

dominated by the field enhancement in the slot. Although the slot
area would get smaller as S decreases, the evanescent field
enhancement in the slot overtakes the slot area decrease and
maximum achievable EFR could still improve from 22% for
S=0.4pum to 27% for S=0.2 um. Meanwhile, the optimal W for
maximum EFR also increases proportionally with S. With moder-
ate S/W ratio, the area of slot is critical and greater S provides
slightly higher EFR. When S/W ratio is small, however, the mode
will be mostly concentrated in silicon grooves and the EFR values
are insensitive to the slot width. In the vertical dimension,
decreased H will help to boost EFR due to stronger evanescent
field in the cladding.

It is clear from Section 2 that, besides the evanescent-field
ratio, loss in the system also plays a critical role in sensor
performance. For instance, the coupling loss is important in
determining the coupling intensity. However, the analysis of
coupling loss is subject to the choice of coupling methods and
light sources; hence instead of providing a detailed and lengthy
analysis we assume a pessimistic estimation of —15 dB coupling
loss in the next section. Meanwhile, we also want to point out that
the static coupling loss can always be compensated by increasing
the input power. Alternatively, the waveguide propagation loss,
mainly including scattering loss and substrate leakage, is strongly
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dependent on the waveguide geometries. In this section, we will
investigate propagation loss for different waveguide types and
geometries. There has been extensive study on the modeling of
waveguide scattering loss, notably 2D volume-current method
(VCM) [27], 3D VCM [28,29] and 3D coupled-mode method [30].
While the 2D VCMs are simple, they are limited to simple
waveguide geometries in homogeneous medium and the loss
can be substantially overestimated [29]. Here we employed the
3D VCM proposed in [29] due to its high accuracy and applicability
to complex waveguide geometries. In this method, the scattering
from the rough sidewalls is modeled as an effective volume
current density expressed as follows [29]:

— —
I = —iweo(n —n3) E (0,y)8(X)5(2) (12)

?(O, y) is electrical field along the sidewall calculated from an
FEM mode solver [31]. njand n, are refractive indices inside and
outside the waveguide core, respectively. We then calculate the far-
field radiation with this elementary current density in the same
dielectric waveguide using a 3D FEM solver [31]. The scattering loss
asc is then derived by integrating the far-field power density flow
on a 2D surface enclosing the current density to get the total
power radiated from the excitation as follows:

Qase = 2#;(? « T)C(B—niko cos O)dS (13)

202%L,
141282

Ce~ (14
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The integration is weighted by the array factor from _)the
interference within the coherent length of the waveguide. S is
the far-field power flow vector from the 3D simulation. C(¢) is the
Fourier Transform of the roughness autocorrelation function. ¢ is
the standard deviation of the surface roughness and L. is the
roughness coherent length. In order to estimate the values for
sand L. for SOS waveguides, we use curve-fitting at two different
wavelengths according to measured loss values from [14] and then
we get the estimated values of 6 =13.4 nm and L. =62.8 nm.
We also include the top and bottom waveguide roughness of
¢ = 2.6 nmaccording to [32]. Meanwhile, we also considered the
mode leakage loss by propagating the calculated mode for 1 cm
using the beam propagation method.

The total propagation loss for all three types of waveguides is
shown in Fig. 8. Strip waveguide shows a loss of 2-5 dB/cm for
both quasi-TE and quasi-TM modes. The loss in the quasi-TM mode
is generally lower than that in the quasi-TE mode for the same
waveguide dimensions possibly due to the field enhancement at
the sidewalls as shown in Fig. 3. Increasing waveguide width
reduces the propagation loss by weakening the electrical field at
the two sidewalls for both TE and TM modes. The propagation loss
for the rib waveguide is much smaller than that for the strip
waveguide, ranging from 0.9 dB/cm to 1.9 dB/cm. Quasi-TE mode is
more sensitive to the waveguide width. We think that there are
two reasons for this. First, the field enhancement at the sidewalls
provides more momentum in the loss evolution. Second, the bell-
shape mode distribution in quasi-TE mode favors lower loss when
the waveguide is wide enough. Most notably, the slot waveguide
suffers from considerably higher loss than the other two. The total
loss can be as high as 7.5-10 dB/cm for the geometries under
investigation. Just as the loss in strip and rib waveguides, the loss
in the slot waveguide is also positively related with the EFR due to
the fact that stronger evanescent field also means stronger
electrical field at the sidewalls, which will be scattered. However,
the propagation loss seems to be suppressed when the slot is
narrow compared to wider slots. This is because narrower slot will
trap the radiation better and result in smaller far-field radiations.
Moreover, we found that the losses due to the sidewall roughness
are more dominant and the scattering from top/bottom surfaces is
negligibly small ( < 0.2 dB/cm for all cases).

All three types of waveguides are capable of achieving EFR as
high as > 20%. However, the quasi-TE mode would generally offer
a higher EFR and field-gas interaction. To achieve the same level of

EFR, channel waveguide and rib waveguide have to be pushed to a
smaller dimension than that of the slot waveguide. Among the
three types of waveguides, rib waveguide shows the lowest loss,
<2 dB/cm as estimated, and slot waveguide suffers from the
largest propagation loss, as high as 10 dB/cm. The propagation loss
is also strongly correlated with the EPR values in different wave-
guide geometries. Higher EPR values often come at the price of
higher propagation loss. Since these intrinsic loss terms are static
and the proposed sensing mechanism is based on the incremental
loss due to the absorbing gas, we can always increase the incident
power to compensate waveguide loss as will be shown in the next
section, which presents the sensing of CO, gas in the atmosphere as
a case study.

4. CO, sensing

Providing moderate EFR values, these waveguides can be
incorporated to form evanescent field absorption gas sensors.
As an example, we calculate the sensing resolution of CO,
fluctuation in the atmosphere using parameters from commercial
detectors and laser. The incident power of the input light source is
set at 10 mW and its RIN is —139 dBc/Hz [33]. The base concen-
tration ¢ of CO, is chosen to be the latest atmospheric level of
396.8 ppm [34]. The absorption coefficient of CO, is 1214 Lcm ™!/
mol [35]. We first investigate the impact of EPR values by assuming a
waveguide propagation loss of 4 dB/cm [13,14]. The total coupling loss
is assumed to be — 15 dB [36]. We investigate the system performance
using three types of mid-IR detectors: InSb, HgCdTe and PbSe
detectors. The former is a liquid nitrogen cooled photovoltaic detector
and the latter two are room-temperature photoconductive detectors.
As presented in Table 1, their operating parameters are adopted from
commercial manufactures, e.g. Vigo and Hamamatsu [37,38].

Fig. 9 shows the sensitivity of the gas sensor for different EFR
values and waveguide lengths. As we increase the length of
waveguide employed in the sensor, the sensitivity first increases
and then decreases after reaching the peak value. The increase is a
result of longer interaction path. When the path length gets longer
than the optimal value, however, the sensitivity begins to drop due
to the over-attenuation of the signal, which can be alleviated by
lowering the intrinsic loss. This poses a direct incentive for
fabrication of low loss waveguides. As expected, high EFR gives
rise to higher sensitivity. It is also noteworthy that the optimum
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waveguide length for peak sensitivity is larger for higher EFR
values.

Fig. 10 shows the gas sensing resolution for different waveguide
lengths and EFR values using the three types of detectors. As the
waveguide length increases from zero, the sensing resolution
increases (Ac gets smaller) due to the increase in sensitivity.
However, the resolution starts to drop as L increases further in
HgCdTe and PbSe detectors. The reason for this is that thermal
noise dominates in these room-temperature detectors and the

Table 1
Detector parameters used in calculation.

T(K) 2o (pm) R R (Q) Iy NEP (W/Hz'/?)
PbSe 300 4.0 3x10°[V/W] 03M N/A 8x10~ !
HgCdTe 293 4.0 3x10° [V/IW] 1K NA  31x10°"2
InSb 77 40 2.5 [A/W] 1M 10pA 55x107 1
35
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Fig. 9. Sensitivity, S, of the evanescent absorption gas sensor for different evanescent
field ratios and waveguide lengths. An EFR of 0.2 provides about twice the sensitivity of
that given by an EFR of 0.1.

lowering of sensitivity directly diminishes the resolution perfor-
mance. This is, however, not the case in InSb detector. In the
cooled photovoltaic detector, thermal noise is largely suppressed
and shot noise dominates. The drop in sensitivity is compensated
by the reduction of shot noise due to lower input power to the
detector. Optimal detection resolution can be achieved in wave-
guides of about 1 cm. A sensing resolution of 2 ppm, 5 ppm and
50 ppm can be achieved in cooled InSb, room-temperature HgCdTe
and room-temperature PbSe detectors respectively. The resolution
performance is comparable to the state-of-art benchmarks for CO,
sensors in the market: 3 ppm in [39] and 1ppm in [40,41].
The speed of the sensor is limited by the mid-IR detector. By
detecting the mid-IR signal indirectly using the same SOS platform
and near-IR detectors as proposed in [16,17], real-time high-speed
sensing is achievable. The resolution can even be boosted using
quasi-phase-matching based amplification enhancement techni-
ques in silicon waveguides [42,43].

We also studied the impact of different propagation losses and
input powers on the detection resolution. Fig. 11 shows the calculated
sensing resolution based on different propagation losses (4 dB/cm and
10 dB/cm) and input powers (10 mW and 50 mW) when they are
detected by the same three types of detectors. As expected, the
increase in propagation loss over-attenuated the signal and led to
the degradation of the detection resolution when the waveguide was
too long. However, as expected we can still compensate the loss by
increasing the incident power at the input. As shown in Fig. 11, the
sensing resolution for high loss waveguide can be restored, or even be
boosted by increasing the input power from 10 mW to 50 mW for all
three types of mid-IR detectors.

5. Summary

In summary, strip, rib and slot waveguides are designed for high
evanescent field ratio to increase sensing resolution of the proposed
evanescent field absorption gas sensor. Slot waveguide can provide the
highest EFR ( > 25%) in mid-IR with moderate waveguide dimension,
but its fabrication is more challenging especially when slot width is
small for high EFR. And its propagation loss is also much higher than

14 . 40 350
Do 1n=0.1 e 7n=0.1 L e 1=0.1
120 === =015 { P[I === 015 | IO[I ——= =015 -
: n=02 ok n=02 | : 1=02
0}: | : 250 | - .
g - 5t - :
g gt L 200 H: .
c . ]Z
2 20¢ -
3 &} 150 |
4 15}
o
41 100 |
10}
2} 5| 50t
0 : 0 0 .
0 10 200 10 20 0 10 20

Waveguide Length(mm)

Fig. 10. Sensing resolution for different waveguide lengths with typical EFR values. Best sensing resolution of 2 ppm, 5 ppm and 50 ppm can be achieved in cooled InSb,
room-temperature HgCdTe and room-temperature PbSe detectors respectively in ~1 cm waveguides.



Y. Huang et al. / Optics Communications 313 (2014) 186-194 193

10 45 1000 ; ; :
, U.=4|:IEI;’|:m,IU=1DmW oL=4dchm,|0=1ElmW Pl DL=4cIB;'|:m,ID=1DmW i
I} ——-ost0dBemi=tomw | 401 —— —o=toderem=10mw O T - -~ a=100Bem | =10mw ]
BEY e o=4dBlom |p=E0mW | e a=ddB/iem |=50mw  F | g0t o=4dB/em |, =50mwW r'
71 —— - o=10dB/cm,|;=50mW | —— - o=10dB/cm |;=50mW ol T o=10dB/cm, | =50mW
2 30 ;
S G6f 00 | L
& 25 !I
c
S st 500 PbSe F
> 20 /
@ 4} 400 // 1
. 15 / !
3t 300 / 7 1
7 ya
2t 10 200 PO
NP e
1t B 100 |5 e -
0 1 . . 0 A " i 0 T
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Waveguide Length{(mm)

Fig. 11. Sensing resolution with different propagation losses and input powers; EPR was assumed to be 0.15 in all cases. Increase in waveguide loss degrades the sensing
resolution performance, especially when the waveguide is long. However, higher input power can be utilized to compensate the propagation loss.

those of other two types, which makes higher input power necessary
to achieve acceptable sensing resolution. Strip and rib waveguides can
achieve similar EFR with smaller dimension. Moreover, rib waveguide
can achieve propagation loss as low as < 2 dB/cm, which also favors
its application as an evanescent absorption sensor. As an example,
we analyze the detection resolution for CO, in atmosphere based
on the EFR values at the CO, absorption peak (4.23 pm). Our
analysis shows that a resolution of 2 ppm, 5 ppm and 50 ppm can
be achieved in cooled InSb, room-temperature HgCdTe and room-
temperature PbSe detectors respectively in ~1 cm waveguides
with moderate input power. This resolution is adequate for many
environmental applications.
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