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Abstract: Fabry—Perot interferometers (FPIs), comprising foundry-compatible dielectric thin films
on sapphire wafer substrates, were investigated for possible use in chemical sensing. Specifically,
structures comprising two vertically stacked distributed Bragg reflectors (DBRs), with the lower DBR
between a sapphire substrate and a silicon-oxide (SiO;) resonator layer and the other DBR on top
of this resonator layer, were investigated for operation in the near-ultraviolet (near-UV) range. The
DBRs are composed of a stack of nitride-rich silicon-nitride (SiNy) layers for the higher index and SiO,
layers for the lower index. An exemplary application would be formaldehyde detection at sub-ppm
concentrations in air, using UV absorption spectroscopy in the 300-360 nm band, while providing
spectral selectivity against the main interfering gases, notably NO, and O3. Although SiNy thin
films are conventionally used only for visible and near-infrared optical wavelengths (above 450 nm)
because of high absorbance at lower wavelengths, this work shows that nitride-rich SiNy is suitable for
near-UV wavelengths. The interplay between spectral absorbance, transmittance and reflectance in a
FPlis presented in a comparative study between one FPI design using stoichiometric material (Si3Ny4)
and two designs based on N-rich compositions, SiNj 39 and SiNj 49. Spectral measurements confirm
that if the design accounts for phase penetration depth, sufficient performance can be achieved with
the SiNj 49-based FPI design for gas absorption spectroscopy in near-UV, with peak transmission
at 330 nm of 64%, a free spectral range (FSR) of 20 nm and a full-width half-magnitude spectral
resolution (FWHM) of 2 nm.

Keywords: optical MEMS; nitride-rich SiNy; microspectrometer; absorption spectroscopy; CMOS-
compatible optical sensors; near-UV optical sensor; optical gas sensor; Bragg reflector with lossy
layers; Fabry—Perot resonator with lossy layers

1. Introduction

Formaldehyde (CH,O) is a volatile organic compound (VOC) and is known as a
major cause of sick building syndrome (SBS) [1,2]; more significantly, it is a cause of
inflammation of lung epithelial cells and a potential human carcinogen [3]. The World
Health Organization (WHO) has recognized formaldehyde as a health hazard and has set
the permissible exposure limit (PEL) at 2 ppm for short-term (15 min) exposure [4]. The
US National Institute for Occupational Safety and Health (NIOSH) focuses on long-term
exposure with an emphasis on the effect of accumulated exposure at the workplace and,
for instance, has set the maximum long-term PEL for formaldehyde at 0.75 ppm for an 8-hr
exposure [5].
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Formaldehyde is one of the components that are generated in combustion, but also
results from wood processing [6,7]. Drying of wood results in formaldehyde emission of
up to 350 pug per m® of wood (from spruce or chestnut when dried at 140 °C [8]). Moreover,
emission continues for years after newly placed timber panels have become part of the
interior of a home (up to 70-80 pg-m~2-hr~! for spruce and beech) [8,9]. The possible indoor
exposure levels during a vacation in a recently built all-timber cabin can be significant.
Consider a simplified analysis of a family cabin with a floor area of 8 x 6 m? and a roof
at 2.5 m height. Assume the cabin floorplan results in an inside volume of 120 m?® and
a total inside area of wood surface of 300 m?. Using a realistic value for emission from
timber of 50 pg-m~2-hr~! results in a total hourly formaldehyde generation of 15 mg. The
accumulated formaldehyde concentration after an 8-h sleep amounts to 8 x 15,000/120
=1000 pg/ m3 =33.3 x 107 moles/m? (note that the molecular weight of formaldehyde
(CH;O) is 30). Consequently, in the case of no ventilation, the formaldehyde exposure
at wake-up is equal to 33.3 x 22.4 x 1073 = 0.75 ppm (note that at standard temperature
and pressure (STP) conditions, one mole of an ideal gas has a volume of 22.4 x 1073 md).
Arguably, in the case of no ventilation, the formaldehyde exposure at wake-up could be
close to the long-term PEL. In terms of the acute impact of the detection of a particular gas
on health and safety, formaldehyde sensors can be classified alongside CO, sensors [10,11].

A selective gas detection limit better than 1 ppb can be achieved using professional
equipment for multi-component gas composition measurement. However, traditional
instrumentation for multi-component gas composition measurement is bulky, with opera-
tion based on established laboratory equipment, such as gas chromatography, differential
optical absorption spectroscopy (DOAS) [12,13] and laser induced fluorescence [14]. Minia-
turized versions of traditional instruments, such as the gas chromatograph, have been
fabricated and a detection limit at the ppb level was demonstrated [15].

Gas optical absorption spectroscopy generally makes use of an absorption line in
the mid-IR wavelength. The advantages are non-contact gas sensing and the fact that a
sampler is not required. In principle, the gas detectivity can be increased by increasing
the path length of the light beam traveling through the gas, and high detectivity has been
demonstrated [16]. Miniaturized systems are commercially available for the selective
detection of CO, (with characteristic absorption features in the 4.5-4.6 um band), CO
(4.5-4.6 ym band) and NO (4.5-4.6 um band) [17,18]. A low-cost implementation, the
non-dispersive Infrared NDIR, is based on a heated membrane for use as a thermal emitter;
in combination with a thermal detector and an absorption path length of a few cm, it is
sufficient for application in air quality monitoring. However, these gases provide no usable
absorption spectra in the visible/near-UV ranges. This constraint does not generally apply
to a VOC such as formaldehyde, which has characteristic spectral absorption features in
both the mid-IR (at 3.5 um) and near-UV (in the 300-360 nm band) wavelengths [19,20].

Although the emphasis in optical detection of formaldehyde has traditionally also
been on the use of mid-infrared spectral lines, there is a growing interest in joining the
general trend towards using near-UV gas absorption spectra for the selective detection of
various components of a gas [20]. Absorption spectroscopy in mid-IR is based on measuring
the energy levels (wave numbers) of the various atomic vibration modes, while in UV
the energy levels of the different transitions of electron states are measured. One of the
consequences is the less pronounced gas spectral absorption features in UV as compared to
the absorption lines in mid-IR, and the magnitude of the absorption coefficient is also lower.
The advantage of measurement in near-UV is the limited overlap between the spectra of
gases of interest, as compared to the relatively crowded mid-IR. Moreover, UV absorption
spectroscopy in ambient air is not affected by water absorption bands, and the lower limit
of the wavelength range is at about 220 nm due to oxygen absorption. In mid-IR practical
operation is limited to several spectral windows in between water absorption bands. An
enabling factor for miniaturized systems for absorption spectroscopy in near-UV is the
availability of efficient UV LEDS, which bring significant advantages relative to heated
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membrane thermal emitters, which are micromachined in a silicon wafer, in terms of optical
output, power consumption and costs [21].

The optical absorption cross-section, o, of a formaldehyde molecule in near-UV is
shown in Figure 1la, in combination with that of the main interfering gases, NO, and
O3 [22,23]. The essential spectral information for the detection of formaldehyde is in the
300-360 nm band. However, this absorption spectrum overlaps with those of O3 and
NO,, which are present in the lower atmosphere partly due to our collective legacy of
past emissions [24]. A significant part of the concentrations of NO, and NO originates
from NOy emissions and is associated with the generation of ozone [25]. The molecular
absorption cross-section of NO in UV is in the 185-225 nm band and thus outside the part
of the spectrum that is relevant to the detection of formaldehyde. The concentration of
NO; in air depends on amount of traffic and time of the day, but a typical value at sea
level is about Conc(NOy) = 0.045 ppm [26]. Similarly, the concentration of ozone at sea level
is about Conc(O3) = 0.025 ppm [27]. Combining these concentrations with the respective
molecular cross sections results in the spectral absorption coefficients as shown in Figure 1b
(note that: Conc [molecules/cm?3] = Conc [ppm] X 107 x Ngrp = Conc [ppm] x 2.687-1013
and « [cm 1] = o0 [cm?/molecule] x Conc [molecules/cm3]).
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Figure 1. (a) Absorption cross-sections of formaldehyde (H,CO) and the two main interfering
gases in near-UV: NO, and Os; (b) Absorption coefficient of formaldehyde at 0.1 ppm and 1 ppm
concentrations in the presence of NO, and Oj in their concentrations in the lower atmosphere.

The absorption coefficient for formaldehyde, aaco, at several concentrations is also
included, which provides a basis for the assessment of the detection limit that is constrained
by selectivity. Although the spectra of NO,, O3 and H,CO are overlapping, differences in
the detail of the spectral information can be used to resolve the three components using
data processing of the full spectral information, which is the main incentive for using
high-resolution absorption spectroscopy. A concentration Conc(Hyco) = 0.1 ppm is at
the threshold of being detectable and requires such optical data processing for selective
detection. The objective of this work is to present N-rich SiN as a suitable material in a
system realized on sapphire for achieving such a level of gas detectivity; it does not include
the fabrication and testing of the actual optical gas sensor. The gas detectivity requirement
is imposed by the application, and it can be concluded that UV absorption spectroscopy can
be used. However, the instrument ultimately measures the change in light intensity at the
optical detector due to optical absorption in a column of gas, which is set by the capability
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for reproducibly measuring the minimum (variation in) absorbance A = aL (with « the
spectral absorption coefficient and L the length of the absorption path) and determines the
gas detection limit depending on instrument specifications.

Although a full instrument design is not the goal of this investigation, it is worth noting
that using established techniques, such as a chopped / AC-operated light source, a DOAS set-
up and coherent detection at the detector as shown in Figure 2, the gas detection limit can
be improved to the point that it is limited primarily by the equivalent detection limit of the
optical system, Ageteq, most notably by the short-term light source instability and detector
noise. Typical values are from Adet,eq~10_6 in high-end professional instrumentation to
Adet,eq~1075 in a commercially viable consumer product. A dedicated CMOS circuit with a
detector is designed for implementation in a commercially viable consumer product, and
the optical detection limit is unlikely to be much better than Adet,eq“10_5- Consequently,
for the measurement of spectral absorbance with a detection limit at «ge = 1077 em™1, as
shown in Figure 1b, an absorption path length Lmin = Adeteq/ *det = 100 cm is required.

pulse series

e —
I | modulated | | REFS signal i
i i V| FPI proc. |
! UV LED | i ] 1

Gas cell SN ¢ .. | 112" e ]

Figure 2. Setup of the dual-channel configuration that can be used for gas absorption spectroscopy.

The absorption path length is one of the aspects that determines the system imple-
mentation. This path length can be realistically implemented in a system for operation in
a home, but is not compatible with the dimensions of a lithographically microfabricated
chip. Another system aspect that would be difficult to combine with on-chip integration is
a UV LED, which usually comes as a commercial-off-the-shelf (COTS) component. There-
fore, in this work a hybrid implementation is envisioned: FPIs are fabricated on sapphire
wafers through PECVD of layers of SiN, and SiO,, maintaining the low-cost advantage in
high-volume batch production, while using equipment that is available in a commercial
microfabrication foundry.

2. Materials and Methods
2.1. Using Silicon Nitride as an Optical Material in Near-UV

The FPI is composed of a relatively thick optical resonator layer between two dis-
tributed Bragg reflectors (DBRs) acting as mirrors. DBRs are based on a stack of alternating
dielectric layers of two different materials, with the first referred to as the high-index dielec-
tric material (n117) and the second as the material of low index (n1). The spectral selectivity
of the DBR depends on the ratio between ny and n, which should be maximized, and the
number of layer pairs [26]. SiO; is very suitable as a low-index material (n1;, = 1.46-1.51) and
it offers very low optical loss over most of the near-UV, visible and near-IR spectral ranges.

In a microfabrication facility, a variety of options are available for the deposition of
5i0,, as it is widely used in electronics and MEMS. One option that is attractive for this
work is plasma-enhanced chemical vapor deposition (PECVD), which is suitable for both
deposition rate and film quality, with the additional benefit that it has a low thermal budget
(thus, does not cause an appreciable change in the performance of active components
already integrated in the substrate), which makes it attractive for back-end processes on a
variety of substrates. Because of its slow deposition rate, sputtering is not a candidate if the
entire FPI, including the resonator later, must be deposited in a single tool.

The selection of a microfabrication-compatible high-index DBR material presents a
greater challenge. TiO; is often used, because of its relatively high index ny~2.8 and low
loss in the visible spectral range, which makes it a very suitable material for use in the
visible wavelength; however its k > 0.5 for A < 400 nm makes it generally not acceptable for
use in near-UV [26]. In the 250—400 nm band, HfO, is usually considered a very suitable
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candidate for nyy [27-29], and the HfO,/SiO, combination has actually been used for
realization of a microspectrometer based on a linearly variable optical filter (LVOF) [30].
TayOs is in principle also a candidate [31]. In all these cases SiO; remains the material
of choice for n . Combinations of fluorides, such as LaF3 for nyy and MgF, for ny, can in
principle also be considered, despite their limited CMOS fabrication compatibility, but their
achievable optical index contrast with SiO; is small [32-34].

Because of the attractiveness of PECVD as a practical, foundry-compatible micro-
fabrication tool for the entire FP], it is important to consider a high-index material that
can be easily deposited by this tool. In this work, we focus on PECVD nitride-rich SiNy
for ny [35,36]. The choice of N-rich SiNy is not obvious. Much has been published on
Si-rich SiNy, which is a low-stress material that has excellent properties for optical design
in near-IR and is and has been used for waveguides operated at 1550 nm [37]. However, its
optical loss for wavelengths shorter than 450 nm makes the Si-rich material unsuitable for
optical design in near-UV. The near-UV application presents an additional challenge: unlike
the case for the IR range, where Si-rich SiN, can be adjusted to maximize n by minimizing x
without concern for optical loss, in near-UV design the adjustment of N-rich SiNy requires
a carefully tuned compromise for a composition that stays above the necessary threshold
of the optical index to serve as a high-index material, while staying below the threshold of
the extinction coefficient for unacceptable optical loss.

In our earlier work we found N-rich SiNy with x~1.49 to be an optimum composition
when also considering the repeatability of the deposition rate [36]. This material provides
good optical performance in the near UV (300-400 nm), with 7~2.02 and k < 1072 at the
design wavelength A, = 330 nm. The spectral dependence of n and k for the different
compositions of SiNy used in this work is shown in Figure 3.
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Figure 3. (a) Index of refraction, n, and (b) extinction coefficient, k, for PECVD Si3zNy, SiNj 39
and SiNj 49 considered here, in the spectral range 200-450 nm. These curves are extracted from
ellipsometry data (Woollam M-2000) using the Tauc-Lorentz model with mean squared error (MSE)
of 3.10, 1.93 and 3.83 respectively.
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2.2. Fabry—Perot Interferometer Design

In its most generic representation, an FPI is composed of a resonator in between
two identical reflectors, each with a transmission coefficient t (transmittance T = ¢-+*) and
reflection coefficient r (reflectance R = r-r*). The overall transmittance through the FPI,
Trpy, is the transmitted optical irradiance I; relative to the incident intensity I;, and can be
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derived by collecting all transmitted wave components after (multiple) reflection at the two
mirrors, and results at normal light incidence in [38]:

T2 T2 1

Trpr = 1 = = %
FPI =7, = RZ2Rcos (6)+1  (1-R)? 1+< 4R )SiHZ(é)
2

—_T* 1
(1-R)> * 1+Fsin?(%)

1)

with & the round-trip phase delay, 6 = 471yes(A) tres /A for a light beam after traveling from
the mirror of entrance into the resonator layer, being reflected at the second mirror and
returning to the mirror of incidence, and F = 4R/(1 — R)? the coefficient of finesse. The
peak transmission is at sin?(5/2) = 0, which is equivalent to dmaxm/2 =2m X /2 = dmax,m
=m X 27t with m the order of the resonance. Consequently:

4A7TNrestres  2Mrestres
5max,m m

Amaxm = ’ 2)

Designing for operation at a high-order mode is advantageous, because the selectivity
of the filter is defined by the spectral resolution (the full-width half magnitude bandwidth
at order m, FWHM)y,), which can be expressed as:

2
m x mVF’

Therefore, FWHM, scales down with order m. The minimum usable mode results
from the specifications and a reasonably achievable value for F when considering the
fabrication technology. The near-UV spectral absorption characteristics of formaldehyde, as
presented in Figure 1, result in a mid-band resonance wavelength at about Amax,m = 330 nm
and FWHMp, ~1-2 nm. For Fnax~200 (R~0.86) the minimum operating order required for
meeting the specification on spectral resolution #min = (Amax,m/F WHMm)spec X (2/ 70v/Fmax)
=(330/1) x (0.045)~15. However, FPI optical design should also meet the required spectral
spacing between peak transmissions, the free spectral range at order m FSRp:

l_ 1 :Amux,m
m m+1 m+1’

FWHM,y ~ Apmaxm X 3)

FSRy = Amaxm — /\max,m+1 = 2Myestres ( (4)

As a consequence, m = 15 results in FSRy5 = 330/16 = 20.6 nm, which is smaller than
the full band containing relevant information about formaldehyde, but at this stage can
be considered adequate for its selective detection by capturing the gas-specific spectral
signature. It should be noted that the ratio FSRy /FWHMp, = (71/2)(m + 1)y/Fmax/m, which
for m»1 primarily depends on F. Obviously, more demanding specifications can be met in a
design or technology that provides higher mirror reflectance and thus higher F.

In the most-conventional configuration, a distributed Bragg reflector (DBR) is used
as the implementation of each of the mirrors, which results in the FPI structure shown
in Figure 4. The FPI design presented is composed of a 19-layer structure, with the 9-
layer lower DBR directly on top of the sapphire substrate and the same 9-layer DBR
design forming the top of the structure and facing the medium of incidence (air) with a
thick resonator layer in between. A DBR is generally composed of a stack of layers of
alternatingly high-index material of thickness ty; and low-index material of thickness t1,
while the resonator, with thickness tyes, is of the low-index material. In this work SiNy was
used as the high-index material (ty = tN) and SiO; as the low-index material (1, = tp) and
the layer thicknesses are referred to in the following as tyn and ¢o.



Sensors 2024, 24, 3597

7 of 20

# of Nitride
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Legend
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M siN,
[ sio,

Figure 4. Structure of a Fabry—Perot interferometer using 9-layer distributed Bragg reflectors with
SiNy (tg = tN) as the high-index material and SiO; as the low-index material (t|, = tp).

The input admittance of the overall optical system composed of the stack of thin films
on a substrate can be defined as ysys = n1sys X ygs = C/B, with yg = (e0/ 115)1/2 the admittance
of air (free space), parameter B the ratio between the electric field component at the incident
side of the thin film (at the interface between the medium of incidence and the film) and
that at the exit side of the thin film (at the interface between the film and the substrate), and
C as the ratio between the magnetic field component at the incident side of the thin film
and that at the exit side of the thin film. The notation in terms of admittances can be used
to derive the generalized expression for the coefficient of reflectance of the overall system,
Tsys [38]:

Fays = yfs —C/B _ ]/fs_]/sys'
y Yrs +C/B  Ygs+ Ysys

For a system comprising a single film, B and C can be calculated by considering
the continuity requirements of the tangential (in-plane) components of the incident and
reflected fields at the optical interface of incidence (between air and the film). For a single
film with admittance y,, on a substrate with admittance yq, [38]:

.sin(d/2)
o] ][ R
C Ysub jyosin(6/2) cos(8/2)| [Ysub
with M the characteristic matrix of the single-layer system and (5/2) = 2mtny(A)to /A the
one-way phase shift upon traversal of the film (half the round-trip phase delay 5 for light
traveling through the layer). In the FPI design only two materials were used: 5iO, with

nr, = no and admittance y,1, and SiNy with ny = ny and admittance yp. Their respective
characteristic matrices are:

(My] = cos(0/2) ]"S.my(i/z)  [My] = cos(6/2) ].Siny(jljz) ] @)
jyarsin(6/2) cos(6/2)| jyapsin(6/2) cos(6/2)

©)

For an effective DBR, each layer in the stack should be at the resonance for the design
wavelength: §/2 = 7t/2. Therefore, the layer thickness is tuned n(Ao)tn = 11.(Ao)to =
Ao/4, which is referred to as the quarter-wavelength optical thickness (QWOT), tqwort. In
conventional optical filter design, materials are usually selected for which optical losses in
the targeted spectral operating range can be disregarded (k = 0 and 6 depends on n* = 1) and
the diagonal elements in M} and My are zero. This results in a significant simplification
and enables the derivation of analytical expressions for the peak reflectance.

The loss in near-UV is explicitly not disregarded and is accounted for in the extinction
coefficient, k, of the complex index of refraction, n* = n — jk. Therefore, the admittance
of a layer is also a complex number. The diagonal matrix elements are non-zero complex
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numbers and calculation of the spectral reflectance of the 9-layer DBR and the transmittance
of the 19-layer FPI requires numerical matrix multiplication:

LB;] = [Mppr]-[Mres|-[Mppr]- {yslu },with

[Mpgr] = [Mu][ML]-[Mp]-[ML]-[Mp]- [ML]-[Mp]- [ML]-[MH]

(®)

with My and My, the characteristic matrix of a QWOT layer of the high-index mate-
rial and low-index material, respectively, and M;es the characteristic matrix of the res-
onator layer with its optical thickness tuned in principle to the 15th-order resonance:
1L (Ao)tres = MAmax,m/2 = 7.5Amax,m- The layer thickness for a DBR with lossy layers is set
to towor, which provides resonance at Ao, but the actual layers do in addition result in a
loss component. From Equation (8) the reflection coefficient rsys = 7gp; can be calculated,
from which the expressions for spectral reflectance Rppi(A), transmittance Tgpi(A), and
absorbance App(A) of the FPI result. These are presented in the literature and are not
reproduced here [38] (p. 56).

The approach used for simulations of the spectral response of the various options for a FPI
is based on the direct implementation in Matlab of a routine for solving Equations (7) and (8)
over a user-defined wavelength range and with a database of the extracted indexes of re-
fraction and extinction coefficients of the different SiN, compositions used (as shown in
Figure 3 and listed in Table 1). Literature data on sapphire was used: 11503 = 1.81 £ 0.04
in the range 250 nm to 800 nm, while the extinction coefficient kajpo3 in that range can
be disregarded [39]. This customized software allows the simultaneous presentation of
spectral reflectance Rgp(A), transmittance Trpi(A), and absorbance Agpy(A), which provides
essential insight into their interplay, especially between transmittance and absorbance, at
different material compositions; this information cannot be easily extracted when using
commercially available software packages for optical design.

Table 1. Thickness of layers used in the final designs.

Symbol Si3N4 SiN1.39 SiN1.49 Si02
(o) 1 2213 2.136 2.021
nL(Ao) 1.492
tpy [nm] 37.3 38.6 40.8
t [nm] 55.2
tres(m = 14) 2 1200 (1216)
tres(m = 15) 2 1320 (1327)
tres(m = 16) 2 1440 (1438)

! Note that the number of digits used for presenting n indicates the resolution used in the calculation. The
measurement inaccuracy is about 1% and the number of significant digits is limited to three. ? In brackets is the
result from calculation with the effect of the phase penetration depth on resonance included, while the rounded
values are used as the nominal values for simulations and layer deposition.

A complication in specifying the actual operating mode of the resonator is the fact that
the mirroring plane of a DBR is not the inner front surface of the DBR, as is often assumed
in FPI design, but instead a position deeper in the stack due to phase penetration [40-42].
Consequently, the FPI is actually operated at a higher mode than anticipated and incorrect
conclusions are drawn from device performance when verifying the measured properties
with Equations (3) and (4). Research on the position of the mirror plane within the DBR
in terms of effective phase penetration depth, Lp,, demonstrates a dependence on the
refraction index contrast of the materials used for the QWOT layers, the number of layer
pairs in the DBR, and the design wavelength. From literature and the materials and
dimensions used in our design, the equivalent mirror position is estimated at a distance
0.6 X Ao < Lpp < 0.8 X A, from the interface between the resonator layer and the first inner
ny layer of the DBR. In the designs presented, we assume Lpp = 0.75 X Ao = 3tgwor and
we attempt to derive actual data from our experimental results.



Sensors 2024, 24, 3597

9 of 20

Reflectance / Transmittance / Absorbance

09r

0.8

0.7
0.6F
051
04r
0.3r
0.2r

0.1F

0
250

As a consequence, the nominal optical resonator thickness ny fres should be reduced
from 15 X Ay/2=2475nm to 15 X Ay/2 — 2 x 0.75 x Ay = 1980 nm for operation at m = 15
at Ao, = 330 nm. The physical thicknesses of the layers used in the final FPI designs are listed
in Table 1. The performance of the FPI strongly depends on the DBR design, which should
provide a sufficiently high peak reflectance at the design wavelength while the bandwidth
of the reflectance band should be sufficiently wide to capture the band that contains the
specific information on formaldehyde. As indicated, the starting point is a 9-layer DBR.
Figure 5a shows the spectral reflectance, transmittance and absorbance for a stack of SizNy
based ny QWOT layers alternating with 5iO, QWOT layers for ny,. Similarly, Figure 5b
shows these spectral responses for N-rich SiNy-based QWOT layers for ny.
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Figure 5. Calculated spectral reflectance, transmittance and absorbance for the 9-layer DBR in the
near-UV to short-wavelength visible spectral range (250-500 nm) for: (a) Stoichiometric SiNy (Si3Ny)
and (b) N-rich SiN, with x = 1.49.

The half-peak reflection band AA(SiNj 49) = 380.3 — 91.0 = 89.3 nm is sufficiently wide
for spectrally covering the three resonance modes of the FPI. In a final design, the DBR
reflectance band should preferably be designed for narrowly containing one resonance
band to minimize out-of-band detection, but in this work a wider band is preferred for
analyzing the effect of lossy layers using the transmittance peaks at several modes. The
peak reflectance of the N-rich design is slightly higher compared to the stoichiometric
material (R(330 nm) = 0.839 instead of 0.793), but the differences in transmittance and
absorbance are more significant. While the absorbance at the design wavelength A(330)~2%
for SiNj 49, A(330 nm) > 15% for SisNy4. The lower absorbance, combined with the higher
reflectance of the N-rich material, is clearly an advantage and results in a DBR of higher
performance. However, the peak reflectance of 0.84 is not impressive.

The compromise between high reflectance and low absorbance is very subtle, which
becomes apparent when also considering SiNy of intermediate composition (x = 1.39).
The spectral reflectance, transmittance and absorbance of SiNj 39 is shown in Figure 6a.
The half-peak reflection band AA(SiNj39) = 387.1 — 288.3 = 98.8 nm and, as expected,
is wider compared to that of SiNj 49. However, peak reflectance is also slightly higher
(R(330 nm) = 0.848 for SiNj 39 versus 0.839 for SiNj 49), which is not obvious. As shown
in Figure 6b, the in-band absorbance for SiNj 39 decreases to about the same value as
the transmittance (8%), which implies that the advantage of its higher refractive index
starts to outweigh the adverse effect of absorbance on the DBR reflectance for A > A,. The
compromise between refraction index contrast and layer absorbance is skewed toward
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favoring the former in the second-order reflectance peak at 450 nm, because absorbance does
not play a significant role in that spectral range. Consequently, the overall specifications
of a 9-layer DBR reflector in a SiNj 39-based design are slightly superior to those of a
SiN1 49-based design. However, the next simulations show that the performance metrics
of the 19-layer FPI design are not well served by DBRs based on SiNj 39 and the N-rich
composition, SiNj 49, should be used for ny.
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Figure 6. (a) Calculated spectral reflectance, transmittance and absorbance for 9-layer DBR in the near-
UV to short-wavelength visible spectral range (250-500 nm) for SiN, with x = 1.39 and (b) spectral
reflectance and absorbance for different SiN, compositions.
The optical performance of the DBR strongly depends on the number of stacked
QWOT layers, as is confirmed in Figure 7.
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Figure 7. Effect of the number of ngy layers of SiNj 49 in the stacked QWOT layer stack on (a) DBR
spectral reflectance and (b) Finesse.
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As expected, the peak reflectance and the associated Finesse increase with the number
of layers in the DBR. The 9-layer DBR design is taken as the basis for simulations of the FPI
spectral response. The following simulations all target a design with a resonator thickness
tres = 1320 nm and m = 15. The spectral reflectance, transmittance and absorbance of the
19-layer FPI with SizNy4 used for the ny layers are shown in Figure 8a and those for SiNy 49
in Figure 8b.
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Figure 8. Calculated spectral reflectance, transmittance and absorbance for 19-layer FPI in the near-
UV to short-wavelength visible spectral range (250-500 nm) for: (a) Stoichiometric SiNy (Si3Ny) and
(b) N-rich SiN, with x = 1.49.

Figure 8 confirms the three modes of resonance within the DBR bandwidth and the
superior spectral performance of the N-rich implementation of the ny layers. The peak
transmission improves from Tppy(328.6 nm) = 0.028 for SizNy to Tpp1(328.8 nm) = 0.623
for SiNj 49. The peak transmission for SizNy is obviously of little practical use, because of
the significant absorbance App;(328.6 nm) = 0.359, while App;(328.8 nm) = 0.222 for SiNy 49.
The SiNj 49-based FPI features an FWHM(328.8 nm) = 1.4 nm. The peak transmission
Trp1(351.2 nm) = 0.860 is even higher compared to that at the primary design wavelength,
which is due to the reduction in absorbance to Arp;(351.2 nm) = 0.059. The envelope of the
spectral reflectance is in good agreement with the DBR spectral reflectance, as shown in
Figure 5. However, the FWHMs of the two additional transmission peaks within the BDR
bandwidth are larger, FWHM(309.0 nm) = 1.7 nm and FWHM(351.2 nm) = 2.2 nm, which is
the result of fall-off of the spectral reflectance of the DBR at these wavelengths.

For validation, the spectral response of the FPI with SiNj 39 used for the ny layers
was also computed and the result is shown in Figure 9a. The spectral performance of the
SiNj 39-based FPl s, as expected, clearly in between that of the Si3N4-based implementation
and the one based on SiNj 49. The peak transmission Tgp;(328.8 nm) = 0.170. Although
the FWHM(328.8 nm) = 1.5 nm is very close to that of SiNj 49, the in-band absorbance
A(328.8 nm) = 0.409 exceeds even that of the SisNy-based FPI. These are remarkable aspects
and result from the higher reflectance of the SiNj 39-based DBR, which outweighs the effect
of the higher loss.
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Figure 9. (a) Calculated spectral reflectance, transmittance and absorbance for 19-layer FPI in the near-
UV to short-wavelength visible spectral range (250-500 nm) for SiNy with x=1.39 and (b) spectral
transmittance and absorbance for the different SiN, compositions.

The curves are combined in Figure 9b for enabling a comparison and confirm that,
despite the higher Rppr(328.8 nm) of the SiNj 39-based DBR compared to its SiNy 39-based
counterpart, this advantage does not outweigh the adverse effect of loss in the layers in the
respective FPI realizations.

The spectral responses shown in Figures 8 and 9 refer to an FPI operated at m = 15 with
a physical resonator thickness of 1320 nm. The transmission curves for the three operating
modes considered here are shown in Figure 10.
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Figure 10. Calculated spectral transmittance for the 19-layer FPI with SiNj 49 used for nyy: (a) Full
near-UV spectral range and (b) zoom in around the design wavelength.

The magnitude of the peak transmittance varies with the reflectance of the DBR. The trans-
mittance in the 330 nm band ranges from T(326.8) = 0.600 and T(328.8) = 0.623 to T(330.6) = 0.639,
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with FWHM(326.8) = 1.6 nm, FWHM(328.8) = 1.4 nm and FWHM(330.6) = 1.3 nm. The im-
proved resolution of the FPI with a thicker resonator is consistent with operation at a higher
mode number. This conclusion is also confirmed by the differences in spectral spacing
between the transmittance peaks (their respective free-spectral ranges), for instance, from
18.8 nm between the 330 nm band and the 309 nm band for a 1440 nm resonator, to 20.8 nm
for a 1200 nm resonator. Equation (3) can be applied to confirm that the differences are due
to the different modes of operation of these resonators in the various bands, leading to the
gradual encroachment of the transmittance curves in the 350 nm band and ultimately in
the reversal of the relative spectral positions in the 375 nm band.

These simulations all target a design with a resonator thickness tres = 1320 nm and
m =15. For validation purposes, designs with t;es = 1200 nm and tres = 1440 nm were
considered as limiting cases; only these two designs, as specified in Table 1, were actually
fabricated and subjected to tests.

2.3. Fabrication and Measurement Setup

Plasma-enhanced chemical vapor deposition (PECVD), with silane and ammonia
as the precursor gases, was used for fabrication. The deposition tool used was the GSI
ULTRADEP 2000, which was operated at 350 °C and was configured as a single chamber
with a load lock [34]. The ammonia gas flow was set to 550 sccm and three different recipes
were used for setting the silane flow to the appropriate values to result in the different SiNx
compositions. The silane flow was set to 84 sccm for Si3Ny, 70 sccm for SiNj 39 and 45 sccm
for SiNj 49. It should be noted that the total gas flow was not kept constant between the
different recipes. The resulting materials were optically characterized using an ellipsometer
setup, as already described and with results shown in Figure 3. The recipes for deposition
were fully characterized [36]. The spectral transmittance and reflectance of the different
fabricated versions of the FPI were measured.

In the setup for transmission measurement, shown in Figure 11a, a fiber-based probe
was used for illuminating the sample with light from a wideband light source (Newport
Corporation) and for directing the transmitted light to a spectrometer (Flame, Ocean Optics).
Tilt and rotation stages were used for selecting a suitable position on the wafer and for
adjusting the angle of incidence for normal incidence. The lamp spectral radiation was
measured separately before and after a separate spectral transmittance measurement for
reducing the effect of any non-reproducibility due to the lamp, using normalization in
software. Although sequential measurements do introduce uncertainty compared to direct
measurement using a beam splitter, this approach is preferred for practical reasons and the
uncertainty is mitigated by systematically checking the consistency of subsequent lamp
spectral radiation measurements.

The transmittance through a sample was measured, which included the exitance of the
sapphire—air interface at the backside of the sapphire wafer. However, the transmittance
of the simulations presented refer to the radiance entering the sapphire substrate. The
difference is mainly because no detector was yet integrated into the substrate. This effect
was accounted for by a calibration measurement of the transmittance through a sapphire
prime wafer (which basically served as the reference element). The transmittance through
such a single sapphire wafer (lossless and without roughness on frontside and backside)
surrounded by air is described by T A1203,2ir = (1 — reflectance at the air-sapphire inci-
dence) x (1 — exitance at the sapphire—air interface). This results in a transmittance equal
to (1 — RairA203) X (1 — Rap03,0ir) = 0.841 for na1pos = 1.81 and kajposz = 0 (approximation
based on [39]). As frontside reflectance and backside exitance can be assumed to be equal,
the square root of the measured spectral transmittance through this prime sapphire prime
wafer, (T, A1203,air)l/ 2, can be used as a normalization factor and can be applied to the
results on FPI samples.
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Figure 11. Setup used for FPI optical characterization: (a) Measurement of transmittance: Tilt and
rotation stages were used for selecting a suitable position on the wafer and for adjusting the angle of
incidence to normal incidence; (b) Reflectance measurement setup using a reflection probe with the
reflected light guided in the inner fiber and the illuminating light in the surrounding fibers. The tilt
and rotation stages were used for selecting a suitable position on the wafer and for setting the angle
of incidence.

With minor modifications the measurement setup was also used for FPI spectral
reflectance measurement, as shown in Figure 11b. The most significant difference was the
use of the reflection probe (Thorlabs) with a special multi-fiber probe for illuminating the
sample and for transferring the reflected light. A translation stage was used for selecting a
suitable location on the wafer for measurement, while a rotation stage was used to ensure
normal incidence. A 20D10AL.2 UV /visible reference reflector was used for calibration
(Newport Corporation). The transmittance and reflectance measurements were taken
sequentially, which does in principle introduce uncertainty in the exact testing location
on the wafer to be illuminated and deviations in the angle of incidence. However, this
limitation had no apparent effect on our results. Therefore, these are not addressed here in
more detail, but are avoidable in a more advanced setup.

3. Results

The measured spectral reflectance and transmittance of nitride rich SiNj 49 with
tres = 1440 nm are shown in Figure 12 in comparison with simulation results.

The absorbance was not measured, but is derived from the measured transmittance
and reflectance by implication using Aimpl =1 — Treas — Rmeas- The spectral measurements
are in reasonable agreement with simulations. The in-band peak transmission in the
primary design band A, = 320-330 nm is T(330.8 nm) = 63.1%, which is adequate for
practical use. The spectral resolution FWHM(331 nm) = 1.9 nm is slightly inferior to the
theoretical prediction of FWHM = 1.4 nm. The comparison of theory and results suggest a
high accuracy in the settings of the deposition parameters, as the actual resonator thickness
was very close to the nominal value.

However, the results on the same nitride-rich SiNj 49 with resonator thickness at
nominal value tres = 1200 nm, as shown in Figure 13a, give reason for a more cautious
conclusion. These measurements are also presented in Figure 13b in comparison to sim-
ulations with the resonator thickness adjusted for best fit. The results suggest an actual
resonator thickness tes = 1191 nm. The deviation of 9 nm (<1%) due to tolerances in
the equipment remains fully acceptable. The in-band peak transmission of the FPI with
thickness tres = 1191 nm is T(324.9 nm) = 64.1%. The FWHM(324.9 nm) = 2.2 nm, which is
slightly inferior to the predicted simulation value of 1.5 nm. The reduced spectral resolution
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Figure 12. Measured spectral reflectance and transmittance with implied absorbance in comparison
with simulated responses for 19-layer FPI with SiNj 49 used for np; and a nominal resonator width
tres = 1440 nm in the range (a) 250-500 nm, (b) 280-360 nm.
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Figure 13. Measured spectral reflectance and transmittance with implied absorbance in the range
280-360 nm, in comparison with simulated responses, for 19-layer FPI with SiNj 49 used for nyy for:
(a) the nominal resonator width tres = 1200 nm and (b) the adjusted resonator width tres = 1191 nm
for best fit between measurement and simulation.

Figure 13a reveals flattening of the peak as a source of uncertainty in the measured
magnitude of the peak transmission at a resonance wavelength (for instance at A = 304.2 nm
and A = 348.7 nm). This is the result of the step size in the spectrometer used, which basically
results in an occasional pass over of the precise value of the peak wavelength. The effect
is considered acceptable within the framework of this study and can be reduced in an

improved measurement setup.
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The measured spectral reflectance and transmittance of SiNy with a medium ni-
tride composition (SiNj 39) is shown for nominal resonator thickness tres = 1200 nm and
tres = 1440 nm in Figure 14a and 14b, respectively. The results within the spectral range up
to 340 nm show peak transmittance in the range 0.13-0.16, while the peak transmittance at
348 nm is about 0.38. This is a rather marginal optical performance for practical application.
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Figure 14. Measured spectral reflectance and transmittance with implied absorbance in the range
280-360 nm, in comparison with the simulated responses for 19-layer FPI with SiNj 39 used for nyy
for (a) tres = 1185 nm and (b) tres = 1425 nm.

Finally, the measured spectral reflectance and transmittance of stoichiometric silicon-
nitride (Si3Ny) is shown for nominal resonator thickness tyes = 1200 nm and tes = 1440 nm
in Figure 15a and 15b, respectively. As expected, the low transmittance (<5%) and high
in-band absorbance (up to 50%) of the FPIs based on SizN4 makes these unsuitable for a
design operating at a design wavelength lower than 400 nm. The results also confirm the
reduced out-of-band reflectance due to layer absorption.
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Figure 15. Measured spectral reflectance and transmittance with implied absorbance in the range
280-360 nm, in comparison with simulated responses, for the 19-layer FPI with Si3Ny used for ny for
(a) tres = 1179 nm and (b) tyes = 1418 nm.
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4. Discussion

The results clearly confirm the superior performance of an FPI operating in near-UV
with nitride-rich SiNx used for higher-index layers in the DBRs, in comparison to SizNjy.
The in-band peak transmission for A, = 320-340 nm improves from T < 5% in Si3Ny to T >
60% for SiNj 49, while the out-of-band peak reflectance increases from R < 70% in SizNy4 to
R > 85% for SiNj 49. The spectral characteristics within the DBR reflectance band of the FPI
designs fabricated and tested in this work are summarized in Table 2.

Table 2. Characteristics of the two SiNj 49-based designs (also shown in Figures 12b and 13b).

Design Measured Simulated Mode
A A A A FSR
peak FWHM peak FWHM m 1
[nm] Tpeak [nm] [nm] Tpeak [nm] [nm] Mer.
tres = 1192 nm, 300-320 nm band 304.1 0.595 2.6 304.3 0.507 22
320-340 nm band 324.9 0.641 2.2 324.7 0.593 1.5 20.8 14.62
340-360 nm band 348.7 0.779 3.5 348.9 0.843 24 23.8 13.65
tres = 1440 nm, 300-320 nm band 312.2 0.565 2.0 312.1 0.565 1.4
320-340 nm band 330.8 0.631 1.9 330.6 0.639 1.4 18.6 16.77
340-360 nm band 351.8 0.772 3.1 351.8 0.862 2.1 21.0 15.75

1 Calculation of 4., is based on Equation (4): Mder = (Apeak,m —Apeak,m+1)/FSRm.

The measured spectral positions of the peak in-band transmission are in good agree-
ment with simulations. It should be noted, of course, that this does not come as a surprise,
as the estimated thickness of the resonator layer is adapted for best fit. From comparison
between measurement and simulation, the actual thickness of the thick resonator is consid-
ered equal to the nominal value, fes = 1440 nm (see also Figure 12), while the estimation
of the thin resonator is tres = 1191 nm (see also Figure 13). The table confirms a remaining
uncertainty ¢ < 0.7%. Note the increased minimum transmission in between resonance
peaks. This baseline increases in the tres = 1192 nm design from the simulated T = 0.009 to
T =0.020 in the measurements and is due to parasitic transmission paths.

The measured spectral resolution is systematically smaller that the simulation results
(FWHMp (meas) > FWHMy (sim), which is due to limiting aspects of the device and the
measurement setup. The theory of the FPI is based on two opposing mirrors that are
positioned perfectly parallel and have no surface roughness. Practical device limitations
have an adverse effect on Finesse [43,44]. The significance of these imperfections is related
to wavelength and thus increases with a smaller design wavelength. As a consequence,
this effect is more significant in near-UV compared to microfabricated devices reported
in the literature, which are typically designed for application in visible or near-IR spectra.
The alternative reason for the reduced spectral resolution in measurements is the use of
a spectrometer in the setup. The spectrometer is used with a slit of 5 pm width, which is
the minimum value available and results in a measurement resolution of 0.95 nm (grating
range 650 nm, detector array with 2048 pixels and a pixel resolution of 3 pixels [45], p. 38).
The FPI presented in this work is based on an all solid-state design, rather than an airgap
for use as the resonator, and we do not expect mirror parallelism or surface roughness to
be the most significant limitation. The reduced spectral resolution observed is mainly due
to the measurement setup and better matching with the simulations should be possible in
an improved setup. Although improved consistency between simulation and experiment
would of course be useful for device characterization, we would like to emphasize that
the FPI is intended for use in an optical system with similar specifications as those of
this measurement setup. Therefore, we tend to conclude that an FWHM of about 2 nm
would be the ultimate final performance of this FPI design, which is sufficient for the
intended application.

In the absence of rounding, the derived resonance mode, 4., and FSR can be cal-
culated from the data in Table 2. The FSR is defined in Equation (4) as a function of the
resonance wavelength (and thus of the optical width of the resonator), but also as the
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spectral difference between two subsequent resonant peaks. The actual values listed in
Table 2 provide the information needed to verify the validity of the assumed position of
the equivalent mirror within the DBR stack, which accounts for the penetration depth, by
validation of resonator mode m. Of course, the actual value of m is an integer number.
The spectral separation of the resonance peaks is in good agreement with theory, which
confirms the correct operating order, but the derived order e, is systematically larger than
the target value. This implies that the resonance wavelength is slightly shifted to longer
wavelengths, which suggests that the assumption of a mirror at 3 x tqwor = 0.75 x Ay is a
slight overestimation and a position at about 2.6 X tqwor = 0.65 x A, would be more ap-
propriate. It should be noted that the actual operating mode at a given design wavelength
results from device design and is not due to the characteristics of the light source used for
exciting resonance. The higher-than-expected resonance mode often goes unnoticed and
the discrepancy between theoretical and experimental values of the FSR is often attributed
to loss mechanisms that were not taken into account in the design phase, rather than to
disregarding the phase penetration depth. The results presented do support the conclu-
sion that the effect of phase penetration at the DBRs needs to be included in an accurate
FPI design.

The detrimental effects discussed can be attributed to the loss in the SiNy layers. This
conclusion triggers the question whether a further improvement would be possible by
a further reduction of the nitride composition in SiNy. In principle, reduced optical loss
in near-UV with a larger nitride composition should be feasible; however, there are two
practical constraints to consider. The first is the deposition uniformity. An increase in
nitride content beyond x~1.5 would, in principle, enable a push of the lower wavelength
limit of the design window deeper into the UV. However, this ambition would be ultimately
constrained by the manufacturing repeatability of the deposition rate and the resulting
uncertainties in the composition of the deposited material. This limitation depends on the
specifics of the equipment used. In our setup the silane/ammonia flow ratio that resulted
in x = 1.49 iwa set to 45 sccm /550 sccm and a further reduction of silane flow resulted in
unacceptable run-to-run non-repeatability. This is a practical limitation and equipment
may be feasible for depositing stable materials at a very small ammonia/silane ratio.

The second constraint is more fundamental and concerns the diminishing potential
for additional gains at x > 1.49. The increase in the optical bandgap of SiNy with x saturates
at about Eg~5.5 eV, which would imply a spectral position of the onset of the associated
spectral shift of the slope of exponentially increasing k in the range 260280 nm. This
limitation would make applications for the detection of, for instance, BTEX gases with
gas-specific absorption spectra in the 240-280 nm band unlikely. Moreover, as shown in
Figure 3, any shift in application window towards the shorter-wavelength UV enabled by
a reduced k should be assessed relative to the associated reduction in index 7, and thus
reduced refraction index contrast between ny; and ny,. Consequently, increasing the nitride
composition beyond x~1.5 is unlikely to bring significant benefits in DBR design beyond
those presented here.

The main achievements of the work presented are the validation of the suitability of
nitride-rich SiNy as an optical material with a relatively high index of refraction and low
optical loss in near-UV, the establishment of an accurate optical database for SiNy, and an
accurate design procedure for a SiNy/5iO;-based FPI with favorable optical properties in
near-UV. The performance of the FPI with m = 15 and A, = 330 nm can be directly extracted
from Table 2 and result for a SiNj 49-based design in a peak transmission of 64%, with
FSR15 = 20 nm and FWHM5 = 2 nm. Future research includes the use of this material in
practical applications.
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