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Abstract. The increasing demand for small, robust and low-cost gas sensors triggers the
batch fabrication of highly selective and sensitive miniaturized devices. A linear variable optical
filter (LVOF) based microspectrometer enables selectivity in a wide wavelength range, while
maintaining the robustness and low cost. To achieve sensitivity in an LVOF based absorption
spectrometer, a long gas cell is required. In this paper, we propose an on-chip absorption
path that also serves as a gas cell, where the light beam is steered using 45° inclined mirrors.
The fabrication of 45° inclined mirrors is demonstrated and optical efficiency of the system is
analyzed using ray tracing.

1. Introduction

The composition measurement of gases is of great importance in a diverse range of applications,
such as the assessment of indoor air quality [1, 2], atmospheric studies [3, 4] and breath analysis
[5, 6, 7, 8]. The increasing demand for field use provides an incentive for the development of
small, robust and low-cost gas sensors.

Optical absorption spectroscopy offers a promising compromise between nonselective and
low-cost methods such as pellistors, and high-resolution and high-cost methods such as gas
chromatography [9]. An optical absorption based spectrometer is composed of a light source, a
wavelength-selective device, a sample cell and a detector. The light is passed through a sample
and the ratio of absorbed to incident radiation is recorded. The sample is identified by comparing
the acquired spectrum with a database. Thanks to its self-referencing, non-destructive, fast
response and high-selectivity properties, optical absorption spectroscopy stands out among other
gas sensing methods.

The Beer-Lambert Law states that the attenuation of light (i.e. absorbance) passing through a
medium is a linear function of the absorption coefficient and the concentration of the attenuating
species in the medium as well as the optical path length [10]. The absorption coefficient is a
wavelength-dependent intrinsic property of the sample gas. However, the resolving power of
the measurement instrument determines its actual value. The remaining two parameters; the
concentration and the optical path length determine the absorbance for a particular instrument
resolution. Therefore, at a given detector sensitivity, the low concentration of the sample can
be compensated either by a wavelength-selective device with high resolution or a long optical
absorption path.

The integration of a miniaturized light source with the LVOF and the detector array enables
low-cost microspectroscopy. The sensitivity of such a microspectrometer can be enhanced by
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improving the resolution of the filter. However, given the operating principle of the LVOF, a
pixel in the detector array must not be wider than the full-width-half-max (FWHM) of the
filter. In addition to the constraints on the pixel size imposed by the fabrication tolerances, the
inversely proportional relation between the pixel width and the detector sensitivity allows for
only limited improvement in the overall sensor sensitivity.

The second parameter that can be used for improving the sensor sensitivity is the length of the
optical absorption path. External multipass absorption cells such as White cell [11] and Herriott
cell [12] composed of a set of spherical mirrors have been widely used for path length elongation
through multiple reflections. An improved configuration known as the circular multipass cell
allows a star-shaped trajectory of the light beam [13, 14]. Moreover, the multiple reflections in
high-finesse optical cavities can be exploited to elongate the effective optical absorption path
[15, 16]. However, the demanding requirements on the alignment and surface profile of the
mirrors complicates the actual implementation in miniaturized systems.

An on-chip gas cell, where the light beam is propagated along the surface of the wafer allows
for efficient use of space, while improving the sensitivity in wafer-level spectroscopy. Lab-on-
a-chip devices with 45° inclined mirrors to steer the beam along the wafer surface have been
presented in the literature to analyze fluids with high sensitivity using small sample volumes
[17, 18, 19]. However, these devices usually employ a low-cost LED as the light source without
a wavelength-selective device, thereby limiting the selectivity of the sensor. Instead, we propose
a system that is realized by implementing the absorption path and the optics on one wafer and
the light source, the LVOF and the detector array on the other. By bonding these two wafers, a
sample cell to trap the gas inside is created. Therefore, the sensitivity of the sensor is improved
by the on-chip absorption path, while the selectivity is ensured by the wideband operation of the
LVOF at the wafer level. In this paper, the fabrication and the optical efficiency of an on-chip
gas cell with 45° inclined mirrors are investigated.

2. Fabrication

The increasing use of waveguides in integrated optical devices necessitated the fabrication of
45° inclined mirrors for efficient coupling. Several methods can be used to fabricate 45° inclined
mirrors, such as laser ablation [20], soft molding [21], reactive ion etching [22] and microdicing
[23, 24]. Among all these, the method based on photolithography and subsequent wet etching
is the most compatible with MEMS fabrication [25].

The fabrication of 45° inclined mirrors can be achieved by aligning the etch mask with
the < 100 > direction in a (100) wafer and subsequent anisotropic etching with a surfactant
[26, 27, 28]. The mask alignment allows for revealing the {110} planes according to the crystal
orientation, while the surfactant improves surface quality of the mirror [29].

The process flow for the fabrication of 45° inclined mirrors is given in Fig. 1(a)-(d). Initially,
a 300 nm thick SiN is deposited using LPCVD. To be able to use this layer as a mask during wet
etching, a lithography step with 10 mm by 10 mm checker pattern mask is applied. Subsequently,
the SiN on the windows is removed by reactive ion etching, using 65 sccm C,Fy at an etch rate
of approximately 5nm/s. After the removal of the photoresist in oxygen plasma, the wafer is
subjected to wet etching using KOH and TMAH with the surfactant Triton X-100.

The patterned wafer before the wet etching step is shown in Fig. 1(e). The checker pattern
is aligned with the < 100 > direction, which is equivalent to rotating the mask for 45° with
respect to the primary flat. The crystallographic alignment could be further improved compared
to the angular alignment with respect to the primary flat of the wafer by observing pre-etched
test structures [30, 31, 32]. However, this was not required in our experiments.

First, wet etching experiments were performed with TMAH, where a solution of 25% TMAH
+ 200 ppm Triton X-100 at 75°C was used. 45° inclined mirrors were achieved on the {110}
plane at an etch rate of 0.21 pm/min. However, randomly located pyramids were formed on the
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Figure 1. The process flow for the fabrication of 45° inclined mirrors: (a) LPCVD SiN
deposition, (b) patterning the SiN mask, (c) plasma etching of the SiN mask and (d) anisotropic
etching of silicon. (e) The wafer after lithography and development steps with a 10mm by
10 mm checker pattern.

{100} plane as shown in Fig. 2. Since these pyramids are on the light path, they could block
the light and decrease the throughput. Therefore, a second set of experiments were performed
with KOH as the etching agent.

AccV SpotMagn Det WD p——— | 500 m
150kV 20 100x  SE 124 TMAH Etching 45 Degrees

Figure 2. SEM images of 45° inclined mirrors etched (a) 198 um and (b) 262 pm deep using
95% TMAH + 200 ppm Triton X-100 at 75 C.

For KOH etching, a solution with 2 M KOH + 60 ppm Triton X-100 at 90°C is prepared.
KOH etching with the surfactant Triton X-100 resulted in smooth inclined surfaces as shown
in Fig. 3. The etch rate is calculated as 0.10 pm/min. In contrast to the partial blockage in
TMAH etching, the KOH etching resulted in roughness-free {100} planes, thereby allowing a
light path without randomly formed structures.

The surface roughness of the etched mirrors are measured using atomic-force microscopy. The
mirrors are diced along the edges and placed on a 45° inclined wedge to obtain a flat surface for
roughness analysis. The measured root-mean-square (RMS) roughness values are below 15nm,
safely within the optical flatness limit of A/10, even in the UV band of the spectrum.

3. Optical Efficiency Analysis
The power efficiency of a system with 45° inclined mirrors is analyzed using the ray tracing
software, Zemax. The simplified system is composed of a light source, two 45° inclined mirrors
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Figure 3. SEM images of 45° inclined mirrors etched (a, b) 290 pm deep and (c, d) through
the Si wafer using 2 M KOH + 60 ppm Triton X-100 at 90 °C.

with a 10 mm long optical light path in-between and an image plane as shown in Fig. 4. The
light source is implemented as a cylindrical lens to realize a filament-like emitter. The cylindrical
lens is designed as a toroidal surface with infinite radius of rotation. The diameter of the cylinder
is 0.06 mm, while the length is 3mm. The size of the entrance pupil diameter is selected as 3 mm
so that the entire cylindrical lens surface is illuminated. The size of the 45° inclined mirrors
is maximized to demonstrate the best-case efficiency. The largest mirror can be achieved by
through-wafer etching. Therefore, the width of the mirror is selected as 0.74 mm assuming a
standard 4” wafer thickness of 524 pum. The cylindrical lens and the image plane are placed
0.5 mm away from the mirrors.

Geometric image analysis in the sequential mode of Zemax is used for power simulations.
This type of analysis assumes a unit power of 1 W at the initial surface and calculates the
power distribution at every surface based purely on geometrical optics. Power analysis results
for the system with 45° inclined mirrors are given in Fig. 5. Since the cylindrical lens is
the light source in the actual implementation, the power at the image plane is normalized to
the power at the cylindrical lens rather than the entrance pupil. This results in the best-case
power efficiency of 1.1%. However, through-wafer etching, despite maximizing power efficiency,
impairs the robustness of the entire system. Moreover, the stray light that does not follow the
predefined optical path makes the quantitative material identification, which highly depends on
the length of the optical absorption path, unreliable. In addition, the fabrication tolerances
could easily decrease the efficiency below 1.1%, which is undesirable in systems with low-power
wideband emitters. Therefore, an on-chip gas cell with 45° inclined mirrors must be combined
with collimating optics.
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Figure 4. Zemax layout of the design with 45° inclined mirrors.
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Figure 5. Power analysis results of the design with 45° inclined mirrors.

4. Conclusions

The feasibility of an on-chip absorption path with 45° inclined mirrors is investigated in terms
of fabrication and optical efficiency. 45° inclined mirrors are realized by aligning the mask with
the < 100 > direction in a (100) wafer and subsequent anisotropic etching. The surfactant
Triton X-100 is added to the wet etching solution to improve the surface quality of the mirrors.
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Experiments with KOH and TMAH solutions resulted in an RMS surface roughness of less than
15nm, while randomly located pyramids were formed on the {100} plane in TMAH etching.
Optical efficiency of the on-chip absorption path with 45° inclined mirrors is analyzed using ray
tracing in Zemax. The results imply that without collimating and focusing optics, the optical
throughput is 1.1% in the best-case scenario. The fabrication of lenses on the light source and
the LVOF to collimate and focus the light respectively, further complicates the process and puts
an imbalance on the fabrication complexity between the top and the bottom wafers. Therefore,
instead of steering the light beam with 45° inclined mirrors, off-axis parabolic mirrors can be
employed to both steer and collimate or focus the light. Fabrication of such aspherical optical
components have been previously presented in the literature [33, 34]. As a result, by integrating
the wafer with the mirrors and the optical absorption path to the wafer with the light source,
the LVOF and the detector array, a highly sensitive and selective microspectrometer can be built
at the wafer-level.
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