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We propose and demonstrate an ultrasensitive integrated photonic current sensor that incorporates a silicon-
based single-mode-multimode-single-mode waveguide (SMSW) structure. This kind of SMSW structure is
placed over a direct current carrying power resistor, which produces Joule’s heat to change the temperature
of the SMSW and further results in the change of the effective refractive index between different propagating
modes. Interference occurs when the modes recombine at the second single mode waveguide. Finally, the current
variation is measured by monitoring the shift in the output spectrum of the multimode interferometer. In low
current, the wavelength shift has almost linear dependence: Δλ ∝ I c. This effect can be used as a current sensor
with a slope efficiency of 4.24 nm/A in the range of 0–200 mA.
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Optical current sensors have been widely discussed since
the 1970s. Compared with the traditional electromagnetic
induction current transformers, optical current sensors
have many great advantages, such as inherent insulation,
immunity to electromagnetic interference, wide dynamic
range, safety, small size, and are light weight[1–3]. Gener-
ally, the conventional optical current sensors are based
on Ampere’s Law and the Faraday Effect; the current con-
ductor placed in the vicinity of the sensing fiber generates
a magnetic field, which rotates the polarization state of
the two circularly polarized light beams passing through
the sensing fiber coil. The sensitivity of the sensor is
proportional to the circle number of the fiber coil and the
Verdet constant of the sensing fiber. Usually, the Verdet
constant of silica fiber is fairly small. Thus, to enhance the
sensitivity of the sensor one needs multiple circles coiled,
which induce a long piece of fiber[4,5]. However, the usage of
long fiber induces a lateral variation in the transverse
stress and produces undesirable thermally dependent bi-
refringence, which may easily affect the state of polariza-
tion and affect the measurement results. Recently, many
current sensors have been proposed based on the idea of
measuring the thermally induced resonant wavelength
shift induced by the heat dissipated by the flow of the elec-
tric current in a power resistor that touches the micro wire
and micro Mach–Zehnder interferometer (MMZI)[6–10].
These sensors have the advantage of compact structure
and easy integration with the fiber system; however, han-
dling of the fiber micro wire or the tapered fibers involves
complexities that result in a poor repeatability of such
sensors.
Compared to the fiber sensors mentioned above, silicon

photonic devices have drawn great interest from many
researchers due to their remarkable advantages, like

ultra-small dimensions, a flexible integration with conven-
tional electronic integrated circuits, high sensitivity, and
simple design[11–13]. A great number of integrated optical
sensors based on silicon planar waveguides has been
investigated in different sensing platforms, such as micror-
ing resonators[14–16], interferometers[17–19], and photonic
crystals[20–22]. In this Letter, we proposed and demon-
strated an ultrasensitive integrated photonic current sen-
sor based on the principle of multimode interference. The
multimode interferometer is simply a silicon-based single-
mode-multimode-single-mode waveguide (SMSW) struc-
ture. The whole SMSW structure is placed over a direct
current carrying power resistor, which produces Joule’s
heat and changes the surrounding temperature. The effec-
tive refractive index of the two modes changes with tem-
perature and finally results in the shift of the output
spectrum of the multimode interferometer. Our experi-
ment shows that the slope efficiency of the sensor is
4.24 nm/A in the range of 0–200 mA.

The schematic structure of the proposed current sensor
is shown in Fig. 1. The light from a broadband amplified
spontaneous emission (ASE) source with a center wave-
length of 1.55 μm, is butt-coupled into and out of the
SMSW by the lensed fiber; the loss and spectral response
of the interferometer is monitored by an optical spectrum
analyzer (OSA) that is connected to the output end of
the system. A polarization controller is used to adjust the
polarization state of the input light. Figure 2(a) shows
the SMSW structure, which is fabricated on silicon-on-
insulator (SOI) by the CMOS compatible process in the
silicon photonics platform of the Institute of Microelec-
tronics (IME) in Singapore[23]. The designed multimode
waveguide has a height of 220 nm, a width of 740 nm,
and a length of L ¼ 2.06 mm to support two eigenmodes;
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two single mode channel waveguides with a cross section
of 220 nm × 450 nm are designed on both ends of the mul-
timode waveguide, as shown in Fig. 2(a). One is used to
maximally motivate the first-order mode by a lateral dis-
placement offset of 740/4 nm; the other one with the same
offset is used to couple the two modes. The buried oxide
thickness is about 3 μm. The scanning electronic micros-
copy (SEM) photograph of the fabricated SMSW is shown
in Fig. 2(b). The simulated images of the two eigenmodes,
namely the TE0 mode and the TE1 mode, at the cross sec-
tion of the multimode waveguide are shown in Fig. 2(c).
The TE0 mode and the TE1 mode propagate with different
propagation constants through the multimode waveguide;
interference occurs when the two modes recombine at the
second single-mode waveguide. The transfer function of
the SMSW structure can be expressed as

I ¼ I 0

�
1þ cos

�
2πL
λ

Δneff 0
��

; (1)

where Δneff 0 ¼ neff0 − neff1, neff0 and neff1 are the effec-
tive refractive index of the TE0 mode and TE1 mode, re-
spectively, L is the length of the multimode waveguide, I is
the intensity of the interference signal, and I 0 is the inten-
sity of the ASE. As the current flows through the power
resistor placed under the SMSW (see Fig. 1), it dissipates
heat, which increases the temperature of the waveguide
and finally results in the change of the refractive index
of Si due to its high thermo-optic coefficient. The refrac-
tive index change in crystalline silicon between room tem-
perature and 550 K at the wavelength of 1523 nm is[24]

∂n
∂T

¼ 9.48 × 10−5 þ 3.47 × 10−7 × T

− 1.49 × 10−10 × T2: (2)

As the refractive index of Si changes, the effective re-
fractive index of each of the two eigenmodes will change.
The difference in the effective refractive index of the two
modes can be rewritten as Δneff 1 ¼ ðneff0 þ Δneff0Þ−
ðneff1 þ Δneff1Þ when the current flows through the power
resistor, Δneff0 and Δneff1 denote the effective refractive
index change of the two modes that is calculated by the
beam propagation method (BPM) and shown in Fig. 3
with black and red lines. We can see that the effective re-
fractive index of the TE1 mode changes more than the TE0

mode with the change of temperature, which leads to the
spectral shift of the multimode interferometer. Based on
the linear relationship between the temperature change
and heat energy generated by the conducting current, the
results of the change in wavelength with respect to the
current/temperature are[25]

Δλ
λ

∝
ρI 2c
A

; (3)

where ρ and A represent the conductor resistivity and the
cross-sectional area of the power resistor, respectively, and

Fig. 1. Schematic of experiment setup for the proposed current
sensor. PC: polarization controller.

Fig. 2. (a) Schematic diagram of the butt-coupling and the de-
signed SMSW for mode motivation using the on-chip offset
launch technique. (b) The SEM photograph of the fabricated sil-
icon-based SMSW. (c) Simulated images of the two eigenmodes.

Fig. 3. Effective refractive index change of the two modes with
the change of temperature, Δneff0 for TE0 mode and Δneff1 for
TE1 mode.
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I c is the current. From Eq. (3), we can see that the wave-
length shift changes linearly with the square of the cur-
rent. However, in the case of low current sensing, there
exists a good linear relationship between the current
and the wavelength shift, which can be seen in Ref. [26]
and will be experimentally verified in this Letter.
In the experiment, a constant current source (KEUTH-

LEY 2400) is used as the DC power supplier. When we are
measuring the current value, 10 s settling time is given in
order to get a stable wavelength shift before the spectrum
is recorded. Compared with the environmental tempera-
ture variation speed, this is a short time. Therefore the
environmental temperature can be regarded as a constant.
Figure 4 shows the experiment result of the changes in the
interference fringe spectrum of the proposed sensor in re-
sponse to the change of the flowing current in the power
resistor. As we can see, the fringe resonant wavelength
shifts to the longer wavelength with the increase of the
current. The intensity variation may be due to the pres-
ence of other modes, the presence of a coupling with the
TM mode, or diffusion[27]. Figure 5 shows the wavelength
shift versus the current in the range of 0–200 mA. It can be
observed that a linear trend line with a correlation coef-
ficient value of r > 0.998 can be fitted to the experimental
data, which validates the linear relationship between the
current and the wavelength shift when the current is low,
as mentioned above. The experiment results also indicate
a sensitivity of 4.24 nm/A for our proposed sensor in
the measurement range, which is higher than previous
reports[7,26]. We have nine groups of devices that were mea-
sured and each device was measured five times. The test
results are quite repeatable.
The large thermo-optic coefficient of silicon leads to a

huge effective refractive index change in the propagation
modes when current is flowing through the power resistor;
this is the reason for the ultrasensitivity property of our
sensor. On the other hand, though the current sensor
we proposed achieves excellent performance in the test
range of 0–200 mA, the measuring range of the sensor
is limited by the relatively small (about 1.5 nm) free spec-
tral range (FSR) of the SMSW. To solve the problem of

the limited measuring range, silicon-based structures that
have a large FSR, such as a microring or Mach–Zehnder
interferometer, can be employed.

In conclusion, we propose and fabricate an ultrasensi-
tive integrated photonic current sensor based on the prin-
ciple of multimode interference. The current flowing
through the power resistor under the silicon-based SMSW
structure changes the effective refractive index of the two
modes propagating in the SMSW, which results in the
shift of the output spectrum of the multimode interferom-
eter. The sensitivity of the sensor is 4.24 nm/A in the mea-
surement range of 0–200 mA, which is much higher than
that of those previously reported with optical current
sensing methods. Meanwhile, a footprint of 3000 μm×
0.74 μm make the device more compact[7,26]. This sensor
can be applied in areas such as electromagnetic pulse de-
tection[28] and integrated optoelectronic interconnects[29].
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