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Abstract— Silicon photonic sensors are promising candidates
for lab-on-a-chip solutions with versatile applications and scal-
able production prospects using complementary metal-oxide
semiconductor (CMOS) fabrication methods. However, the wide-
spread use has been hindered because the sensing area adjoins
optical and electrical components making packaging and sensor
handling challenging. In this work, a local back-side release of the
photonic sensor is employed, enabling a separation of the sensing
area from the rest of the chip. This approach allows preserving
the compatibility of photonic integrated circuits in the front-end
of line and metal interconnects in the back-end of line. The sensor
is based on a micro-ring resonator and is fabricated on wafer-
level using a CMOS technology. We revealed a ring resonator
sensitivity for homogeneous sensing of 106 nm/RIU.

Index Terms— Silicon photonic sensor, silicon photonics, inte-
grated photonics, refractive index sensing, photonic biosensor.

I. INTRODUCTION

S ILICON-based photonic biosensors integrated into a semi-
conductor chip technology can lead to significant advances

in point-of-care applications, food diagnostics, and environ-
mental monitoring through the rapid and precise analysis of
various substances [1]. In recent years, there has been an
increasing interest in sensors based on photonic integrated
circuits (PIC) because they give rise to cost-effective, scalable
and reliable on-chip biosensors for a broad market. The PIC
technology employs typically silicon-on-insulator (SOI) wafer,
which is the most attractive approach from a commercial
point of view since it provides a scalable platform for mass
production using complementary metal-oxide semiconductor
(CMOS) fabrication processes [2].

Manuscript received July 30, 2020; revised August 18, 2020; accepted
August 21, 2020. Date of publication August 24, 2020; date of current version
September 3, 2020. This work was supported in part by the ATTRACT Project
funded by European Council (EC) under Grant 777222 and in part by the
European Regional Development Fund under Grant 10.13039/501100008530.
(Corresponding author: Patrick Steglich.)

Patrick Steglich and Andreas Mai are with the IHP—Leibniz-Institut für
innovative Mikroelektronik, 15236 Frankfurt (Oder), Germany, and also with
the Department of Photonics, Technische Hochschule Wildau, 15745 Wildau,
Germany (e-mail: patrick.steglich@th-wildau.de).

Siegfried Bondarenko is with the Department of Photonics, Technische
Hochschule Wildau, 15745 Wildau, Germany.

Christian Mai is with the IHP—Leibniz-Institut für innovative
Mikroelektronik, 15236 Frankfurt (Oder), Germany.

Martin Paul and Michael G. Weller are with the Federal Institute for
Materials Research and Testing (BAM), 12489 Berlin, Germany.

Color versions of one or more of the figures in this letter are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LPT.2020.3019114

Once the photonic chip is fabricated, it can be used for
homogeneous sensing of refractive index variations or it is
employed for surface sensing by coating the silicon waveguide
with a covalently attached sensing layer. The sensing layer
determines the specific detection and, hence, the application.
This step, however, is independent of the fabrication of the
chip, making the PIC technology based on SOI wafer attrac-
tive for both, science and industry. A further advantage of
PIC-based biosensors is the possibility to realize sensor arrays
using, e.g., an inkjet surface functionalization process [3].
This allows for the detection of several substances in parallel
(multiplexing) [4]. During the last two decades, integrated
photonic sensors have been intensively studied in terms of
sensitivity and reliability [5].

However, the bottle-neck for a transfer from laboratory
to industry is the position of the sensing area, since it
adjoins optical and electronic components. This prohibits cost-
effective packaging and makes the sensor handling impractical.
Current photonic sensors based on PIC technologies are inter-
acting with the analyte from the top side of the photonic chip;
i.e., the sensor element such as a ring resonator is released
by etching through the oxide cladding on top of the SOI
waveguide. Here, the light source, sensor and light detector
are on the same side of the chip. The most severe problems
are the packaging and handling because PIC-based chips are
always millimeter-sized, obstructing the integration of electri-
cal interconnects and microfluidics for high-throughput.

Currently, these problems are tackled by enlarging the chip
size or by using sophisticated microfluidics [6] or packaging
techniques [7]. This dramatically increases costs and prohibits
ease of use for the surface functionalization [8]. Further,
the front-side release makes a monolithic integration of silicon
photonic sensors into a CMOS or SiGe BiCMOS technology
challenging due to the complex material stack of the back-end
of line (see Figure 1). In general, silicon photonic sensors need
to be sealed, connected to pumping peripherals, and often bear
electrical and optical connections [9].

To tackle this general problem, we developed a novel
integration approach to separate the sensing area from the rest
of the chip by releasing the silicon photonic sensor from the
back-side of the chip. For the first time, this gives perspective
to a fully packaged, cost-effective photonic sensor platform
that can be monolithically integrated. As proof-of-principle,
this work aims to demonstrate homogeneous sensing of NaCl
at various concentrations in DI water.
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Fig. 1. Schematic cross-section of a back-side released silicon slot waveguide
with complete back end of line. A local back-side release is used to realize a
trench ranging from the silicon substrate to the silicon device layer. The inset
shows a scanning electron microscope image of a fabricated device.

II. SENSOR INTEGRATION CONCEPT AND FABRICATION

The photonic chip is fabricated in a PIC technology using
200 mm SOI wafer with a 220 nm thick c-Si on top of a 2 μm
buried oxide, as shown in Figure 1. The idea is to shift the
sensor from the crowded and water-sensitive front-side of the
chip to the back-side. This is realized by a local back-side
release, following the work in [10]. In this case, the photonic
sensor is released from the wafer back-side by a dry etch
followed by a wet etch to locally remove the silicon substrate
and the buried oxide, respectively. To protect the back-end
of line against the relatively long etching time and to enable
a back-side integration on wafer-level, the passivation of the
top metal pads is modified following the procedure reported
in [11]. It is worth to mention that the lowest grating coupler
loss of 4 dB was achieved with the fabrication flow using a
standard passivation module, while a 5 dB grating coupler loss
was observed with the adjusted passivation module. For the
local back-side etch (LBE), a planarization of the back-side
and the deposition of Si O2 as hard mask is required. The
hard mask is patterned with DUV lithography and reactive ion
etching, while deep reactive ion etching process is employed
to etch the 760 μm silicon substrate.

To test the viability of the fabricated photonic sensor,
we perform homogeneous sensing experiment to evaluate the
sensitivity. The ring resonator sensitivity for homogeneous
sensing is defined as

SR R = �λres

�n f
, (1)

where �λres refers to the resonance wavelength shift and
�n f to the refractive index change of the fluid. Develop-
ing application-specific sensors is typically a balancing act
between sensitivity and optical losses traded off against each
other within the limitations of the present fabrication flow.
On the one hand, narrowing the line width (FW H M) reduces
the detection limit. This can be achieved by lowering optical

Fig. 2. Schematic top view of the ring resonator with cross-sections of
different waveguides. The local back-side etched (LBE) trench has an area of
1000 μm × 100 μm.

losses within the ring resonator. On the other hand, lower
losses are primary observed through strong confinement inside
the silicon waveguide, which leads to a lower interaction with
the fluid. As a consequence, the ring resonator sensitivity
is reduced at the same time. One strategy to find a trade-
off is the use of a partially slotted ring resonator [12]. This
approach combines a rib waveguide with a slot waveguide.
The slot waveguide exhibits higher optical losses, which are
caused by random line-edge sidewall roughness scattering.
However, its high sensitivity makes it suitable for sensing
applications [13]. Here, we use a rib waveguide and a strip-
loaded slot waveguide, as shown in Figure 2. The ring res-
onator is located in the middle of the LBE area. A racetrack
configuration is used to introduce the slot waveguide within
the straight part of the ring. The silicon strip loads are
necessary to avoid an over etch of the silicon waveguide and
are used as etch stop. The rib waveguide has a width of
500 nm and the slot waveguide has a rail width of 180 nm
and a slot width of 160 nm. Figure 3 shows the optical field
distribution of a back-side released slot and rib waveguide
having the employed waveguide geometries. At a wavelength
of 1550 nm, we have estimated a field confinement factor
inside the fluid region of �

f luid
rib = 0.1 and �

f luid
slot = 0.22

for the rib and slot waveguide, respectively. Figure 3 plots
the relative effective refractive index over the refractive index
of fluid. The relative effective refractive index is defined as
�nef f = ne f f (C) − ne f f (0wt%), where C represents the
concentration of NaCl in DI water. The waveguide sensitivity
can be deduced from the slope of the linear fitting function.
It is revealed that the slot waveguide with thinner strip
loads (50 nm) exhibits the highest waveguide sensitivity of
SW G = 0.323, while the rib waveguide shows no significant
dependence of the waveguide sensitivity on the strip load
height. However, due to fabrication limitations, we used strip
loads with a thickness of 100 nm.

III. RESULTS

Figure 4 shows the observed optical spectrum of the back-
side released micro-ring resonator, measured with a tunable
laser having a wavelength resolution of 5 pm. We inferred
an extinction ratio of E R = 20 dB and a full width at half
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Fig. 3. Optical field distributions in a slot (a) and rib waveguide (b) at
wavelength of 1550 nm. Relative effective refractive index as a function of the
refractive index of the fluid is shown in (c). NaCl in DI water was considered
as fluid having different concentrations, as indicated in the graph.

Fig. 4. Optical spectrum of the back-side released micro-ring resonator.

maximum of FW H M = 0.55 nm (Q = λ/FW H M ≈
2800) from this figure. The sample is fixed on a hot plate
in this experiment, and by tuning the temperature, we have
revealed a temperature sensitivity of ST = 92 pm/K, which is
comparable with a similar ring resonator that has been opened
from the top [14]. The experimental results of this experiment
are shown in Figure 5.

As proof of principle, we have performed homogeneous
sensing experiments with different concentrations of NaCl
in DI water. For this experiment, we employed a super
luminescence diode and an optical spectrum analyzer with a
wavelength resolution of 30 pm, while the photonic chip is
fixed on a 3D-printed sample holder with a fluid reservoir.
The grating coupler is TE-polarization selective and were
used in order to couple the light from a single-mode fiber
into the chip. TE-mode operation is achieved by maximizing
the output signal through a paddle-style fiber polarization

Fig. 5. Relative peak shift as function of the temperature. The slope of the
linear fit function equates the temperature sensetivity.

Fig. 6. Resonance wavelength shift as function of the refractive index of the
fluid. The concentration of NaCl in DI water is indicated at each measurement
point. The slope of the linear fit gives the ring resonator sensitivity.

controller. Liquids with a different weight percentage of NaCl
ranging from 0wt% to 3wt% were dropped onto the silicon
photonic sensor using a pipette. The refractive index n f

of the NaCl solved in DI water at different concentrations
C(wt%) and at a wavelength of 1550 nm can be calculated
by n f (wt%) = 1.3105 + 0.17151 × C(wt%)/100 [15], [16].
For the selected concentrations from 0wt% to 3wt% the
refractive index of the solution hence ranges from 1.3105 to
1.3157. We used the same ring resonator for all measurements.
After each measurement, the chip was carefully cleaned and
dried. To characterize the homogeneous sensing, we plotted
the resonance wavelength as a function of the refractive index
of the fluid (NaCl in DI water) in Figure 6. Through a
linear regression, we have deduced a ring resonator sensitivity
of SR R = 106 nm/RIU, which is comparable with values
reported for similar micro-ring resonators released from the
front-side [12].

IV. DISCUSSION

The presented results in terms of thermal sensitivity and
homogeneous sensing demonstrate that the back-side released
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sensor shows similar performance as a sensor that is released
from the top, confirming the viability of the proposed sensor
integration concept. The current ring resonator sensitivity
can be further increased by using an optimized waveguide
structure. The present slot waveguide was optimized for a
strip load height of 50 nm (see Figure 3). However, we used
a strip load height of 100 nm since the local back-side etch
has partly damaged the 50 nm strip loads due to cracks
induced by stress. Besides that, advanced waveguide struc-
tures such as subwavelength grating waveguides give per-
spective to further increase the sensitivity [17]. For example,
Luan et al. have demonstrated a sub-wavelength multibox
waveguide microring resonator with a homogeneous sensitivity
of 579.5 nm/RIU [18].

However, the proposed local back-side release photonic
sensor platform opens a new route towards high-throughput
packaging because the optical and electrical interconnects
are on the same side of the chip, while the fluidic can be
easily introduced from the opposite side. Moreover, it allows
a monolithic integration of photonic sensors, optoelectronic as
well as electronic components on the same chip because the
back-end of line is completely accessible.

V. CONCLUSION

For the first time, we have presented an approach to fully
integrate silicon photonic sensors in a PIC technology, having
a complete back-end of line. A local back-side etch process
is employed to release the photonic sensor from the back-
side of a 200 mm SOI wafer. As proof of principle, refractive
index sensing (homogeneous sensing) was demonstrated using
a partially slotted ring resonator. A ring resonator sensitivity
of SR R = 106 nm/RIU is revealed, which is similar to values
observed with front-side released sensors having a comparable
resonator geometry. The CMOS-compatibility and the possi-
bility to use the complete back-end of line to connect photonic
sensor elements with electronic devices on the same chip as
well as the separation of the photonic sensor from optical and
electrical connections make the back-side integration concept
attractive for future sensor systems.
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