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A B S T R A C T

Nitride-rich silicon-nitride (SiN𝑥) is being explored for its potential as a suitable optical material for use in
microsystems operating in the near-UV spectral range. Although silicon-rich SiN𝑥 is widely accepted as a CMOS-
compatible dielectric and micromechanical material, its optical absorption limits application to the visible
to near-IR spectral range. However, this work shows that a balance can be achieved between a sufficiently
high index of refraction (𝑛 > 2) and an acceptable optical loss (𝑘 < 10−3) in nitride-rich SiN𝑥 of appropriate
composition (𝑥 ∼ 1.45). Bragg reflectors with a design wavelength at 𝜆𝑜= 330 nm are used for validation.
PECVD is used for sample preparation and experiments confirm that the spectral range available for use of
SiN𝑥-based optical microsystems extends to wavelengths as low as 300 nm.
. Introduction

.1. Background

Silicon-nitride (SiN𝑥) is, next to silicon-dioxide (SiO2), one of the
ost commonly used materials in mainstream microelectronic fabrica-

ion for application as an insulating film [1,2]. Typically deposited by
ow-pressure chemical vapor deposition (LPCVD) or plasma-enhanced
hemical vapor deposition (PECVD), SiN𝑥 is highly compatible with
MOS fabrication and is also used in micro-electro-mechanical system
MEMS) fabrication as a structural layer, because of its favorable
echanical properties such as the relatively high Youngs modulus

3–5]. In a MEMS a slightly silicon-rich material composition (𝑥 < 4/3)
s generally preferred and deposited in such a way that the resulting
ayer is at slightly tensile stress to ensure that also double-side clamped
uspended microstructures fabricated therein remain taut [5]. SiN𝑥 is
lso a suitable optical material and has found application in devices and
icrosystems ranging from a simple high-index optical layer to optical
latforms for the visible and near-IR spectral range [6–9]. Such SiN𝑥-
ased optical platforms are commercially available [10] and are offered
s foundry product [11].

SiN𝑥 is a transparent dielectric with an optical bandgap varying with
omposition from about 𝐸𝑔= 2.6 eV for highly Si-rich material, to 𝐸𝑔=
.1–5.3 eV for the stoichiometric composition and up to 𝐸𝑔= 5.6 eV

∗ Corresponding author.
E-mail address: r.f.wolffenbuttel@tudelft.nl (R.F. Wolffenbuttel).

for N-rich material [12–14]. The Urbach energy is in the range 200–
500 meV [15]. The optical properties of SiN𝑥 in the near-ultraviolet
(near-UV) to near infrared (near-IR) spectral range are wavelength
dependent and also depend on the material composition. At 633 nm
wavelength the index of refraction, 𝑛, increases with silicon content and
typical values range from 𝑛 ∼1.9 for nitride-rich material (𝑥 > 4/3), to
𝑛 ∼ 2 for Si3N4 (stoichiometric material, 𝑥= 4/3) to 𝑛= 2.2–2.3 for
silicon-rich material, while the extinction coefficient, 𝑘 < 10−4 over the
full range of practical compositions.

As shown in Fig. 1, 𝑛 increases only slightly with decreasing wave-
length over the near-IR to the short-wavelength visible (about +10%
in the range from 𝜆= 2 μm to 𝜆= 500 nm), while 𝑘 remains very
small. Their spectral dependency is much more pronounced in the
near-UV, with 𝑛 at 𝜆 < 450 nm strongly increasing with decreasing
wavelength [13,14]. Additionally, at a composition towards highly Si-
rich material, a spectral peak that is due to its relatively small bandgap
energy moves into the near-UV [4]. When using SiN𝑥 as the high-
index material in optical filter design, a high value for 𝑛 is desirable,
thus favoring a Si-rich composition. However, 𝑘 increases exponentially
with decreasing wavelength and Si content in this spectral range,
with 𝑘400 nm > 0.1 for the stoichiometric composition. As a result the
associated optical loss renders a Si-rich material composition generally
undesirable for an optical design intended for use in the near-UV.
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Fig. 1. Spectral dependencies of the index of refraction (a) and extinction coefficient
(b) for SiN𝑥 films of different composition.

The composition of a deposited SiN𝑥 layer can be tuned by the flow
settings of the precursor gases (usually (dichloro) silane and ammonia)
and this dependency provides the opportunity for adapting the SiN𝑥
optical properties to the requirements of the application considered.
The composition, 𝑥, can in principle be controlled by the proportion of
silane in the gas flow, which is denoted as 𝑅𝑔 = 𝛷SiH4∕(𝛷SiH4 +𝛷NH3),
with 𝛷SiH4 the silane gas flow and 𝛷NH3 the ammonia gas flow. An
increased 𝛷SiH4 results in an increased Si content in the layer deposited.
As the index of refraction of Si in a Si-H bond is much higher as
compared to that of 𝑁 in a N-H bond, the overall index of refraction
increases with Si content (thus with decreasing 𝑥). However, the actual
incorporation of atomic silicon from the silane flow into the material is
not straightforward and is affected by mechanisms such as inclusion
by hydrogenation. These effects have been extensively described in
literature and are not further discussed here [1,14,16–20]. Although
the repeatability of layer properties deposited by PECVD is generally
believed to be more susceptible to hydrogenation effects as compared
2 
to LPCVD, especially for N-rich SiN𝑥, PECVD is used here because of
the lower temperature load on already integrated devices.

SiN𝑥-on-Si devices are often planar waveguides with SiN𝑥 serving
as the waveguiding layer and SiO2 as the cladding. The Mach–Zehnder
interferometer is usually implemented as the spectrally selective com-
ponent in these devices. Systems that operate in the visible (630–
660 nm band [7,9]) or in the near-IR (850 nm band or 1550 nm
band [10,11]) have been reported, and mainly for optical communi-
cation. Vertical stacks of SiN𝑥 and SiO2 layers on Si substrates have
also been reported for reflective coating [21], anti-reflective coating in
solar cell applications [16], or more generally for filtering in the near-
IR spectral range, with a distributed Bragg reflector (DBR) providing
the spectral selectivity. The DBR is basically composed of a stack of
alternating dielectric layers of two different materials, with the one
referred to as the high-index dielectric material (𝑛𝐻 ) and the other
as the material of low-index (𝑛𝐿). The spectral selectivity of the DBR
depends on the ratio between 𝑛𝐻 and 𝑛𝐿, which is generally referred to
as the index of refraction contrast, 𝛥𝑐 , and should be maximized [22].
In CMOS-compatible optical devices, SiO2 is usually the low-index
material (𝑛𝐿= 1.46–1.51), because of its very low optical loss over the
entire near-UV, visible and near-IR spectral range.

The general challenge in optical MEMS design for the near-UV is
the limited choice of suitable CMOS compatible high-index materials
for fabrication of a DBR. The TiO2/SiO2 combination, with TiO2 used as
the material with 𝑛𝐻 and SiO2 as the material with 𝑛𝐿, is often selected
in a design for the visible spectrum [23,24]. The loss characteristics of
the TiO2 make the material highly suitable in the visible spectral range,
but generally not acceptable for use in the near-UV. In the 250–400 nm
band, HfO2 is usually considered a very suitable candidate for 𝑛𝐻 [25–
27] and also Ta2O5 is in principle applicable [28]. In these material
combinations SiO2 remains the material of choice for 𝑛𝐿. Combinations
of fluorides, such as LaF3 for 𝑛𝐻 and MgF2 for 𝑛𝐿, can in principle also
be considered, despite their limited CMOS fabrication compatibility,
but their achievable 𝛥𝑐 is small [29–31]. A microspectrometer based
on a linearly variable optical filter (LVOF), with HfO2 used as the
high-index dielectric material (𝑛𝐻 ) and SiO2 as the material for the low-
index (𝑛𝐿) layers, has been fabricated and successfully tested [32]. The
stack of HfO2 and SiO2 layers was deposited by sputtering in a multiple-
target sputter machine without breaking vacuum. However, sputtering
is limited in the maximum thickness of layers that can be deposited
in an efficient manufacturing process. This is one of the reasons for
exploring the potential of PECVD SiN𝑥 in this work.

When considering SiN𝑥 as the high-index material in the near-
IR, the compromise between a high refractive index and low optical
loss can simply be skewed towards maximum refractive index. As
material composition has a very minor adverse effect on 𝑘 in the
longer-wavelength visible and the near-IR, this can be accomplished by
maximizing silicon-composition for achieving a high value of the index
of refraction without a significant penalty in terms of optical loss. Other
applications in optical sensors and waveguides for which the high-index
property is particularly important are in silicon nanoparticles for use as
light emitters in the visible range and in devices in which the Kerr effect
is used for generating a non-linear optical effect in integrated silicon
waveguides in the near-IR [14].

Because of the focus in literature on Si-rich SiN𝑥 and its significant
optical loss in the near-UV at such a composition, PECVD SiN𝑥 for
near-UV applications is often at forehand brushed aside, with few
exceptions [21]. This is a pity, because the spectral response of a
UV-enhanced photon detector in Si extends down to 200 nm. This
property results from a careful design of the vertical doping profile of
the junction in Si, combined with a special lateral design and backside
illumination. The generic approach was already identified a long time
ago [33], has evolved and subsequently has been adopted for CMOS
imagers with an operating range down to the near-UV [34]. With
few options available for adding optical functionality to such a UV-
enhanced detector (array), the purpose of this work is to demonstrate
the availability of a usable design window of N-rich SiN𝑥 compositions
for fabrication of optical microsystems operating in for the near-UV.
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Table 1
Process parameters with 𝛷𝑁𝐻3 = 550 sccm.

Wafer type Recipe 𝛷𝑆𝑖𝐻4 [sccm] 𝑅𝑔

A Slightly Si-Rich 96 0.149
B Stoichiometric 84 0.132
C Slightly N-rich 70 0.113
D N-rich 45 0.076

1.2. Specific aims and organization of the paper

Unlike the case of a near-IR design, tailoring the SiN𝑥 for use in
he near-UV requires a carefully tuned compromise for a composition
hat meets both the minimum index of refraction for a sufficiently
igh refractive index contrast, and the maximum of the extinction
oefficient for an acceptable optical loss in the near-UV and thus a
ore subtle approach. The dependence of both the index of refraction

nd the optical loss on Si content in SiN𝑥 is investigated. The material
s deposited on prime Si wafers by PECVD with varying ratios of the
ilane and ammonia flow, such that SiN𝑥 films are obtained with a
omposition in between slightly silicon-rich and nitride-rich (1.329
𝑥 ≤ 1.491).
First, samples of PECVD SiN𝑥 and SiO2 films are optically char-

cterized by ellipsometry, followed by a preliminary analysis of their
uitability as CMOS-compatible high-index optical material for use in
he 250–400 nm band. Subsequently, three types of Bragg mirrors
abricated on Si wafers are analyzed (using MATLAB) for a design
avelength, 𝜆𝑜= 330 nm. In these devices, the SiN𝑥, with a range of

ompositions from stoichiometric, slightly N-rich to N-rich, is used for
he high-index layer, while SiO2 is used for the low-index layer. Finally,
BR designs are realized in a CMOS-compatible fabrication process
nd the experimentally obtained spectral responses are compared with
imulations.

. The optical properties of SiN𝒙

.1. Measuring by ellipsometry and extracting 𝑛 and 𝑘

Table 1 shows four recipes that are evaluated in this work to assess
he impact on composition and, eventually, on optical parameters. Note
hat the total gas flow is not kept constant between the different recipes.
he deposition tool used is the GSI ULTRADEP 2000, which is a PECVD
ystem operated at a temperature of 350 ◦C and is configured as a single
hamber with a load-lock [35].

Samples of SiN𝑥 layers of the four different compositions, each of
bout 40 nm thickness are deposited on 4’’ silicon wafers. Ellipsometry
Woollam M-2000) is used for characterization of film thickness and
ptical parameters 𝑛 and 𝑘 over the spectral range between 192 and
686 nm, by using a measurement the complex spectral reflectance
= 𝑡𝑎𝑛(𝛹 )𝑒𝑗𝛥 at three settings of the angle of incidence (𝜑= 55◦, 𝜑=

5◦ and 𝜑= 75◦), with the parameter 𝛹 (𝜆, 𝜑) used as a measure for the
mplitude and 𝛥(𝜆, 𝜑) as a measure for the phase.

The layer thickness and wavelength dependent 𝑛(𝜆) and 𝑘(𝜆) are
ubsequently extracted from the ellipsometry data using a software
ool CompleteEASE [36]. Extraction involves the use of a model for
djusting a dataset for 𝑛(𝜆) and 𝑘(𝜆) in such a way that the calcu-
ated spectral reflectance is a sufficiently close approximation of the
easured set of 𝛹 (𝜆) and 𝛥(𝜆) over the full spectral range and for all

hree angles of incidence. The Tauc–Lorentz (TL) and Cody-Lorentz
CL) models are generally used for that purpose [37]. While the CL
odel is dedicated to the extraction of the optical parameters near

he band edge of amorphous semiconductors and is the best choice for
nalyzing, for instance, amorphous-Si thin films or SiC layers, the TL
odel is generally more suitable for extracting the optical parameters

f dielectrics and semiconductors with low optical absorption below

heir bandgap [38–40]. S

3 
able 2
esults of optical data extraction.
Type Recipe MSE𝑇𝐿 MSE𝐶𝐿 𝑛633 𝑥𝑖𝑚𝑝𝑙
A Sl Si-rich 1.93 1.84 2.023 1.932
B Stoich. 3.10 2.24 2.012 1.343
C Sl N-rich 1.93 2.18 1.976 1.387
D N-rich 3.83 4.25 1.896 1.491

In the widely studied Si-rich SiN𝑥 intended for use in the 1550 nm
and (light of photon energy 𝐸𝑝ℎ ∼ 0.8 eV, which is much smaller

than the bandgap for any SiN𝑥 composition) the TL model is generally
considered the most appropriate, which is confirmed in literature on
optical devices in SiN𝑥 [14,16]. This argument is less persuasive in
the near-UV. The 330 nm wavelength is considered here, which is
associated with a significantly higher photon energy level, 𝐸𝑝ℎ ∼ 3.7
eV. Moreover, this study has an emphasis on N-rich materials, with a
bandgap energy 𝐸𝑔 > 5.5 eV and thus much larger as compared to
𝐸𝑔 ∼ 2.6 eV for a Si-rich material. Both the TL and CL models have
been tested and the results are shown in Table 2.

The MSE (Mean Squared Error) is used as a measure of the quality
of the estimator. Although the MSE should be interpreted with care, a
value in the range 2–5 is considered an indicator of a good fit and the
model used is deemed appropriate, while an MSE larger than about
20 flags a poor fit and provides a warning that the model used is
not very suitable. The data is subject to variation over the position
on the wafer and the trend towards an increased MSE with 𝑥: the
uncertainty 𝜖𝑀𝑆𝐸 ∼ ±2% for measurement on the wafer coated with
the stoichiometric composition (type B) and increases to 𝜖𝑀𝑆𝐸 ∼ ±6%
or the wafer coated with the N-rich film (type D). As a consequence,
he least significant digit in the table listing only reflects the resolution
sed in the calculation and is not significant. The results do not provide
onclusive evidence for a preferred use of the CL model for the extrac-
ion of 𝑛 and 𝑘 of SiN𝑥 and it was decided to maintain compliance with
iterature and to use optical data extraction based on the TL model.
ote that the table refers to the uncertainty in MSE and not to the
ariation in the extracted optical constants over the wafer, which is
ignificantly smaller but not studied in detail. The results of TL data
xtraction are shown in Fig. 2. Although ellipsometry is performed
ver the full spectral range of the instrument (192–1686 nm), only the
esults over the wavelength range 200–700 nm are plotted.

An empirical expression is available for deriving the material com-
osition, 𝑥, from the measured (extracted) index of refraction, 𝑛𝑚𝑒𝑎𝑠,

relative to the index of refraction of each of the components in the
composition of the material. This implied fraction 𝑥𝑖𝑚𝑝𝑙 is estimated
from 𝑛𝑚𝑒𝑎𝑠 at 633 nm using [16–18]:

𝑥𝑖𝑚𝑝𝑙 =
[N]
[Si]

= 4
3
×

𝑛Si − 𝑛𝑚𝑒𝑎𝑠
𝑛Si + 𝑛𝑚𝑒𝑎𝑠 − 2𝑛Si3N4

(1)

At the stoichiometric composition, 𝑥 should be 4/3. The reference
data on Si and Si3N4 should be taken from samples that are deposited
sing the same type of technique, which is a highly relevant detail.
hile 𝑛Si(633 nm)= 3.88 for crystalline (bulk) material, this value

ncreases to 𝑛Si (633 nm) ∼ 4.24 in case of PECVD [16]. Similarly,
or bulk material 𝑛Si3N4(633 nm)= 2.09. The consensus in literature
n PECVD SiN𝑥 is 𝑛Si3N4(633 nm) ∼ 2.02, but a value as small as
Si3N4(633 nm)= 1.97 is also reported [13,18]. Using these numbers
nd the data in Fig. 2 results in 𝑥𝑖𝑚𝑝𝑙 as listed in Table 2, The curves in
ig. 2 reveal that the distinguishing optical features of the material are
n the shorter wavelength range, and the use of 633 nm as the reference
avelength is indeed criticized [41]. Although the films on wafers A
nd B can both be considered stoichiometric within the interval of
ncertainty of the measurement,in this study only the recipes B, C and
are used for 𝑛𝐻 in the optical design of test structures and that for
iO2 is ued for 𝑛𝐿.
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Fig. 2. Index of refraction (a) and extinction coefficient (b) for SiN𝑥 films of different
composition. These curves are extracted from ellipsometry data using the TL model.
The data on SiO2 is extracted with the TL model with MSE = 2.12, while 𝑘SiO2

< 10−4.

2.2. Using SiN𝑥 for the design of DBR’s for the near-UV

The design of high-performance Bragg reflectors is extensively de-
scribed in literature [22]. The main design parameter is the −3 dB
reflective bandwidth at the design bandwidth 𝜆𝑜:

𝛥𝜆
𝜆𝑜

= 4
𝜋
𝑠𝑖𝑛−1

(

𝑛𝐻 − 𝑛𝐿
𝑛𝐻 + 𝑛𝐿

)

(2)

This expression can be elaborated using the refractive index con-
trast, 𝛥𝑐 = (𝑛2𝐻 − 𝑛2𝐿)∕2𝑛

2
𝐻 .

𝛥𝜆
𝜆𝑜

= 4
𝜋
𝑠𝑖𝑛−1

(

1 −
√

1 − 2𝛥𝑐

1 +
√

1 − 2𝛥𝑐

)

(3)

Within the framework of this work a second performance parameter
of equal importance is the absorbance per quarter-wavelength optical
(layer) thickness (QWOT) section at 𝜆 , 𝑡 = (4𝑛(𝜆 ))−1, which can
𝑜 𝑄𝑊 𝑂𝑇 𝑜

4 
Fig. 3. Derived performance parameters: (a) refractive index contrast, 𝛥𝑐 , and (b)
absorbance per traversal through a QWOT layer, 𝐴𝑄𝑊𝑂𝑇 , for SiN𝑥 films of different
composition.

be expressed as:

𝐴𝑄𝑊𝑂𝑇 = 𝑒𝛼(𝜆)×𝑡𝑄𝑊𝑂𝑇 = 𝑒−(4𝜋𝑘(𝜆)∕𝜆)×(𝜆∕4𝑛𝜆) (4)

with 𝛼(𝜆) = 4𝜋𝑘(𝜆)∕𝜆 the spectral absorption coefficient of the
material. Rewriting Eq. (4) results in:

𝐴𝑄𝑊𝑂𝑇 = 𝑒−𝜋[𝑘(𝜆)]∕𝑛(𝜆) =
[

𝑒−𝑘(𝜆)
]𝜋∕𝑛(𝜆) (5)

The last step in this derivation is particularly useful if the wave-
length dependence of 𝑛 is much less pronounced as compared to that of
𝑘. A constant 𝑛 implies an exponential spectral dependence of 𝐴𝑄𝑊𝑂𝑇
on 𝑘 only, which is in good approximation the case for SiN𝑥 in the near-
UV. Both 𝛥𝑐 and 𝐴𝑄𝑊𝑂𝑇 can be directly derived from the extracted
optical properties. The results are shown in Fig. 3, which provides
important clues with regard to the feasibility of a design.

Only the N-rich material can be used if 𝐴𝑄𝑊𝑂𝑇 at the design wave-
length of 𝜆 = 330 nm needs to be limited to 10−2, while all material
𝑜
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Fig. 4. Spectral reflectance, transmittance, and absorbance of the 3-layer H-L-H DBR
on Si using layers of (a) 37.3 nm layer of Si3N4 for 𝑛𝐻 , (b) 38.6 nm of slightly N-rich
SiN𝑥 (N𝑚𝑒𝑑𝑖𝑢𝑚) for 𝑛𝐻 and (c) 40.8 nm of N-rich SiN𝑥 for 𝑛𝐻 , each with layers of 55 nm
of SiO2 for 𝑛𝐿.
5 
Fig. 5. Spectral reflectance, transmittance, and absorbance of the 9-layer H-L-H-L-H-
L-H-L-H DBR on Si using layers of (a) 37.3 nm layer of Si3N4 for 𝑛𝐻 , (b) 38.6 nm of
slightly N-rich SiN𝑥 (N𝑚𝑒𝑑𝑖𝑢𝑚) for 𝑛𝐻 and (c) 40.8 nm of N-rich SiN𝑥 for 𝑛𝐻 , each with
layers of 55 nm of SiO2 for 𝑛𝐿.
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Fig. 6. Reflectance measurement set-up: (a) A reflection probe was used 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.
types are acceptable if 𝐴𝑄𝑊𝑂𝑇 should be limited to 10%. However,
the choice for the N-rich materials also limits the refractive index
contrast to 𝛥𝑐= 0.226, while a higher reflectance spectral selectivity
can be achieved for the stoichiometric materials, because of 𝛥𝑐= 0.280.
The requirements on 𝛥𝑐 and 𝐴𝑄𝑊𝑂𝑇 depend on the specifications of
the application and the acceptable complexity of the resulting Bragg
reflector design in terms of number of layer pairs.

The optical data is used for the design of a simple 3-layer DBR-
alike structure and a more sophisticated 9-layer DBR. The designs are
targeting a design wavelength 𝜆𝑜= 330 nm and layers are deposited
on silicon wafers. Simulations are performed for the three different
material compositions of SiN𝑥 for use as high-index layer as defined
in Table 1: stoichiometric, slightly N-rich (N𝑚𝑒𝑑𝑖𝑢𝑚), and highly N-rich.
Simulations are based on numerically calculating the system input
admittance, 𝑦𝑠𝑦𝑠, by multiplication of the characteristic matrices of
the different layers in the stack [22]. From 𝑦𝑠𝑦𝑠 the overall spectral
reflectance, transmittance and absorbance can be derived when also
considering the free-space input domain and the admittance of the Si
substrate, 𝑦Si. The design approach of the DBR taken here is straight-
forward and involves selecting a layer thickness equal to 1 × 𝑄𝑊𝑂𝑇
at 𝜆𝑜= 330 nm and building a stack, with no attention paid to the
effect of wavelength dependence of the substrate admittance. It should
be noted that a more sophisticated design approach would yield a
superior spectral reflectance. However, the priority in this work is
on material characterization and the specific spectral transmission of
the generic DBR is considered more suitable for that purpose. The
simulated spectral responses of a 3-layer H-L-H DBR design are shown
in Fig. 4.

The results demonstrate that the straightforward matching to QWOT
is inadequate for a practical 3-layer DBR design. The peak reflectance
is at a wavelength slightly shorter than 300 nm for Si3N4 and shifts to
a higher peak at a wavelength slightly longer than 300 nm for N-rich
SiN𝑥, but remains below 𝜆𝑜. However, the pronounced spectral shape of
the reflectance can be conveniently used for material characterization.
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Table 3
Settings for DBR designs at 𝜆𝑜= 330 nm.

Symbol Description Stoich Slightly N-rich Highly N-rich

𝑛𝐻 = 𝑛𝑆𝑖𝑁𝑥 SiN𝑥 refractive index 2.209 2.136 2.017
𝑡𝑆𝑖𝑁𝑥 SiN𝑥 thickness [nm] 37.3 38.6 40.8
𝑡𝑆𝑖𝑂2 SiO2 thickness [nm] 55 55 55

For this reason, combined with the short fabrication sequence, the
3-layer design is used in the analysis presented here.

A comparison of Figs. 4a, 4b and 4c reveals the interplay between
transmittance and absorbance, which are both bulk effects. The primary
effect of the huge layer absorbance in the spectral range up to about
310 nm is the very small transmittance. This balance changes somewhat
with 𝑥 in that range, but the increased transmittance with 𝑥 is much
more significant in the spectral range 310–400 nm. However, also the
reflectance, which is in principle a multiple-surface effect at the discon-
tinuities of the index of refraction throughout the stack, is affected by
𝑥. This is because with decreasing 𝑥 there is a reduced contribution to
interference at the air-DBR surface of a light component that is reflected
at a particular 𝑛𝐻 − 𝑛𝐿 discontinuity deeper in the stack of layers and,
thus, has experienced more absorption along the overall optical path.

The concept can be extended to a 9-layer H-L-H-L-H-L-H-L-H DBR
design on a silicon substrate. The simulated spectral response of this
Bragg filter for the different SiN𝑥 compositions for 𝑛𝐻 considered are
shown in Fig. 5. The reduced layer absorption at 𝜆𝑜 for SiN𝑥 with 𝑥
from stoichiometric to N-rich is evident from the figure. The actual
setting of the layer thickness for the different material compositions
are summarized in Table 3

3. Fabrication and experimental validation

Stacks of alternatingly SiN𝑥 and SiO2 layers were deposited by
PECVD on 4-inch Si wafers using one of the recipes presented in Ta-
ble 1. No masking was applied and the entire wafer surface was coated.
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Fig. 7. Measured spectral reflectance for two 3-layer DBR designs: (a) using N𝑠𝑡𝑜𝑖𝑐ℎ and
(b) using N𝑟𝑖𝑐ℎ.

Two of the 3-layer H-L-H Bragg reflector designs were fabricated. The
first was based on the stoichiometric SiN𝑥 (identified as wafer N6) and
the second on N-rich SiN𝑥 (wafer N8). In addition only the 9-layer H-
L-H-L-H-L-H-L-H design using the N-rich SiN𝑥 was fabricated (wafer
N10). Subsequently, the spectral reflectance was measured using the
set-up shown in Fig. 6.

A special multi-fiber probe was used for illuminating the sample and
for returning the reflected light. A translation stage was used for select-
ing a suitable location on the wafer for measurement and for testing
uniformity of reflectance over a wafer, while a rotation stage was used
to enable adjustment for normal incidence. A 20D10AL.2 UV/visible
reference reflector was used for calibration (Newport Corporation). The
results of the spectral measurements are shown in Fig. 7. The associated
simulated reflectance presented in Section 2.2 is added for enabling a
direct assessment of the degree of agreement.

The measured spectral reflectance off the 3-layer DBR on wafer N6
is in qualitative agreement with the simulations. The positions of the
measured peaks of reflectance are shifted from 240 nm to 260 nm
and from about 450 nm to 460 nm as compared to the values in the
simulation.

Comparison of the measured spectral reflectance off N8 and simu-
lations indicate that the magnitude of the shorter-wavelength spectral
7 
Fig. 8. Measured spectral reflectance for the 9-layer DBR design using N𝑟𝑖𝑐ℎ.

reflectance peak does indeed increase with 𝑥. However, also the de-
viations of the measured spectral position of the peaks and their
magnitudes from simulations increase with 𝑥.

Spectral measurements of the 9-layer DBR realized on N10 are
presented in Fig. 8, which show reasonable agreement with the sim-
ulations, especially with respect to the positions of the peak spectral
reflectance. This observation justifies the conclusion that the spectral
data on 𝑛 is sufficiently robust for use in optical device design.

4. Discussion and conclusions

Demonstrating the usefulness of N-rich SiN𝑥 for optical design in
the near-UV is the primary objective of this work. In Fig. 3b is shown
that the lower-wavelength limit of the design window for a SiN𝑥/SiO2
filter with acceptable loss in the near-UV shifts from about 450 nm for
stoichiometric material to 330 nm for N-rich material. This promise
is indeed confirmed in the spectral response of the fabricated 9-layer
DBR as presented in Fig. 8. The simulations indicate that the benefit
is primarily due to the increased transmittance at the expense of the
reduced absorbance, which also improves the spectral reflectance in
the near-UV.

The design strategy used here of simply matching 𝜆𝑜 to 𝑡𝑄𝑊𝑂𝑇 is a
3-layer device does not result in a reflectance spectrum of practical in-
terest, but rather in a simple test structure for validating and confirming
the general expectations, as outlined in Figs. 7a and b. A comparison
with the results in Fig. 4 shows reasonable agreement.

Matching 𝜆𝑜 to 𝑡𝑄𝑊𝑂𝑇 is a more appropriate approach in the 9-
layer DBR design. The spectral position of the peak reflectance in the
9-layer DBR evaluated is in good approximation material independent,
as shown in Fig. 5, while the magnitude of peak spectral reflectance
increases with 𝑥. The measurements on the 9-layer DBR, as shown in
Fig. 8, are in reasonable agreement with the simulations, as shown in
Fig. 5c, including the predicted ‘saddle-shaped’ indentation at about
350 nm wavelength for N-rich material. This aspect can be explained
by considering the Si optical data. Literature data on crystalline silicon
was used and interpolated for obtaining a sufficient spectral resolution
for use in simulations, and the data is shown in Fig. 9a [42].

As |𝑦Si| is proportional to |𝑛∗Si|, the Si admittance varies significantly
over the near-UV part of the spectrum, with peaks at the maximum of
𝑛Si at 𝜆 ∼ 380 nm and at the maximum of 𝑘Si at 𝜆 ∼ 280 nm and a dip
at 𝜆𝑜 ∼ 330 nm in between, which is almost like an spectral signature
of the material.
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Fig. 9. (a) The spectral dependence of the silicon index of refraction, extinction
coefficient and resulting admittance and (b) using a QWOT/2 of SiO2 buffer layer in
between the substrate and the lower 𝑛𝐻 layer for reducing the effect of the Si substrate
on the Bragg reflectance for 𝑛𝐻 = 𝑛𝑁𝑟𝑖𝑐ℎ.

The reduced near-UV layer absorption with increasing 𝑥 results
in a more-transparent layer material and thus in principle in a high
magnitude of the spectral reflectance peak at 𝜆𝑜 of a DBR-design in
the near-UV for a high 𝑥. However, as a side effect, also the transfer
of the substrate admittance to the surface of incidence is improved,
which adversely affects the overall spectral Bragg reflectance at the
wavelength range of high spectral substrate admittance. The result is
the already mentioned ‘saddle-shaped’ indentation in the 𝐷𝐵𝑅 spec-
trum in the near-UV, which deepens with increasing 𝑥 (see also the
trend from Fig. 5a to 5c). As a consequence the benefit of the improved
optical properties of the N-rich material in the near-𝑈𝑉 part of the
spectrum is reduced. This effect does not appear in the case of a low-
loss substrate, as is demonstrated by our initial work on SiN𝑥 optical
devices on sapphire [43].

A solution is to insert a layer of half a QWOT thickness (𝑡𝑏𝑢𝑓𝑓𝑒𝑟 =
𝑡𝑄𝑊𝑂𝑇 ∕2) in 𝑛𝐿 in between the lower 𝑛𝐻 layer and the Si substrate as
shown in Fig. 9b. Such a half-QWOT layer is known to effectively buffer
the substrate admittance and a to suppress the second-order overall
reflection in the DBR [22]. The result is a sharper overall spectral
reflection with a higher value of the peak reflectance at 𝜆 and an
𝑜
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extended free spectral range, 𝜆𝐹𝑆𝑅. Fig. 9b shows a peak reflectance
𝑅𝐷𝐵𝑅,𝑚𝑎𝑥= 0.936 at 𝜆𝑜= 327 nm and 𝜆𝐹𝑆𝑅= 78 nm. More significantly,
the in-band reflectance of the DBR is relatively smooth and remains
larger than 90% over the spectral range from 306 nm to 347 nm, which
makes this design suitable for fabrication of a LVOF with a coefficient of
Finesse, 𝐹 > 4𝑅(1−𝑅)−2= 360. Therefore, a relatively high value for 𝐹
can be achieved in the buffered DBR over a large spectral range, which
is essential for high spectral selectivity within a relatively large 𝜆𝐹𝑆𝑅
and for a high dynamic range (ratio between the peak transmittance
and the theoretical minimum of the out-of-band transmittance) of an
optical resonator such as the LVOF [22,31].

The design window for optical devices that include layers of stoi-
chiometric SiN𝑥 is demonstrated to be limited to about 450 nm. This is
consistent with literature and has been the reason that SiN𝑥 is generally
not considered for optical design in the near-UV. This work demon-
strates that N-rich SiN𝑥 enables a shift of the lower-wavelength limit of
the design window to about 330 nm wavelength. More precisely, from
Fig. 3b it can be estimated that the range of PECVD settings for a useful
SiN𝑥 should be such that the proportion of silane in the gas flow is
limited to about 𝑅𝑔,𝑚𝑎𝑥= 0.1. A further reduction of 𝑅𝑔 to a value below
0.076 would, in principle, enable to push 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. The limit is, obviously, depending on the specifics
of the equipment used and the acceptable level of uncertainty, but 𝑅𝑔 ∼
0.04 with an operating range down to 300 nm wavelength would be
realistically achievable. However, the index of refraction, 𝑛𝑆𝑖𝑁𝑥 would
also reduce with 𝑥 and as a result the index of refraction contrast of
a DBR section would reduce, as shown in Fig. 3a. As a consequence
the number of 𝑛𝐻 − 𝑛𝐿 sections in the DBR for achieving a challenging
spectral selectivity would become unpractical for realization in a silicon
cleanroom environment.

The assessment of the manufacturability at the wafer level would
require the specification of the variation of the SiN𝑥 optical proper-
ties over the wafer, which is not included in this explorative study.
However, initial observations indicate a repeatability over a wafer of
about 2%, which is in the same order of magnitude as measurement
uncertainties, such as the oblique incidence of the probing light beam
in the measurement set-up used.

Applications considered for future work are in liquid absorption
spectroscopy or biofuel composition measurement [44] and the selec-
tive detection of formaldehyde, with a detailed spectral signature in the
absorption coefficient in the 300–355 nm band, in the presence of NO2,
with a gradual increase in spectral absorption coefficient in the range
from 250 nm up to wavelengths in the visible spectrum, using UV gas
absorption spectroscopy in the 300–360 nm band [45].
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