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We present fabrication and measurement results of deeply etched InP/InGaAsP waveguide
phase shifters. The switching voltages (Vπ) of a 2 mm long phase shifter are 4.2V for TE
polarization and 5.2V for TM polarization. The transmission loss of the 2 µm wide deeply
etched phase shifters is about 7 dB/cm for both polarizations. The phase shifters showed
very low dark current, on average less than 350 nA at -15 V for the waveguides with less
than 2 µm width. At higher voltages the dark current of the deeply etched phase shifters
is even lower than that of shallowly etched shifters fabrated from the same wafer.

Introduction
In the last decades, phase shifters based on the electro-optic effects have been heavily in-
vestigated. In these devices, different waveguide geometries, shallowly or deeply etched,
have been used for various reasons. The shallowly etched waveguide phase shifter was
prefered because of the lower transmission loss, and lower dark current at low reverse bias
voltage. The deeply etched waveguide phase shifter was used because of the lower ca-
pacitance and lower RF transmission loss[1] and smaller bending radius[2]. In this paper,
deeply etched narrow waveguide phase shifters based on a P-n-n-N InP/InGaAsP struc-
ture, ranging in width from 1µm to 3.2µm, have been fabricated and characterized, and
the measurement results show very efficient phase shifting, up to 21◦/(V ·mm) for TE and
17◦/(V ·mm) for TM, comparable with the shallowly etched phase shifters. The switch-
ing efficiency will not change when the waveguide is wider than 2µm, and decreases when
the waveguide gets narrower than 2µm for TE polarization. The transmission loss of a
2µm wide waveguide phase shifter is about 7 dB/cm for both TE and TM polarization.
The efficiency-loss ratio, 30◦/(V ·dB), is much higher than that for the one claiming to
be the most efficient phase shifter to date[3], which is deeply etched as well but with 3µm
width, 7.7◦/(V ·dB). Furthermore, these deeply etched waveguide phase shifters showed
very low dark current, less then 350 nA at−15 V, which is even better than the shallowly
etched waveguide phase shifters fabricated at the same time with the same material.

Fabrication and characterization
The phase shifters are based on the layer stack shown in table 1. The film layer is
500 nm to ensure single mode operation in the transverse direction, and it is n-doped with
6× 1016/cm3. Above the film, the InP cladding layer was also n-doped with the same
level based on a trade-off between transmission loss and switching efficiency. During
the growth, p-dopant Zinc (Zn) will diffuse from the p-InP into the n-InP cladding layer,
which will relocate the pn-junction closer to the film, and result in higher free carrier
absorption. The diffusion depth is dependent on the doping level of the n-InP cladding
layer[4, 5, 6]. By increasing the level of doping of the n-InP cladding, the pn-junction will
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P-InGaAs 1.5×1019/cm3 300 nm

p-InP 5×1017/cm3 1300 nm

n-InP cladding 6×1016/cm3 200 nm

n-InGaAsP 6×1016/cm3 500 nm

N-InP Substrate Substrate
Table 1: Layer stack of the waveguide phase shifters.

be located more above the film, and consequently, the transmission loss will be reduced.
On the other hand, if the pn-junction is closer to the film, the depletion region, where the
electric field is highest, will overlap more with the optical field, so that the switching effi-
ciency will increase. Based on our simulations, the thickness of the n-InP cladding layer
was chosen to be 200 nm to minimize the waveguide transmission loss, while keeping a
relatively high efficiency. The thickness of p-InP was 1300 nm so that the highly absorb-
ing InGaAs contact layer is sufficiently far from the light to prevent additional absorption.

The deeply etched waveguide phase shifters range

Film Q1.25

n-InP cladding

Polyimide

Ti/Pt/Au

Figure 1: SEM image of a 2µm wide
deeply etched waveguide phase shifter.

in width from 1µm to 3.2µm, and five identical
waveguide phase shifters for each width have been
designed next to each other. The material was
grown on an N-type InP substrate by low pres-
sure metal-organic-vapor-phase epitaxy (MOVPE)
at 625◦C. All the phase shifters were etched
through the film layer by reactive ion etching (fig-
ure 1). Polyimide was spun for passivation and pla-
narization. To obtain good passivation, the poly-
imide has been baked up to 300◦C for one hour in
the vaccum oven. From figure 1, we can see that the

polyimide adheres very well to the waveguide side wall, and the waveguide width devia-
tion during the fabrication is within±0.1µm. After etching back the polyimide, a 300 nm
Ti/Pt/Au metal was evaporated on the p-InGaAs contact layer to form the p-electrodes on
the top of the waveguides and the same metalization was provided on the n-InP sample
backside. Finally, we cleaved 2 mm long devices for characterisation.

The dark currents of deeply and shallowly etched phase shifters, fabricated from the same
material, are shown in fig. 2(left). Both shallowly etched and deeply etched phase shifters
have very low dark current at low reverse bias voltage, which indicates the good sur-
face passivation of the polyimide. Surprisingly, at higher reverse bias the deeply etched
phase shifters showed lower dark currents than the shallowly etched shifters. We believe
that this is due to the surface leakage current that increases more rapidly than the bulk
dark current[7], mostly for the shallowly etched phase shifters, which have much larger
exposed surface area than the deeply etched phase shifters.

In addition, we see two different trends in fig. 2(left): at higher reverse bias voltage,
the dark currents of the shallowly etched phase shifters decrease with waveguide width,
while the dark currents of the deeply etched phase shifters increase with width (see also
fig. 2(right)). We attribute this to the surface leakage current as well. The narrower shal-
lowly etched phase shifters have more surface exposed to the electrical field than the wider
shallowly etched phase shifters, thus they have more surface leakage current. However,
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Figure 2: (left) Measured dark currents for deeply etched and shallowly etched phase shifters for
different waveguide width. (right) Measured dark currents for deeply etched phase shifter dark
currents for different waveguide width.
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Figure 3: Phase shift as a function of the re-
versely biased voltage for 2µm wide, 2 mm
long deeply etched waveguide phase shifter.

Figure 4: Average switching voltage of five
identical 2 mm long deeply etched phase
shifters at each width.

the deeply etched phase shifters have the same surface area for all the widths. The dif-
ference in the dark current for the deeply etched phase shifters comes from the bulk dark
current, which is proportional to the crosssection of the depletion region[8].

To measure the phase shifting efficiency of these deeply etched phase shifters, an erbium
doped fiber amplifier (EDFA) was used as a broadband light source. The light was coupled
into the waveguide via a microscope objective. Due to reflections at the two cleaved
facets, Fabry-Perot fringes will be added to the transmission spectrum. When applying
a voltage over the contacts on the waveguides, the fringes will shift according to the
phase change in the waveguide. The recorded phase change for 2 mm long, 2µm wide
waveguide phase shifters as a function of the voltage is shown in fig. 3, which shows
that the switching efficiency is about 21◦/(V ·mm) for TE and 17◦/(V ·mm) for TM.
The measured switching voltages (Vπ) for the waveguides with different widths are given
in fig. 4, and the measurement has been done for all five waveguide phase shifters for
each width. The switching voltage will slightly increase for TE polarization when the
waveguide width decreases below 2µm width, due to the reducing overlap of the optical
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field and the electrical field. However, for TM polarization, it seems that designed 1.4µm
width is the optimum for the overlap of the optical field and the electrical field.

Conclusions
In this paper, the design, fabrication and characterisation of a number of efficient deeply
etched narrow waveguide phase shifters was presented. The phase shifting efficiency is
measured to be about 21◦/(V ·mm) for TE and 17◦/(V ·mm) for TM for a phase shifter
width of more than 2µm. The good polyimide passivation makes it possible for these
phase shifter to work at voltages below−15 V with less than 350 nA dark current.

This work is partly funded by the Dutch National Broadband Photonics Access project.
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