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Abstract—Infrared (IR) spectroscopy is widely recognized as a
gold standard technique for chemical analysis. Recent strides in
photonic integration technologies offer a promising route towards
enabling miniaturized, rugged platforms for IR spectroscopic anal-
ysis. Here we show that simple size scaling by replacing bulky dis-
crete optical elements used in conventional IR spectroscopy with
their on-chip counterparts is not a viable route for on-chip in-
frared spectroscopic sensing, as it cripples the system performance
due to the limited optical path length accessible on a chip. In this
context, we discuss two novel photonic sensor designs uniquely
suited for microphotonic integration. We leverage strong optical
and thermal confinement in judiciously designed microcavities to
circumvent the thermal diffusion and optical diffraction limits in
conventional photothermal sensors and achieve parts-per-billion
level gas molecule limit of detection. In the second example, an on-
chip spectrometer design with Fellgett’s advantage is proposed for
the first time. The design enables sub-nm spectral resolution on a
millimeter-sized, fully packaged chip without mechanical moving
parts.

Index Terms—Chemical sensors, infrared sensors, optical sen-
sors, optical resonators, photothermal effects, spectroscopy.

I. INTRODUCTION: THE CASE FOR ON-CHIP INFRARED SENSING

INFRARED spectroscopy probes the phonon vibrational
states of molecules by measuring wavelength-dependent op-

tical absorption in the mid-infrared regime (2.5–25 μm wave-
length or 400–4,000 cm−1 in wavenumber). IR spectroscopy
is widely recognized as the gold standard for chemical anal-
ysis given its superior specificity: molecular species can be
uniquely identified with their characteristic optical absorption
bands. Such a “fingerprinting” capability makes IR spectroscopy
an ideal technology for applications involving chemical analy-
sis in complex environments, such as industrial process control,
environmental monitoring, food quality assessment, forensics,
and remote sensing [1].
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Traditional IR spectroscopy relies on bench-top instruments
such as Fourier Transform Infrared (FTIR) spectrometers lo-
cated in dedicated laboratories. These instruments are of the size
of large desktop computers and easily cost over $100K. Further,
robustness of these systems is often compromised by fragile
mechanical moving parts or stringent optical alignment require-
ments. To meet the increasing demands of field-deployed appli-
cations, a number of portable spectrometer products have been
successfully developed by miniaturizing the discrete optical
components used in their bench-top counterparts [2]. The vast
majority of these products, however, are designed for the visible
and near-IR wavelengths (<2.5 μm) where high-performance,
low-cost photodetector arrays are readily available. Portable
systems operating in the mid-IR range where the characteristic
absorption bands of most molecules reside are still limited in
terms of size, performance, and cost.

On-chip photonic integration offers an attractive solution
to overcoming the aforementioned limitations associated with
bench-top or current portable spectroscopic sensing systems.
In addition to the apparent advantages in size, weight, and
power (SWaP), no optical alignment is necessary between litho-
graphically defined components in integrated photonic modules,
thereby improving both manufacturing throughput and system
ruggedness. Planar photonic integration further opens up the
possibility of cost reduction leveraging standard high-volume
semiconductor manufacturing processes for applications such
as consumer electronics or sensor networks for the internet of
things (IoT).

The photonic integration approach also comes with its own
pitfalls. In particular, on-chip sensors are often associated with
an optical path length much smaller than their bulk counterparts.
Despite improved coupling efficiencies between individual on-
chip components, the small physical size of a typical photonic
integrated circuit (PIC) and large optical propagation losses
ultimately limit the accessible optical path length. Along this
line, Section II analyzes performance evolution trends as sen-
sor footprint reduces and points to key performance limitations
arising from such size down-scaling. Sections III and IV are
then dedicated to two novel on-chip device designs capable of
circumventing these limitations.

II. PERFORMANCE SCALING IN CHIP-SCALE

SPECTROSCOPIC SENSING SYSTEMS

There are two basic system configurations for infrared spec-
troscopic sensing. In a “laser-scanning” sensing system, a tun-
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Fig. 1. Spectroscopic sensor limit of detection (in terms of volumetric gas
concentration) as a function of optical path length, assuming a detector noise
floor of 0.1% and a molecular absorption cross section of 10−18 cm2 . The region
in red represents accessible optical path lengths for on-chip sensors assuming
a record low loss of 0.045 dB/m (in Si3 N4 waveguides [4]) and a confinement
factor in the sensing region of 0.2.

able, narrow-line-width laser is coupled to a sensing element
(e.g. waveguide evanescent sensors) where optical absorption
by the analyte takes place. A single-element detector is used
to record the spectrum as the laser wavelength is swept across
the target spectral range. Alternatively, the “spectrometric” ap-
proach employs a broadband source in conjunction with a spec-
trometer to resolve the wavelength-dependent absorption in the
sensing element. In this section, we show that key sensor perfor-
mance metrics in both configurations (limit of detection in the
former case and spectral resolution in the latter case) scale in-
versely with the effective optical path length. As a consequence,
simple size down-scaling of conventional spectroscopic sensor
designs to the chip-scale severely degrades the sensor perfor-
mance often to an unacceptable level.

A. Detection Limit in a Laser-Scanning Sensing System

Assuming that the Lambert-Beer law holds across the entire
analyte concentration range [3], optical absorbance of the an-
alyte scales linearly with the target molecule concentration. In
the following simple example, we assume a detector noise floor
of 0.1% at some given sampling bandwidth, a molecular absorp-
tion cross section of 10−18 cm2 (a typical value for molecules in
the mid-infrared), that gas samples are held at 300 K and 1 atm,
and that the detection limit corresponds to a signal-to-noise ratio
(SNR) of unity. The limit of detection in terms of volumetric gas
concentration in parts-per-million (ppm) is plotted as a function
of optical path length in Fig. 1.

Since propagation loss of on-chip optical waveguides is gen-
erally around 0.1 to a few dB/cm, the detection limit of tradi-
tional on-chip sensors is bound to the ppm level. We further
note that using resonant cavity structures does not contribute
to improving the limit of detection, since the effective optical
path length in resonant cavities is similarly bound by optical
propagation loss. The limited path length accounts for the vast
performance gap between on-chip infrared spectroscopic sen-

Fig. 2. Generic spectrometer models: a single mode polychromatic input is
launched into an optical system and its spectral content is quantified via the
detector output. In (a) the “dispersive” type configuration, the optical system
is time-independent and a detector array is used to collect spatially “coded”
spectral information; in (b) the “modulated” type design, the optical system is
modulated and the resulting time-dependent single-element detector output is
used to extract the spectral information.

sors and free-space absorption cells (e.g. Herriott cells [5]), as
the latter can achieve optical path lengths exceeding hundreds
of meters and hence ppb-level detection.

B. Performance Scaling in a Spectrometric System

Compared to laser-scanning systems, spectrometric sensors
claim the advantages of broad spectral bandwidth not limited
by the gain spectrum of laser media, and are thus particularly
suited for chemical analysis in a complex environment.

Fig. 2 illustrates two types of spectrometer configurations. In
both configurations, a single-spatial-mode polychromatic opti-
cal input is launched into a generic linear and source-free optical
system, which is characterized by a spatial distribution of dielec-
tric constant ε(x). In the “dispersive” design, the polychromatic
input generates a spatially and wavelength dependent electric
field complex amplitude E(x, λ). A photodetector array probes
the spatial field distribution and converts it into spectral infor-
mation of the optical input via a linear transformation. Classical
dispersive spectrometers using diffractive gratings, prisms, or
resonant cavity arrays as the spectrum-splitting elements fall
in this category [6]–[14]. Furthermore, the generalized “disper-
sive” spectrometers shown in Fig. 2(a) also encompass those
based on the wavelength multiplexing principle, which date
back to the static multi-slit design conceived by Golay in the
1940’s [15] and have also garnered considerable interest recently
[16]–[23]. The latter configuration illustrated in Fig. 2(b) applies
a time-dependent modulation to the optical system such that its
dielectric function ε(x, t) is both spatially and temporally vary-
ing. Modulation of the dielectric function modifies the electric
field distribution E(λ, t) at the single-element detector, from
which the spectrum of incident light can be inferred through a
linear transformation to map the light intensity values measured
by the detector from the time domain to the spectral domain.
Compared to the “dispersive” type spectrometers, properly de-
signed time-domain “modulated” systems feature the Fellgett
or multiplexing advantage, as the input light is collected by one
(or two) photodetectors rather than being split between a large
number of detectors. As a result, the SNR is enhanced by a factor
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of
√

N/2 for the same integration time, where N is the number
of spectral channels or data points [24], [25]. Such time-domain
modulation can be implemented via mechanical motion of opti-
cal components, for instance in the cases of FTIR spectrometers.
Alternative modulation methods making use of electro-optic and
thermo-optic effects have also been demonstrated [26]–[28].

Similar to laser-scanning systems, the detection limit of spec-
trometric sensors is also determined by the accessible optical
path length in the sensing element. Spectral resolution δλ (de-
fined as the minimum resolvable wavelength difference) and
bandwidth are two other important metrics.

Spectral resolution of both “dispersive” and “modulated”
spectrometers scales inversely with the effective optical path
length in the optical system. For optical systems with a deter-
ministic optical path, the path length is proportional to the sys-
tem linear dimension. For optical systems consisting of random
scattering media, the effective path length scales with the square
root of the system size [15]. It is therefore apparent that direct
size down-scaling is not a preferred solution for spectrometer
miniaturization and on-chip integration due to the deteriorating
spectral resolution. In addition to optical path length, spectral
resolution is also determined by the optical systems “disper-
sive power” (generally defined as d|E(x)|/dλ, which applies to
wavelength multiplexed spectrometers as well) in a “dispersive”
spectrometer, whereas in a “modulated” system, δλ is inversely
proportional to the modulation amplitude Δεmax .

Spectral bandwidth of spectrometers, in general, equals the
product of the number of spectral channels N and the spectral
resolution δλ. Here N can also be interpreted as the number
of useful detector elements in the “dispersive” configuration
or distinctive optical states ε(x, t) in the “modulated” scheme.
In practice, the spectrometer bandwidth is often constrained by
light source bandwidth or single-mode condition of the photonic
components used to construct the spectrometer.

III. CHIP-SCALE OPTICAL CAVITY ENHANCED

PHOTOTHERMAL SPECTROSCOPY

The sensitivity of on-chip cavity-enhanced sensors is fun-
damentally limited by high waveguide losses as we discussed
in Section II. Traditional on-chip microcavity absorption spec-
trometers measure the change in complex refractive index, the
sensitivity of which is largely limited by scattering loss from
cavity sidewall roughness [29]–[34]. In order to achieve sen-
sitivities comparable to state-of-the-art benchtop spectroscopy
instruments, on-chip sensors must exploit unique properties of
their reduced size and waveguiding materials. In this section, we
describe a method of performing photothermal spectroscopy to
detect trace gases at the part-per-billion level (ppb). Photother-
mal spectroscopy has been predicted as a technique 104 times
more sensitive than conventional microcavity absorption spec-
troscopy [35], [36]. We propose a new technique that monitors
the shift in cavity resonance as a result of heating. Resonant ab-
sorption of cavity light by the gas molecules thermally heats the
cavity, producing a large resonant shift in a suitably designed
microdisk cavity.

Fig. 3. Schematic of a suspended microdisk cavity structure for sensing a
target gas molecule in the surrounding air. Brown denotes a 30 μm radius
Ge23 Sb7 Se70 microdisk coupled to a bus waveguide, all suspended 10 μm
above a Si substrate by SiO2 supports.

Fig. 4. Simulated transmission spectra for a bus-waveguide coupled to a mi-
crocavity in the presence of heating from intrinsic optical absorption (by the

cavity) αint = 10−4 cm−1 and external optical absorption αext = 10−5cm−1

(blue curve) and αext = 9 × 10−5cm−1 (red curve). Input light is scanned
from short to long wavelengths.

A. Resonant Shifts in Heated Microcavities

In this section we consider a microdisk such as the one shown
in Fig. 3 coupled to a bus waveguide that delivers light of wave-
length λp and power I into the cavity. Fig. 4 plots simulated
transmission spectra for a bus-waveguide coupled to a microcav-
ity in the presence of heating from intrinsic optical absorption
αint = 10−4 cm−1 and two different external optical absorptions
αext = 10−4 cm−5 (blue curve) and αext = 9 × 10−4 cm−5 (red
curve). When input light of wavelength λp scans across a cavity
resonance from short to long wavelengths, the cavity begins to
heat, inducing a red shift in the cavity resonance assuming a
positive thermo-optic coefficient. Maximum power is coupled
into the cavity when the pump wavelength λp is equal to the
heated-cavity resonance:

λp,min = λ0(1 + aΔT ) (1)

where λ0 is the cold-cavity resonant wavelength and a ≡
1

ng

dn e f f
dT + aL describes the shift in resonance due to ther-

mal expansion (aL ) and index change (ng is the group index,
and neff is the effective index). Continuing to scan the pump
wavelength past this point results in less cavity heating and a
subsequent blue-shift of the cavity resonance. The system re-
laxes to its off-resonant cold-cavity state at a rate equal to the



5900110 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 23, NO. 2, MARCH/APRIL 2017

system’s thermal relaxation time. This behavior is illustrated
in Fig. 4 for a cavity in the presence of intrinsic absorption
by the cavity material and absorption by gas molecules at one of
the cavity’s resonant wavelengths. An important assumption of
this model is that the analyte’s absorption spectrum is relatively
slow varying during this laser scanning operation. The change
in transmission minima, or λp,min , is related to the absorption
coefficient and absorption cross-section of the gas molecules as
shown in the following analysis. We would like to note that a
full description of the microcavity stability criterion was fully
analyzed by Carmon et al. [37], and is the basis for this analysis.

B. Analytical Model of Photothermal Sensing

In thermal equilibrium, the heat flowing into a microcavity
matches the heat flowing out. The following equation describes
the steady state rise in cavity temperature ΔT as a result of pho-
tothermal heating assuming a Lorentzian resonance line shape:

Ih

1 +
(

λp −λ0 (1+aΔT )
Δλ/2

)2 = κΔT. (2)

Here λ0 is the cold-cavity resonant wavelength, ΔT is the tem-
perature change of the cavity mode, and Δλ is the resonance
bandwidth. Here κ is the lumped thermal conductance between
the cavity’s optical mode volume and the environment, and is
approximated in later sections as the thermal power generated
from optical absorption divided by the temperature rise of the
optical mode volume. This parameter must be numerically eval-
uated for a given resonator structure, gas environment, gas flow
rate, and optical mode profile. Ih describes the net heat flux
flowing into the cavity on resonance, and is the sum of the pho-
tothermal heat generated by absorption in the cavity material
and the photothermal heat generated by molecules surrounding
the cavity:

Ih = Iη
Q

Qint
+ Iηf

Q

Qext
(3)

where I is the input optical power, η is the coupling efficiency,
Q is the intrinsic quality factor, Qint is the quality factor from
absorption inside the cavity material, and Qext is the quality
factor from external absorption by gas molecules in the air. The
term f describes the fraction of heat generated outside the cavity
that contributes to heating the mode volume located primarily
inside the cavity core. Expressed in terms of the absorption
coefficients, the useful power is:

Ih = Iη
Γcoreαint + fΓcladαext

αs + Γcoreαint + Γcladαext
. (4)

The denominator is the total absorption seen by light in the
cavity, while the numerator considers any absorption that con-
tributes to cavity heating. Here αs denotes scattering loss, αint
denotes intrinsic material absorption, αext denotes external loss
from gas absorption, and Γ represents the modal confinement
factors in core and cladding regions. It is important to note that
this model neglects the contributions of temperature rise in the
air cladding due to air’s low thermo-optic coefficient, dn/dT ∼
10−6 K−1 [38]. Since we are only concerned with the change in

cavity resonance, where λp = λp,min , (2) simplifies to:

Ih = κΔT. (5)

Further substitution from (1) and (4) results in an equation
that relates the peak-shift λp,min to the equilibrium gas
concentration via αext :

Iη
Γcoreαint + fΓcladαext

αs + Γcoreαint + Γcladαext
=

κ

a

(λp,min

λ0
− 1

)
. (6)

The sensitivity of the photothermal gas sensor is the derivative
of the peak shift with respect to absorption coefficient αext ,
given below in (7):

dλp,min

dαext
=

Iηλ0aΓclad

κ

[
fαs − (1 − f)Γcoreαint

(αs + Γcoreαint + Γcladαext)2

]
.

(7)
(7) applies when αs � αext , in which case the change of
waveguide-to-cavity coupling is negligible. In the limit of low
gas concentrations, αext becomes negligible and we can further
reduce (7) to:

dλp,min

dαext
=

Iηλ0aΓclad

κ

[
f

αs + Γcoreαint

− Γcoreαint

(αs + Γcoreαint)2

]
. (8)

The term proportional to f in (8) corresponds to the heating
of the cavity due to resonant absorption by gas molecules,
while the second term proportional to Γcoreαint is physically
the desensitization that occurs when more light is absorbed
by the cavity core than the external gas molecules. This
desensitization is typically insignificant except when αint is
greater than αs , which is rarely the case in on-chip waveguides
and cavities (note that Rayleigh scattering in glasses is also part
of αs since Rayleigh scattering does not contribute to heating).
The thermal conductance κ and heating ratio f in (8) can be
numerically evaluated to provide quantitative prediction of the
photothermal dynamic behavior of the cavity.

C. Numerical Modeling of Photothermal Sensing

In this section, we fully describe a prototypical design of a
photothermal gas sensor, numerically compute its sensitivity,
and compare the numerical results with the analytical model
described in the previous subsection. Here we use HF gas as
the target analyte, which has strong absorption lines in the
2.4–2.5 μm region and an absorption linewidth roughly two
orders of magnitude larger than our microcavity’s resonance
linewidth at 1 atm [39]. The modeling approach is however
generic and can be readily adapted to photothermal sensors op-
erating on other wavelengths.

The sensor geometry is a pedestal microdisk cavity with
60 μm diameter, as shown in Fig. 3. The cavity is fabricated
from a high-index chalcogenide glass material for its low ther-
mal conductivity and high photothermal figure of merit. Specif-
ically, we will consider Ge23Sb7Se70 which has a high index
(n = 2.6 at 2.5 μm), is transparent between 1 and 15 μm wave-
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Fig. 5. (a) Cross-sectional profile of |E |2 for the resonant cavity mode. (b)
Steady state temperature profile in Kelvin of microdisk resonator for an intrinsic

absorption of αint = 10−4 cm−1 , external absorption of αext = 10−5 cm−1 ,
scattering loss of αs = 0.023 cm−1 and 10 mW input power in the cavity.

lengths, and has a low thermal conductivity of 0.22 W/mK [40].
In the following, we only consider the effects of index change,
such that a = 1

ng

dn e f f
dT . For materials of positive thermal expan-

sion coefficients, such as GeSbSe, the sensitivity will only be
further enhanced by incorporating effects of volumetric thermal
expansion. The chalcogenide glass cavity can be fabricated by
thermal evaporation and lithographic patterning can be achieved
by liftoff or reactive-ion etching. The cavity is air-clad to de-
crease thermal conductance and supported by the 10 μm tall
SiO2 pedestal with radius of 20 μm on a Si substrate.

To model the steady-state thermal properties of this system,
we constructed a radially symmetric pedestal microdisk struc-
ture using the COMSOL Multiphysics package at room tem-
perature with the following simulation parameters: 10 cm/s air-
flow, GeSbSe density of 4.525 g/cm3 , GeSbSe heat capacity of
0.285 J/(g·K), and material properties for Si, SiO2 , and air as
defined in the built-in COMSOL material library. Next, we as-
sumed a heat source with input power pint and pext for the mode

regions inside and outside the disk core as shown in Fig. 5(a).

pint = Iη
Γcoreαint

αs + Γcoreαint + Γcladαext
(9)

pext = Iη
Γcladαext

αs + Γcoreαint + Γcladαext
. (10)

We note that in (10) the factor f is absent, since the thermal
transport modeling implicitly takes into account the heating
ratio. Here, Γcore is calculated from the mode cross-sectional
profile via [41]:

Γcore =
ncorec0ε0

∫∫
core | �E|2dxdy∫∫

∞ Re( �E × �H∗) · ẑ · dxdy
. (11)

Γclad is solved using a formally similar equation where the
quantities relevant to the core region in (10) are replaced with
those associated with the cladding instead. The scattering ab-
sorption coefficient was taken to be 0.1 dB/cm (0.023 cm−1),
which represents a microdisk cavity of Q ∼ 106 , consistent with
our recent report of high-Q chalcogenide glass micro-resonators
[42]. The internal absorption coefficient and in-coupled power
Iη were varied as a function of external absorption coefficient to
determine the sensitivity of the photothermal sensor. The cross-
section of the steady-state thermal distribution was interpolated
to fit the same mesh from the mode calculations (performed
using Lumerical FDTD). The shift in resonant frequency as a
function of this temperature rise was computed using first-order
cavity perturbation theory:

Δω = −ω

2

∫∫
d2r[(2n dn

dT ΔT )| �E(r)|2 ]∫∫
d2r(ε(r)| �E(r)|2)

(12)

Finally, the gas concentration detection limit is estimated
from the HF absorption cross section at 2.45 μm, 7 × 10−18

cm2 /molecule [43] and assuming that system temperature fluc-
tuations of ΔTres = 0.1 ◦C/

√
Hz set the lower limit for wave-

length resolution:

Δλres =
aΓcoreΔTres

ng
· λ0 . (13)

Here the group index ng = 3.144 was calculated from exper-
imental ellipsometry data of thin film GeSbSe and via mode
simulations.

The results of these computations are shown in Figs. 6
and 7 for varying power and intrinsic absorption coefficients.
We note that the main approximation made in the cavity
perturbation theory results is the box-shaped heat sources. How-
ever, we anticipate this approximation to be small, since the
temperature profile is relatively slow varying compared to the
electromagnetic mode profile, as shown in Fig. 5(b). From
these results, we can see that the analytical expression for pho-
tothermal sensitivity given in (7) accurately predicts the power-
dependence of the sensor. At modest input powers, detection on
the 10’s of ppb level is readily attainable. Fig. 7 shows the im-
pact of intrinsic glass material absorption on the detection limit
as a result of the desensitization factor in (8). Fig. 7 shows agree-
ment in sensor performance in the limit of low intrinsic material
absorption. As the intrinsic material absorption increases, the
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Fig. 6. Minimum resolvable concentration of HF gas molecules given as a
function of the input power (Iη) in the cavity given by the analytical model in
(7) (red) and from cavity perturbation theory (blue), with αint = 10−4 cm−1 .

Fig. 7. Minimum resolvable concentration of HF gas molecules given as a
function of the bulk cavity material absorption αint given by the analytical
model in (7) (red) and from cavity perturbation theory (blue). The analytical
model assumes a constant thermal conductance κ, resulting in larger errors as
the ratio of heating inside versus outside the cavity changes.

SNR is reduced and the thermal conductance is also modified
since the ratio of heat generated in the cavity core versus clad
changes. In practice, the desensitization effect is likely insignifi-
cant according to the simulation results, because infrared optical
attenuation in chalcogenide glass optical fibers is typically less
than 1 dB/m (0.0023 cm−1) [44] and the actual material absorp-
tion in chalcogenides must be even lower since fiber attenuation
also includes contributions from Rayleigh scattering.

In the above analysis, we have demonstrated that monitor-
ing cavity heating as a result of resonant absorption from gas
molecules is a viable method of ultrasensitive chemical detec-
tion. With modest design parameters and a microcavity designed
for maximum thermal isolation, we have demonstrated the feasi-
bility for on-chip gas sensing at a level comparable to the most
sensitive free space optical sensors such as Herriott cells. By
taking advantage of unique system and material properties at
chip-scale dimensions (such as high thermal confinement), it is
possible to circumvent large sensitivity penalties that arise from
device down-sizing in traditional microcavity spectrometers.

TABLE I
COMPARISON OF OPTICAL PATH LENGTH MODULATION METHODS FOR

ON-CHIP FOURIER TRANSFORM INFRARED SPECTROSCOPY

Modulation
mechanism

Modulation
efficiency
[rad/cm]

Spectral resolution δλ

[nm] for a 1 cm long
device at λ = 1.55 μm

Carrier plasma dispersion
[46]

13 N/A

Thermo-optic effect in Si
[47]

433 22

Liquid crystal clad
waveguide [48]

1,578 6.15

MEMS movable mirror 40,500 0.24
Modification of
waveguide path

93,200 0.1

IV. DIGITAL FOURIER TRANSFORM INFRARED SPECTROSCOPY

As discussed in Section II, the “modulated” type spectrom-
eters claim the Fellgett advantage, which underlies their sig-
nificantly improved SNR over that of the “dispersive” type
instruments. The “modulated” type spectrometers are therefore
better suited for infrared spectroscopy, as infrared detectors gen-
erally exhibit much inferior SNR compared to their counterparts
operating at visible wavelengths (in particular, Si photodiodes).
Furthermore, the “modulated” type spectrometers can operate
with single-element detectors, which is a far more cost-effective
option than linear arrays or 2-D imaging arrays required for dis-
persive spectrometers.

FTIR is perhaps the most common “modulated” type of spec-
troscopic technique. The basic configuration of an FTIR spec-
trometer consists of an interferometer with one arm of variable
optical path length. According to the Rayleigh criterion, the
spectral resolution of an FTIR spectrometer is determined by
the path length change ΔL of the variable arm:

δν =
1

ΔL
(14)

in wavenumbers, or:

δλ =
λ2

ΔL
(15)

in wavelength, where δλ is the center wavelength. Both (14) and
(15) are consistent with our general conclusion that the spec-
tral resolution of “modulated” type spectrometers is inversely
proportional to the modulation amplitude.

In conventional FTIR spectrometers, the optical path length
modulation is achieved by using movable mirrors. The use of
mechanical moving parts compromises the robustness of con-
ventional FTIR systems. Efforts to create on-chip FTIR spec-
trometers have thus far focused on either direct miniaturization
of conventional systems using micro-electromechanical system
(MEMS) technologies [45], or tunable Mach-Zehnder Inter-
ferometers (MZI) based on electro-optic (EO) or thermo-optic
(TO) effects [24]–[26]. Nevertheless, these devices exhibit much
inferior performance compared to their conventional bulk coun-
terparts due to the limited optical path length tuning range ac-
cessible on a chip. Table I compares the modulation efficiency
of several optical path length modulation approaches, which is
defined as the phase change (in radians) imparted on light wave
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Fig. 8. (a) Block diagram of the dFTIR spectrometer design; (b) schematic
layout of a 64-channel dFTIR spectrometer: the waveguide segments of varying
lengths different from the standard length are shown in red (not drawn to scale).
The green numbers label the 1 × 2 or 2 × 2 switches. Using two detectors at the
interferometer output enables an improvement in the SNR by a factor of

√
2 in

contrast to a 2 × 1 combiner with one detector [25].

per unit propagation length (in centimeters). Table I also lists
the spectral resolution of a 1 cm long device near 1550 nm
wavelength utilizing these modulation mechanisms calculated
using (15).

Here we propose a novel spectrometer technology, digital
Fourier Transform InfraRed (dFTIR), to overcome the afore-
mentioned spectral resolution limit facing current on-chip spec-
trometers. The proposed spectrometer structure consists of an
interferometer whose arms comprise a series of cascaded optical
switches connected by waveguides of varying lengths. Unlike
prior on-chip spectrometers where the arm length is changed
by tuning the waveguide effective index, our approach modifies
the optical path through which light propagates using the cas-
caded switches. Direct modification of the waveguide path is a
far more effective approach for changing the optical path length
than index modulation, as it is not bound by the small magnitude
of index perturbation as is shown in Table I, thus enabling much
improved spectral resolution.

The structure is illustrated in Fig. 8. Incident light entering
the device is split into the two interferometer arms with optical
switches to direct the light into an upper waveguide in the “UP”
state or a lower waveguide in the “DOWN” state. The reference
paths are shown in black in Fig. 8(a), while longer or shorter
paths are shown in red. Each path in red is different from the
black paths by a power of 2 times ΔL (ΔL being a pre-defined
path length difference). As a result of this design, each permuta-
tion of the optical switches being “UP” or “DOWN” results in a
different difference in optical path length between the two arms.
Therefore, if there are 6 total switches as shown in Fig. 8(b),
there are 26 = 64 different interferometer configurations. Sim-
ilarly, for j optical switches, the spectral channel number is:

N = 2j (16)

and the spectral resolution in wavenumbers is given by:

δν =
1

neff · (2j − 1) · ΔL
∼ 1

2j
· 1
neff · ΔL

(17)

TABLE II
DEVICE SPECIFICATIONS FOR SPECTROMETER PERFORMANCE PROJECTION

Component Insertion loss Footprint

SOI ridge waveguide [49] 1.2 dB/cm 0.5 μm (width) 0.22 μm (height)
Thermo-optic phase shifter [47] 0.23 dB 61.6 μm (length)
1 × 2 splitter/combiner [50] 0.28 dB 2 μm (length) 1.2 μm (width)
2 × 2 multi-mode interferometer [51] 0.15 dB 152 μm (length)

or:

δλ ∼ 1
2j

· λ2

neff · ΔL
(18)

where neff denotes the waveguide modal effective index. The
spectral bandwidth in the wavelength domain is:

BW = δλ · N ∼ λ2

neff · ΔL
. (19)

(16)–(19) suggest that performance scaling of the spectrometer
can be readily achieved by increasing the number of switches
j. To investigate the scaling behavior of the spectrometer,
we consider an exemplary dFTIR device comprised of ridge
waveguides and a total of j thermo-optic switches, both fabri-
cated in a silicon-on-insulator (SOI) platform. Key performance
specifications of SOI photonic components assumed in this
analysis are summarized in Table II. We note that the numbers
in Table II are quoted for devices processed in commercial
multi-project-wafer (MPW) runs, which are representative of
state-of-the-art photonic manufacturing in a production-relevant
setting. To obtain sub-nm spectral resolution, the maximum path
length difference between the two interferometer arms 2jΔL
should be in the order of several millimeters or more. Therefore,
the thermo-optic switches and the splitters/combiners have
negligible contributions to the overall device footprint. Each
set of two optical switches, such as 1 and 2 in Fig. 8(b),
form a “stage”. The black reference arms in each “stage” are
constrained by the condition that the shorter arm lengths (the
red paths labeled with negative numbers) have to be greater
than zero, which gives the reference arm length (in μm) as:

Ltot = (ΔL + 4ΔL + 16ΔL... + 2j−2ΔL)

+
j

2
· LPS + (j − 1) · L2×2 + 4 · L1×2

∼ 2j

3
ΔL + j · 182.8 − 144 (20)

where LPS = 61.6 μm, L2×2 = 152 μm, and L1×2 = 2 μm
based on the component specifications listed in Table II. The
total insertion loss (IL, given in dB) is:

IL =
j

2
· ILPS + (j − 1) · IL2×2 + 4 · IL1×2 +

2j

3
ΔL · ILWG

= j · 0.265 + 0.97 +
2j

3
ΔL · 1.2 × 10−4 (21)

where ILPS = 0.23 dB, IL2×2 = 0.15 dB, IL1×2 = 0.28 dB, and
ILWG = 1.2 × 10−4 dB/cm.
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Fig. 9. Projected spectral resolution, interferometer arm length and insertion
loss of the dFTIR spectrometer according to (16)–(21).

Now we examine a specific example of an on-chip spectrum
analyzer covering the entire C and L bands (1530–1625 nm
wavelengths). Here we use neff = 2.55, λ = 1577.5 nm, and
ΔL = 10.3 μm. Fig. 9 plots the performance projections of the
spectrometer. Taking j = 12, (16)–(21) yield BW = 95 nm,
δλ = 0.023 nm, IL = 5.8 dB, and Ltot = 1.6 cm. These perfor-
mance specifications are superior compared to commercial C/L
band optical channel monitors [52]. Additionally, the waveg-
uides in the interferometer arms can be folded into a zig-zag or
spiral pattern to reduce the device footprint if necessary.

Last but not least, it is also worth noting that the spectrom-
eter design is highly tolerant against fabrication errors such
as component cross-sectional dimension or length deviations.
To counter such fabrication errors, a calibration step can be
performed prior to using the device for spectroscopic interroga-
tions. Calibration data will assume the form of a 2j × 2j matrix.
Each column of the matrix gives the transmittance through the
spectrometer at different switch “UP”/“DOWN” state combi-

nations, whereas each row of the matrix specifies the device
transmittance at a particular “UP”/“DOWN” state configuration
of the switches. The spectrograph of an arbitrary polychromatic
input can be solved by recording the transmittance at all 2j

distinctive combinations of the switch “UP”/“DOWN” states,
and multiplying the resulting vector with the inverse of the
calibration matrix. For the same reason, operation bandwidth
of the spectrometer is only limited by the single mode condi-
tion of the waveguides comprising the spectrometer rather than
the operation bandwidth of the optical switches or the beam
splitters/combiners, as high contrast ratio of the switches is not
required to solve the spectrograph once the calibration matrix is
measured. We further note that the calibration matrix is invari-
ant for a given spectrometer device and therefore the calibration
step only needs to be carried out once, and the calibration data
can be stored for subsequent measurements.

V. CONCLUSION AND FUTURE OUTLOOK

In this paper, we highlighted the challenges associated with
on-chip integration of infrared spectroscopic sensors, in partic-
ular, performance penalties resulting from device size down-
scaling. To resolve these challenges, we discussed two sensor
designs uniquely capable of reaping performance benefits from
scaling. In the first example, tight optical and thermal confine-
ment in microphotonic devices lead to a gigantic photothermal
sensitivity boost compared to the sensitivity of traditional ab-
sorption spectroscopic sensors. In the second case, we proposed
a new on-chip Fourier Transform InfraRed spectrometer design
leveraging two functions made available in compact, chip-scale
platforms through photonic integration: optical switching and
long, folded optical paths. In both cases we have shown that
on-chip spectroscopic sensors can attain performance metrics
comparable to or even superior to conventional bulk optical
instruments.

Fabrication and characterization of these spectroscopic sen-
sors are currently underway and will be presented in follow-up
publications.
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