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ABSTRACT

We are developing prototype chip-scale low-power integrated-optic gas-phase chemical sensors based on infrared
Tunable Diode Laser Absorption Spectroscopy (TDLAS). TDLAS is able to sense many gas phase chemicals with high
sensitivity and selectivity. Using semiconductor fabrication and assembly techniques, the low-cost integrated optic
TDLAS technology will permit mass production of sensors that have wide ranging industrial, medical, environmental,
and consumer applications. Novel gas sensing elements using low-loss resonant photonic crystal cavities or waveguides
will permit monolithic integration of a laser source, sampling elements, and detector on a semiconductor materials
system substrate. Practical challenges to fabricating these devices include: a) selecting and designing the high-Q micro-
resonator sensing element appropriate for the selected analyte; and b) device thermal management, especially stabilizing
laser temperature with the precision needed for sensitive spectroscopic detection. In this paper, we analyze the expected
sensitivity of micro-resonator-based structures for chemical sensing, and demonstrate a novel approach for exploiting
laser waste heat to stabilize the laser temperature.

Keywords: TDLAS, sensors, gas sensing, spectroscopy, integrated photonics, micro-resonator, photonic crystal cavity,
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1. INTRODUCTION

Devices are needed to provide affordable, wide area chemical monitoring for quantitatively detecting trace gaseous
chemicals, including Chemical Weapon Agents (CWAs) and Toxic Industrial Compounds (TICs). The ideal device will
be: highly sensitive to and selective for the targeted chemical vapor with low false alarm rate; immune to
electromagnetic interference and vibration; built ruggedly enough for dropping from an airplane; operable for at least
several days when powered by self-contained batteries, and; so inexpensive that many hundreds or thousands of such
sensors can be distributed cost-effectively over the area of interest and communicate among each other via a wireless
network. Chip-scale low-power integrated-optic gas-phase chemical sensors based on the infrared laser technology
generally known as Tunable Diode Laser Absorption Spectroscopy (TDLAS) can potentially address this need.

Trace gas sensing and analysis by near-IR (NIR, 1.0 — 2.5 um) TDLAS is a robust commercial technology capitalizing
on reliable miniature distributed feedback (DFB) diode lasers that operate near room temperature.>®> TDLAS probes
overtones of fundamental molecular rotational-vibration energy-state transitions, and can sense over a dozen simple
molecules at ppm concentrations. Many of the more complex chemicals targeted by the envisioned sensors are
spectrally active in the molecular fingerprint region of the midwave-infrared (MWIR, 3 -12 pm).*™ During the past
decade, semiconductor quantum cascade lasers (QCLs) and interband cascade lasers (ICLs) have emerged as miniature
industrial quality MWIR laser sources suitable for sensing these complex molecules, including TICs and CWAs.****

Advanced ICL and QCL laser technology is now vyielding devices with thermal and power characteristics potentially
suitable for the envisioned chip-scale TDLAS sensors.***” Using semiconductor fabrication and assembly techniques,
the low-cost integrated optic TDLAS technology envisioned herein will be an enabling advance in laser-based chemical
sensing, permitting mass production of sensors that have wide ranging industrial, medical, environmental, and consumer
applications. Each device will sense one targeted chemical; several devices working in tandem will sense several
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chemicals. Novel gas sensing elements using solid-state optical waveguides will permit monolithic integration of a laser
source, sampling element, and detector on a common substrate (Figure 1).
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Figure 1. Schematic of monolithic sensor based on integration of a laser, sensing element (micro-resonator) and detector on
a thermally-stabilized substrate.

This paper reports early steps towards this goal by addressing key technical issues inhibiting cost-effective integration on
a monolithic platform: a) selecting sampling elements and detection modalities that provide the requisite sensitivity in
configurations amenable to semiconductor fabrication; and b) minimizing the power consumed and discarded as waste
heat to stabilize laser temperature. We theoretically evaluate the detection limits of potential sampling element designs
based on state-of the-art photonic crystal structures coupled with MWIR Quantum Cascade Lasers (QCLs). We also
demonstrate exploiting laser waste heat to stabilize the laser at an operating temperature above ambient, thereby virtually
eliminating the power drawn by Peltier devices used traditionally to stabilize laser temperature.

2. SAMPLING ELEMENT DESIGN AND ANALYSIS

We envision a gas sampling element formed by a high-Q planar waveguide structure such as a photonic crystal (PhC)
cavity or whispering-gallery-mode structure based on a micro-disk resonator. To enable volume production of an
integrated device on a Si platform, we consider a Si MWIR PhC cavity'® sensing element. Such a device provides a high
Q in a small mode volume®® and allows for monolithic integration with other components on a common substrate. As a
specific example, we consider trace gas sensing of nitrous oxide (N,0) in a Si PhC cavity at A = 4.46 um (2240 cm™),
and analyze the expected sensitivity.

The relationship among cavity Q, resonance wavelength A, and (intrinsic) cavity linewidth A, is Q = A/6A. Laser
interrogation can measure with excellent precision both A and 6A. Introducing an analyte into environment surrounding
the resonant sensing element alters both the effective refractive index and the loss of the resonator, causing observable
changes in X and Q. In the discussion below, we compare the sensitivity based on measuring the resonance wavelength
shift (referred to as refractive index sensing) with the change of cavity Q (referred to as direct absorption).

Refractive Index Sensing

Refractive index sensing is based on measuring the resonant wavelength shift, AA, resulting from small changes in the
real part of the refractive index (RI) of the gas surrounding the sampling element.”® The governing equation is:
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where I is the overlap factor of the propagating waveguide or cavity mode with the analyte, An is the change in RI of the
surrounding environment, and n. is the effective index of the propagating mode.?

The effective index ne depends on the fraction of the mode in the surrounding environment compared to the fraction in
the Si structure:

nZer =TnZes + (1 —Dng )

where ng,s is the RI of the gas and ng; is the RI of Si. The RI of the gas obeys the constitutive relationship:



Ngas = NMgnalyte + (1 - n)nair (3)

where 1 is the analyte concentration. Because the analyte concentration is very small, we can neglect terms of order n?
and approximate ne as:

nZg; =Tnk, + (1 —Dn; (4)
After introduction of an analyte, the change in RI of the surrounding environment An can be written as:

An = Ngas — Nair = n(nanalyte - nair) (5)
This results in an analyte concentration n:
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Thus, the minimum detectable analyte concentration mm, iS related to the minimum detectable shift in resonance
wavelength AL according to Eq. (6).

To estimate an upper bound for the minimum detectable analyte concentration based on this sensing scheme, we assume
that we can measure small changes in resonance wavelength AX to within a fraction of the cavity linewidth dA according
t0 Ady, = F - 6. We take an upper bound for F ~ 107 based on an estimate of the laser linewidth with respect to
cavity Q in the MWIR. Rewriting A\nin aS A4, = FA/Q, the minimum detectable concentration is:
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Using F = 10, Q = 10°, T=0.5, Ngir = 1, Ng; = 3.42, and Ngpiyee = 1.000515 for N,O,” yields Nin, i ~ 1000 ppm.
Direct Absorption
We now calculate the change in resonator Q based on direct absorption. The measureable Q, Qta, IS €xpressed as:
1 1 1
= (8)
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where Qinrinsic 1S the Q in the absence of analyte and Qanayee describes the change induced by analyte.?? The general
relationship between Q and loss is:
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where the effective index of the mode is described above in Eq. (4) and a is the absorption coefficient (in units of em™)
of the gas. We modify the general expression of Eq. (9) to account for the modal overlap factor I' and the gas
concentration 1,2 resulting in:
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Qanalyte - Mai (10)

and, using Eq. (10), re-write Eq. (8) as:
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Equation (11) expresses the total cavity linewidth as a sum of the intrinsic cavity linewidth and the change in linewidth
(or, correspondingly, Q) of the cavity due to the introduction of analyte. As in the case for refractive index sensing, we
express the upper bound to the limits for sensitivity as a fraction F of the intrinsic linewidth:
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Solving for i, yields:
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Using F = 10, Qininsic = 10%, I'=0.5, A=4.46pm, a=92cm™, yields Nmingirect ~ 77 PPM. This is similar to the 100 ppm
sensitivity demonstrated in a PhC slot waveguide for methane based on the direct absorption sensing modality.*

It is interesting to compare the final expressions for refractive index vs. direct absorption sensing. Re-arranging terms we
can express Egs. (7) and (13) as
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which highlights how these expressions scale with the real and imaginary parts of the complex refractive index,
N =n + ik, where k=a\/4m.

3. LASER TEMPERATURE STABILIZATION

Current laser packages (e.g. Figure 2) utilize power-inefficient Peltier devices to maintain the laser temperature near
300 K (room temperature) with the +10mK precision needed for sensitive gas detection. The laser and thermistor mount
on a copper plate (the “sub-mount”) on top of the Peltier device. Usually, the Peltier device is utilized as a
thermoelectric cooler (TEC) to transport waste heat from the laser to a heat sink external to the laser package. To
operate in this mode, power is supplied to the device. The voltage across the device determines the temperature
difference between its upper and lower surfaces, and the current controls the rate of heat transfer. A feedback-controlled
circuit that regulates the Peltier device voltage and current is commonly utilized to stabilize the thermistor temperature.
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Figure 2. Telecommunications laser package, 14-pin butterfly style, with near-IR DFB laser.

The TEC is very inefficient; often, the tiny laser’s waste heat is much less than the power demanded by the TEC itself to
perform its function. In the low-power thermal stabilization concept, the objective is to not provide power to transport
laser waste heat to a heat sink. Instead, waste heat raises the temperature of the laser (represented by thermistor
temperature) to a stable operating point above ambient temperature. Precise temperature control is obtained by utilizing
the Peltier device in a thermo-electric generation mode. Rather than supplying power to the device, we use it as a
variable thermal conductor by installing a variable resistor across its electrodes. In this configuration, the temperature



difference created by heating the upper surface with laser waste heat creates a voltage across the electrodes (much like a
thermocouple). The voltage drives a current through the resistor, thus dissipating power in the resistor. By controlling
the resistance, the power dissipation is regulated. Providing feedback from the laser thermistor allows this technique to
regulate and control the laser temperature, in principle with the same precision as actively cooling the laser with the
Peltier device.

Demonstration with DFB Laser

To demonstrate this concept, we assembled an apparatus to measure the temperature difference created by the laser
waste heat, as well as the voltage generated by the temperature difference, and demonstrated the ability to alter the
temperature by adjusting the resistance across the Peltier electrodes. The apparatus uses a commercial laser controller
with a NIR DFB laser installed. We disconnected the laser module’s TEC pins (i.e. the electrodes for the Peltier device
within the laser package). The controller provides utilities for measuring laser temperature, as well as the current and
voltage that normally power the TEC to regulate laser temperature. These parameters are reported via a serial data link
to a personal computer. Using a digital voltmeter (DVM) attached to the TEC leads, we measured the TEC voltage
induced by the laser waste heat. In its voltage measurement mode, the resistance across the TEC leads is essentially
infinite — the device acts as an open electrical circuit. Thus, it dissipates no heat through an external resistor, all of the
laser waste heat is essentially dissipated by thermal conduction through the Peltier device. In contrast, when the DVM is
in current measurement mode, its resistance is near zero and thus there can be little voltage across the Peltier electrodes.
In this condition, the Peltier device cannot support a temperature difference across its surfaces and thus acts as a thermal
conductor, transporting nearly all of the laser waste heat across the Peltier device to the heat sink, yet requiring no
external power to do so (as if the laser was mounted directly on the heat sink).

Figure 3 shows laser temperature vs time with: a) laser, starting at ambient temperature, turned on from 0 mA to
120.2 mA with TEC leads short-circuited; b) Change from TEC short circuited to open-circuited; c) returned to short-
circuited with laser current reduced to 90 mA; and d) current returned to 0 mA. The data show the anticipated behavior;
with the laser off, the temperature is the same as ambient. With laser at high current (120 mA) and TEC short-circuited
(period a), the laser temperature slowly rises above ambient and reaches a nearly steady value near 33.5 °C. Although
the temperature difference across the TEC is small under this condition, heating the heat sink causes the laser
temperature to rise above ambient.  With TEC open circuited (period b), the laser temperature quickly rises above the
heat sink temperature. Subsequently, the temperature decreases because the diminished thermal conductivity across the
TEC allows the heat sink to cool.
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Figure 3. Laser temperature in various TEC configurations. a) laser startup at 120 mA with TEC leads short-circuited;
b) TEC leads open-circuited; c) laser at 90 mA, TEC short-circuited; d) laser off, TEC short-circuited.

An alternate mode of operating with precise temperature control and little TEC power consumption is to set the laser
temperature control point close to the value obtained with the TEC short circuited. Then, operating as a powered TEC,
this temperature is obtained with little voltage, and thus little power, applied to the TEC. To demonstrate this mode, we
measured TEC voltage, current, and power vs laser temperature at 120 mA laser current (Figure 4). These data show
that indeed, the laser temperature can be stabilized above ambient while requiring essentially no TEC power. Notably,
the operating temperature for minimum TEC power draw is about 32°C. Within the 2.5°C temperature setpoint
resolution of these measurements, this value agrees with the temperature achieved with TEC electrodes shorted.
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Figure 4. TEC power required to stabilize laser at selected temperature. Note that with virtually no power provided to the
TEC, the laser stabilizes near 32°C.

Demonstration with Quantum Cascade Laser

We performed similar measurements using a singlemode mid-IR Quantum Cascade Laser (QCL), provided by Maxion
Technologies, capable of operating at temperatures up to 50° C. Figure 5 plots TEC power vs temperature setpoint for a
variety of laser currents. As with the DFB laser, for each laser current there is a corresponding temperature setpoint
requiring essentially no TEC power. These results illustrate the capability to tune the laser wavelength by adjusting its
current to achieve a desired temperature corresponding to the minimum TEC power draw for that current.
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Figure 5. TEC power vs QCL submount temperature for several laser currents.

4. CONCLUSIONS

We have presented a theoretical comparison of two sensing modalities, refractive index sensing and direct absorption,
for measuring trace chemical concentrations using micro-resonant photonic crystal cavity sensing elements in the
MWIR. For the target analyte used in this study, N,O, direct absorption (based on absorption of light associated with the
imaginary part of the analyte’s refractive index) is ~10X better than refractive index sensing (based on changes in the
real part of the refractive index). The study, of course, does not yet consider effects of mechanical and thermal
fluctuations on sensor performance.

We have also described a technique for minimizing the power wasted to stabilize laser temperature. Using the laser’s
waste heat to operate the laser at a temperature above ambient eliminates the need for traditional Peltier coolers.
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