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Abstract: This paper presents the results of the development of a technology for manufacturing
electro-optical Mach–Zehnder modulators based on InP. The key features of the technology are the use
of one SiNx double-patterned dielectric mask with two sequential inductively coupled plasma (ICP)
etchings of the heterostructure for the simultaneous formation of active and passive sections of the
modulator’s optical waveguides. This prevents misalignment errors at the borders. The planarization
of the wafer surface was performed using photosensitive benzocyclobutene (BCB) films in a combined
scheme. Windows in the BCB film to the bottom ohmic contact and at the die boundaries were
formed by lithography, and then the excess thickness of the BCB film was removed by ICP etching
until the p-InGaAs contact regions of the p-i-n heterostructure were exposed. The deposition and
annealing of the top ohmic contact Ti/Pt/Au (50/25/400 nm) to p-InGaAs was carried out after the
surface planarization, with the absence of both deformation and cracking of the planarizing film.
A new approach to the division of the wafers into single dies is presented in this paper. The division
was carried out in two stages: first, grooves were formed by dicing or deep wet etching, and then
cleaving was performed along the formed grooves. The advantages of these techniques are that it
allows the edges of the waveguides at the optical input/outputs to be formed and the antireflection
coating to be deposited simultaneously on all dies on the wafer, before it is divided.
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1. Introduction

Microwave photonic microcircuits are widely used in applications such as recognition and sensing,
optical signal processing, biophotonics, telecommunication networks, and high-speed computing.
One of the main drivers for the development of microwave photonics is the telecommunications
market. The rapid global spread of wearable devices with wireless Internet access, in addition to the
development and implementation of 4G and 5G mobile networks, expansion of video hosting systems,
and the Internet of Things (IoT), are exponentially increasing network traffic [1,2]. The transfer between
users of an increasing volume of data, which is uploaded and downloaded on remote servers in data
centers, is the main primary source of load on fiber-optic telecommunication lines.

The equipment of dense wavelength division multiplexing (DWDM) communication systems
is used to provide the bandwidth of the communication lines. The development of this equipment
requires a corresponding component base. An electro-optical Mach–Zehnder modulator (MZM) is one
of the key elements in microwave photonics. In the development of integrated optoelectronic devices,
InP is one of the basic materials that makes it possible to create both active and passive elements [3].

Symmetry 2020, 12, 2015; doi:10.3390/sym12122015 www.mdpi.com/journal/symmetry

http://www.mdpi.com/journal/symmetry
http://www.mdpi.com
https://orcid.org/0000-0001-7803-2086
http://www.mdpi.com/2073-8994/12/12/2015?type=check_update&version=1
http://dx.doi.org/10.3390/sym12122015
http://www.mdpi.com/journal/symmetry


Symmetry 2020, 12, 2015 2 of 10

In general, the InP-based MZM manufacturing process includes the following technological
blocks: formation of optical waveguides, mesa isolation (optional), p- and n-ohmic contacts,
surface planarization (optional), interconnections, dividing a semiconductor wafer into single dies,
and deposition of an antireflection (AR) coating on the ends of the dies. Many research groups
have developed their own manufacturing processes for InP-based MZMs [4–18], and a number
of manufacturers have industrialized the production of InP-based MZMs [4–6,12]. Nevertheless,
development and optimization of the manufacturing technology of these devices continues.

The technological process presented by the Cobra research institute uses n+ InP wafers with
a p-i-n heterostructure formed on their surface [4,5]. The formation of waveguide structures is
performed using a combination of wet and dry etching methods. The top highly doped p-layer of the
heterostructure is removed to form an isolation between the active elements. The surface planarization
of the wafers in the process is performed using polyimide films. Openings in the polyimide to the
underlying elements are performed by dry etching using a mask formed by lithography. Interconnect
metallization is formed by plating of a thick gold film. Formation of an ohmic contact to the n-region is
performed to the back side of the wafer, after its thinning. Cleaving is used to divide the wafer into
single dies. After that, an AR coating is deposited on the ends of the die. Oclaro utilized a similar
process [4]. The technology developed at the Fraunhofer Heinrich Hertz institute uses semi-insulating
InP substrates with a heterostructure formed on their surface [4,6]. This makes it possible to expand the
bandwidth of devices by reducing the parasitic capacitances between the substrate and interconnect
metallization. In addition, both ohmic contacts to the n- and p-regions are formed on the front side of
the die. As a result, there is no need to form the back side. The technology includes the formation of
spot-size converters (SSC), which allows to reduce the optical insertion loss.

In research from Larry Coldren’s group from UC Santa Barbara [7,8], the formation of waveguides
using dry etching methods was followed by polishing the waveguide surface using wet etching
to reduce losses in the optical waveguides. Selective wet etching of the p+ InGaAs cap layer and
implantation of protons were performed to form electrical isolation between the devices. Photosensitive
benzocyclobutene (BCB) films were used to reduce the parasitic capacitance of the contact pads and
to planarize the surface when forming the p-ohmic contacts. The deposition and annealing of the
Ti/Pt/Au p-contact was carried out after patterning the BCB film.

In other papers [9,10,16], the technological processes for InP-based MZMs using planarization of
the die surface with a BCB film are presented. Openings in the BCB to the underlying elements are
performed by dry etching. In [11], a semiconductor optical amplifier, in which the output edge of the
die is formed by dry etching, is presented. This allows more precise control of the waveguide length
and the formation of an AR coating on the wafer before cleaving.

The aim of this work is to develop a technology for manufacturing an electro-optical Mach–Zehnder
modulator (MZM) based on InP, and to manufacture test samples of these modulators using the
developed technology.

2. Materials and Methods

Semi-insulating, 3-inch InP wafers with an InP/InGaAsP p-i-n heterostructure formed on their
surface were used in this work. A p-InGaAs cap layer with a doping level of 2·1019 cm−3 was formed
over the p-i-n heterostructure layers to form an ohmic contact. The modulator elements were formed
using the methods of contact and projection photolithography.

The elements of the optical waveguides were formed by inductively coupled plasma (ICP) etching
using a Cl2/Ar/N2 (10/20/20 sccm) gas mixture. In the etching recipe, the ICP and RF power values
were 700 and 100 W, respectively, and the pressure during the process was 15 mTorr. The etching of the
heterostructure layers was carried out through a single layer SiNx mask. The SiNx film of the required
thickness was deposited onto the surface of the wafers using the PECVD method. The topology elements
in the dielectric film were formed by RIE in SF6-based plasma using a single-layer photoresist mask.
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Ohmic contacts to the p-InGaAs and n-InP layers of the heterostructure were formed by e-beam
evaporation based on Ti/Pt/Au (50/25/400 nm) and Ni/Ge/Au (10/30/200 nm) metallization, respectively.
The ohmic contacts were annealed on a hotplate in an inert atmosphere.

The relief planarization on the wafer surface was performed using a photosensitive benzocyclobutene
(BCB) film. After hard baking, removal of excess BCB film thickness was performed using ICP etching
in plasma based on an SF6/O2 gas mixture.

Thin film NiCr resistors were formed by the e-beam evaporation method. Interconnect metallization
was formed by electroplating of an Au film with a thickness of 3 µm. A two-layer Ti/Au (30/80 nm)
composition obtained by e-beam evaporation was used as the seed layer. A SiNx film was used as an
antireflection coating.

The division of wafers into single dies was carried out in two stages. First, the formation of
grooves at the boundaries of the dies was carried out by dicing or deep wet etching. Then, cleaving was
performed along the formed grooves. Deep wet etching of semi-insulating InP was performed using a
water solution of HCl (1:3) through a single-layer photoresist mask.

The methods of optical and scanning electron microscopy were used to obtain microscopic images.

3. Results and Discussion

3.1. Process Development

The manufacturing process of the InP-based MZMs requires the formation of waveguide structures
with a high aspect ratio and smooth surface, and the width of the formed elements can be 1.5 µm
or less. In this process, plasma etching is used. Taking into account the available technological
possibilities, the method of reactive ion etching in inductively coupled plasma (ICP) in a chlorine-based
gas mixture was chosen. Nitrogen was introduced into the gas mixture to prevent lateral undercut of
the heterostructure. Etching of InP in a chlorine-containing plasma requires significant heating due to
the formation of InCl3, which has low volatility at room temperature [19–21]. Preliminary work showed
that photoresist masks either do not possess the required thermal stability, or they are crosslinked so
that their subsequent removal becomes difficult. Therefore, it was decided to use a SiNx dielectric mask.

It is necessary to form p-i-n diodes to handle the phase of the optical wave in the arms of the
modulator. A thin film composition of Ti/Pt/Au (50/25/400 nm) was used as the top ohmic contact to the
p-InGaAs layer; the bottom ohmic contact to n-InP was formed on the basis of Ni/Ge/Au (10/30/200 nm).
When developing a manufacturing process, the question arises, in what order should the formation of
the ohmic contacts be carried out? Figure 1 shows two manufacturing processes for the formation of
the p-i-n diodes. In the first case (Figure 1a), the top narrow p-contacts are formed first. The main
advantage of this approach is the placement of ohmic contacts before the formation of the relief of the
optical waveguides, which simplifies the lithography of the p-contacts. The width of the top ohmic
contacts in this case is limited by the width of the optical waveguides and the required misalignment
tolerances (depending on the lithographic equipment used). An additional limitation on the width
is introduced by the probability of etching the Ti layer in the Ti/Pt/Au ohmic contact during etching
of the heterostructure in chlorine-based plasma. This can lead to an increase in resistance or peeling
of the ohmic contact. Therefore, the ohmic contact must be made narrower than the SiNx mask so
that the dielectric completely covers the ohmic metallization. It should also be taken into account that
the Ti/Pt/Au ohmic contact has a lower annealing temperature of 300–350 ◦C [22,23], versus 410 ◦C,
which was determined as optimal for Ni/Ge/Au (10/30/200 nm) metallization. This can lead to an
increase in the resistance of the top ohmic contacts and a decline in the parameters of the modulator.
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Figure 1. Formation of p-i-n diodes in the modulator: (a) first, the upper p-contact; (b) first, the bottom
n-contact with the planarization.

Figure 1b shows the second manufacturing process for the formation of p-i-n diodes. The transfer
of the formation of the top ohmic contacts to the end of the manufacturing process simplifies
the formation of optical waveguides because the restrictions discussed above do not apply here.
In addition, the formation of the first bottom contact solves the problem of incompatibility of the
annealing temperatures of the ohmic contacts. However, due to the high relief, it becomes difficult
to perform lithography for the formation of narrow top ohmic contacts. First, the surface must be
planarized, for which films of polyimide, BCB, polybenzoxazole (PBO), etc., can be used. An additional
condition is that the planarizing film must withstand the annealing temperature of the Ti/Pt/Au ohmic
contact without deformations. After hard baking, the glass transition temperature for BCB exceeds
350 ◦C [24]. Furthermore, if it is possible to use the annealing temperature of the ohmic contact below
350 ◦C, BCB can be a candidate for surface planarization. Here it is also necessary to add a tolerance
for the misalignment of the top ohmic contact with the optical waveguide. However, the tolerance can
be set in the direction of increasing the width of the ohmic contact, which helps to reduce its resistance.

Another issue that needs to be addressed is the means of dividing a semiconductor wafer into
single dies. In the manufacturing process of InP-based MZMs, the division of wafers is usually carried
out by the cleaving method. Then, to reduce losses, an AR coating film is deposited on the die sides.
The disadvantage of this approach is the need for deposition coating on single dies (or die blocks).
Another method is to form the sides of the input/output waveguides directly on the wafer at the stage
of etching the waveguides. This allows the AR coating to be deposited simultaneously on all chips of
the wafer, before dividing it. In this case, lithographic methods remain available to restrict the areas
of the AR- coating. Combinations of dicing, scribing, or deep wet etching methods, followed by the
cleaving method, can be used to divide the wafer into single dies.

Taking into account the above stated theses, a manufacturing process was developed that consisted
of the following sequence of technological blocks (Figure 2):

1. formation of the SiNx dielectric mask for waveguide etching;
2. ICP etching of the p-layers of the heterostructure through the SiNx mask;
3. removing the SiNx dielectric mask from the passive elements of the electro-optical path;
4. ICP etching of the p- and i-layers of the heterostructure through the SiNx mask;
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5. formation of the SiNx dielectric mask for the formation of mesa isolation;
6. ICP etching of the i- and n-layers of the heterostructure for the formation of mesa isolation and

the edges of the waveguides at the optical input/outputs of the die;
7. formation of the Ni/Ge/Au ohmic contact to the n-InP layer of the heterostructure;
8. SiNx film deposition;
9. surface planarization with BCB film;
10. formation of the Ti/Pt/Au ohmic contact with the p-InGaAs layer of the heterostructure;
11. formation of the NiCr thin film resistors;
12. formation of the AR coating film (SiNx) on the sides of the modulator dies;
13. formation of the Ti/Au interconnect metallization;
14. formation of grooves along the boundaries of the dies (on a part of the wafer thickness);
15. final die division by cleaving.
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Figure 2. Manufacturing process of the InP-based Mach–Zehnder modulator (MZM).

3.2. MZM Fabrication

For optimization of the manufacturing process, test samples of the InP-based MZMs were
fabricated. At the first stage, the optical waveguide elements of the modulator were fabricated using
three sequential ICP etching processes through dielectric masks. Figure 3 shows microscopic images of
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the waveguide elements of the modulator after the stage of forming the mesa isolation. The elements
had an approximately rectangular profile and a smooth surface morphology. Formation of active
and passive sections of the optical waveguides on the SiNx mask prevents misalignment errors at the
borders (Figure 3a).Symmetry 2020, 12, x FOR PEER REVIEW 6 of 10 
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Figure 3. SEM images of the electro-optical path elements of the InP-based MZM: (a) a fragment of the
phase-shifting section; (b) Y-splitter; (c) MMI-combiner.

Furthermore, the bottom ohmic contacts of the p-i-n diodes were formed on the wafer. After annealing
Ni/Ge/Au (10/30/200 nm) on a hotplate at a temperature of 410 ◦C for 2 min, the specific contact
resistance of the ohmic contact was 1.2 × 10−6 Ohm·cm2.

Figure 4 shows images of the wafer and fragment of the wafer surface in the region of the p-i-n
diodes after planarization with the BCB film. After etching in SF6/O2 plasma, the BCB film had a
smooth surface morphology. The difference in thickness of the film over the 3-inch wafer did not
exceed 0.2 um. Figure 4b shows the opened areas of the p-i-n diodes, whereas the remainder of the die
surface was under the BCB film. This shows a good level of surface planarization.
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(b) after planarization with BCB film.

On the test wafer, the optimal temperature and time for annealing of the Ti/Pt/Au (50/25/400 nm)
ohmic contact to p-InGaAs were determined before the formation of the top ohmic contacts of the p-i-n
diodes. The annealing results are shown in Figure 5. The optimal mode of annealing was heating
the metallization to 300 ◦C for 10 min, and the minimum value of the specific contact resistance of
5.7 × 10−6 Ohm·cm2 was achieved. An increase in the annealing temperature to 350 ◦C reduces the
time required for annealing the ohmic contact. However, this does not lead to a decrease in its contact
resistance. A decrease to 250 ◦C leads to an increase in the contact resistance. The obtained annealing
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temperature (300 ◦C) is significantly lower than the glass transition temperature of the BCB dielectric.
Subsequent annealing of the ohmic contacts on the planarized wafers with the BCB film showed the
absence of both deformation and cracking of the planarizing film.Symmetry 2020, 12, x FOR PEER REVIEW 7 of 10 
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Figure 6 shows an SEM image of a fragment of the traveling wave electrode based on Ti/Au
metallization with a thickness of 3 um. The figure shows the outer electrodes as a section of the inner
electrodes electrically connected to the p-contacts of the p-i-n diodes of the phase-shifting section of
the MZM. The BCB layer provides a sufficient level of planarization of the wafer surface.
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Figure 6. SEM image of a fragment of the traveling wave electrode after interconnect formation.

Furthermore, the division of the wafers into single dies was performed using two techniques.
Figure 7a shows the edge of the die after dividing by assisted dicing. The dicing depth was 250 µm and
the final die division was performed by cleaving. As can be seen from the figure, roughness is observed
at the edge of the die, but its maximum depth inside the die area did not exceed 3 µm, whereas the
prevailing roughness was 1–2 µm. In the second version, the groove was created using deep wet
etching of InP in the HCl–water solution (1:3) through a single-layer photoresist mask (Figure 7b,c);
the final die division was also performed by cleaving. Here, the edge of the die was smooth without
clear roughness. As can be seen from Figure 7c, the etching process accounts for the crystallographic
structure of the substrate material. The etching profile is trapezoidal with a wide bottom base. In this
case, no further etching of the side faces was observed during the etching process. This allows the die
edge to be placed as close to the edges of the input/output waveguides as the lithographic equipment
allows. Both of the considered division techniques make it possible to obtain the minimum gap
between the die and waveguide edges in a few microns. This is enough for subsequent coupling with
optical fiber. In addition, the second technique allows more precise control of the gap.
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Figure 8 shows a photo of a semiconductor wafer with manufactured modulators and a photo of
single dies of the modulators after division of the wafer. In this case, the division was performed with
assisted dicing of a part of the wafer depth.
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After measurements of these MZM prototypes, the following parameters were obtained
(wavelength 1550 nm): a half-wave voltage of 2.9–3 V and an extinction ratio of 10–12 dB; the propagation
loss in the test waveguides was 4.2 dB/cm. The achieved parameter values can be improved. At the next
stage of this work, the authors will optimize both the heterostructure and the design of the topology
of the MZM to achieve parameter values comparable to existing analogs. For this, in parallel with
the development of the technology, a method was developed to optimize an InP-based electro-optical
modulator [25]. Thus, the results obtained confirm the possibility of manufacturing InP-based MZMs
using the developed technology.

4. Conclusions

The paper presents the development of a technology for manufacturing InP-based Mach–Zehnder
electro-optical modulators. The possibility of applying the ohmic Ti/Pt/Au (50/25/400 nm) to the
p-InGaAs layer after wafer surface planarization with BCB film is shown. After annealing the ohmic
contact, there was no deformation or cracking of the BCB film. New techniques for the division of the
wafers into single dies are presented. The division was carried out in two stages: first, grooves were
formed by dicing or deep wet etching, and then cleaving was performed along the formed grooves.
The advantages of these techniques are that it allows the edges of the waveguides at the optical
input/outputs to be formed and the antireflection coating to be deposited simultaneously on all dies on
the wafer, before it is divided.
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