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Abstract In this paper, we have proposed and demon-
strated a simple approach to fabricate vertical integrated
structure for coupling between active germanium (Ge)
waveguide and silicon-on-insulator (SOI) waveguide. The
active Ge waveguide is sputtered after etching the
underlying passive silicon (Si) waveguide. This method
scuttles away from the difficulty involved in the waveguide
fabrication by avoiding the etching process for the Ge
waveguide, and thereby the waveguide quality is
improved. The influences of the coupling structural
parameters on the coupling loss are analyzed and
discussed. The optimizing parameters are obtained for
the fabrication. The minimal coupling loss is experimen-
tally measured about 2.37 dB, and variation tendency of
coupling loss against the structural parameters is consistent
with the theoretical result. The proposed approach offers
an effective path for vertical coupling between Ge and SOI
optical components.

Keywords taper coupler, integrated optics device, guided
waves, silicon-on-insulator (SOI) waveguide, germanium
(Ge) waveguide, active Ge device, Ge-on-SOI coupling
structure

1 Introduction

Active germanium (Ge) devices [1–3] in silicon-based (Si-
based) integrated optoelectronic chips have been recog-
nized as the future development direction of the photonic
chip because the potential direct bandgap of Ge lies within
the communication C band. This integrated chip is
inseparable from the coupling between the active wave-
guide and the passive waveguide. The vertical coupler
between two layers is a key component which remains to

be researched. A double-grating scheme has been proposed
to provide coupling between two vertically stacked silicon-
on-insulator (SOI) waveguides [4]. But the coupling
efficiency is only 29% as this scheme utilizes radiation
modes which have high transmission losses. Another
parallel approach is the microring that couples light from
the upper waveguide into the SOI slab [5]. The function of
microring vertical coupler is limited since strip or ridge
waveguide is more preferred by integration applications.
Taper couplers have drawn much attention as they are
simple in construction and flexible for use in integrations
[6–8]. We proposed a design of compact and efficient
polarization-insensitive taper coupler for SiGe photonic
integration in our previous work [9]. The taper length is
greatly decreased by utilizing the mode interference effect.
The passive waveguide is generally SOI waveguide with

width of 750 nm and height of 220 nm, to ensure the
characteristics of single-mode transmission [10]. Active
devices are typically grown upon passive waveguides, and
both ends of active devices are laterally tapered wave-
guides to guarantee that the optical field is coupled
between active and passive waveguides. But the etching
technology for Ge material is currently not mature enough.
The sidewall roughness of the waveguide after etching is
large, resulting in the deterioration of the optical transmis-
sion performance of the waveguide.
In this paper, a vertical integrated structure is proposed

to couple optical fields between active Ge waveguide and
Si waveguide. This coupling structure contains different
segments with different widths and inclination angles. The
impacts of waveguide width and height and inclination
angle on the coupling efficiency are numerically calculated
and analyzed. The optimal structural parameters for the
coupling structure are obtained. A novel approach is
demonstrated to fabricate the supposed tapered coupler. To
overcome the difficulty involved in the Ge etching and
improve sidewall roughness, the Ge is directly sputtered
into the mold formed in the photoresist. The fabrication
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process is described in detail. The coupling loss is
experimentally measured and is about 2.37 dB. The results
indicate that the variation trend of coupling loss against the
structural parameters coincides with the theoretical results.
The proposed method provides an alternative to fabricate
vertical coupling structure for integrated SOI optical
devices. The fabricated Ge-on-SOI structures provide a
feasible solution for integrated Ge modulators [11,12] and
photodetectors [13,14]. Several steps of doping and metal
depositions are required to form a lateral p-i-n structure. As
the taper length is only 3 mm, the coupling structure is
benefit to the applications of large scale optical circuit
integrations.

2 Mode analysis

The proposed laterally tapered coupler with active Ge
waveguide are shown in Fig. 1(a). Two different routes of
light transmission can occur within this structure, as shown
in Fig. 1(b). When the light propagating in the SOI
waveguide encounters the tapered coupler, a large part of
optical power will be coupled into the active waveguide
through the Route I. The light coupling along the Route I is
corresponding to the fundamental mode coupling. For this
laterally tapered coupling structure, the changes of width,
thickness and sidewall inclination of the active tapered
waveguide will directly affect the coupling efficiency. The
remaining optical fields in Route II will oscillate between
the active waveguide and the SOI waveguide layer. The
structural parameters of active waveguide are discussed as
follows to analyze their impacts on the transmission
efficiency of the fundamental mode. For the SOI based
photonic integration, the transverse electric (TE) mode in

the SOI waveguide is generally preferred to achieve small
bending radius and low loss. Therefore, only the TE mode
is calculated for the design. The mode distributions are
calculated by the finite-difference time-domain (FDTD)
MODE Solutions using the Palik dielectric constants of Si
and Ge [15]. The refractive indexes of Si and Ge are 3.477
and 4.257 respectively at the wavelength of 1550 nm.
Figure 2 shows the variation of the fundamental mode

scattering against the width of the active Ge waveguide.
With the increase of the width of the tapered active
waveguide, the fundamental mode scattering first increases
and then decreases, and there is a significant scattering
peak at the specific taper width. The width of the active
tapered waveguide corresponding to the scattering peak is
defined as the resonant width of the coupling structure
[9,16,17]. As can be seen from Fig. 2, the scattering
amount of the fundamental mode increases sharply near
the resonance width, so the taper angle of the tapered active
waveguide near the resonant width is generally designed to
be small to avoid large scattering loss of fundamental
mode.
When the height of the active waveguide is increased

from 200 to 400 nm, the value of the scattering peak of the
fundamental mode is significantly increased and the
resonant width is slightly reduced. This indicates that the
height of the active waveguide has a great influence on the
fundamental mode scattering, but has little effect on the
resonant width. For practical application, the heights of the
passive waveguide and the upper waveguide are both
predetermined. Because the upper waveguide contains the
integrated active device. We choose the Ge waveguide
height of 200 nm, as the 200 nm Ge film has attracted
much attention recently [18,19].
As a supplement, the influence of the sidewall inclina-

Fig. 1 (a) Schematic diagram of the Ge active waveguide and
laterally tapered coupler; (b) two routes of optical transmission
within the coupling structure

Fig. 2 Fundamental mode scattering as a function of the active
waveguide width in the coupling structure under different active
waveguide heights tGe, with the sidewall inclination of 90°
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tion α of the active waveguide on the scattering of the
fundamental mode is also discussed. Figure 3 illustrates the
simulated fundamental mode scattering as a function of
sidewall inclinations. With the increase of the sidewall
inclination of the active waveguide, the value of the
scattering peak of the fundamental mode increases, and the
resonant width corresponding to the peak point also
increases. Compared with the height of the active
waveguide, the change of the sidewall inclination of the
sidewall has a larger influence on the resonant width. The
increase of the sidewall inclination will bring in a large
scattering loss of fundamental mode. Since both the larger
waveguide width and larger sidewall inclination of the
active waveguide are readily to achieve. It is necessary to
compromise the scattering loss and the waveguide width to
determine the appropriate sidewall inclination in the actual
fabrication.

3 Taper design

To optimize the shape of the taper-shaped active
waveguide, the taper will be segmented. According to
the fundamental mode scattering curves, the taper-shaped
active waveguide can be divided into three sections, as
shown in Fig. 4. The design principle is that the resonant
width lies within the width range of middle section. The
taper angle of the middle section should be smaller to
produce a smooth and strong fundamental mode coupling.
Compared with the middle section, the strength of
fundamental mode scattering is much lower in the tip
and tail section, so the taper angle can be larger to shorten
the device length. Considering that the waveguide with
width less than 100 nm is difficult to achieve in the
fabrication process, the tip section is eliminated. Thus the

designed taper only has two sections, with the middle and
tail section. The length parameters are set as Lm = 2.5 mm
and Lt = 0.5 mm to achieve a compact design.
To achieve a compact and efficient coupling structure,

the taper shape should be designed appropriately. The taper
behavior is dominated by the central width Wc and the
width difference We –Ws. The central width is defined as
the average of the starting width and the ending width in
the middle tapered section. Figure 5 shows the variations
of coupling efficiency as a function of central width under
different sidewall inclinations when the width difference of
the middle section is kept unchangeable. It can be seen
from Fig. 5 that when the central width is around 260 nm,
the maximum coupling efficiency is obtained. When the
central width of the middle section deviates from 260 nm,
the coupling efficiency decreases greatly. Hence the central
width of the middle section is set at 260 nm. It is interesting
that the degeneration of coupling efficiency at smaller Wc

tends to be moderate when the sidewall inclination exists.
Figure 6 displays variations of the coupling efficiency
against the width differenceWe –Ws with the central width
of 260 nm. As can be seen from Fig. 6, with the increase ofFig. 3 Fundamental mode scattering as a function of the active

waveguide width in the coupling structure under different sidewall
inclinationsof the active waveguide, with the active waveguide
height of 200 nm

Fig. 4 Schematic diagram of the designed tapered active
waveguide. Ws and We are the starting width and ending width
of the middle section

Fig. 5 Coupling efficiency as a function of central width of the
middle section in the taper when the width difference We –Ws is
kept at 200 nm
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the width difference, the coupling efficiencies change
gradually. The maximum coupling efficiencies occur when
the width difference is around 200 nm. With the width
difference of 200 nm and central width of 260 nm, a strong
resonant coupling transfers the light power into the upper
waveguide and a proper taper angle ensures an efficient
conversion of optical field to the Ge waveguide mode.
When the width difference is larger than 200 nm, the
upwards power transfer is not sufficient. At the region of
width difference smaller than 200 nm, the coupling
efficiency is mainly limited by the large taper angle of
the tail section.

4 Transmission simulation

To inspect the performance of the designed tapered
coupler, FDTD algorithm is utilized to simulate the
transmission of optical fields for different shapes of
tapered couplers. Figure 7 illustrates the optical field

transmission image in the coupling structure when the
central widthWc of the middle section is less than, equal to,
and greater than the resonant width of 260 nm. It can be
found from Fig. 7 that when the central width deviates
from 260 nm significantly, the optical power in the passive
waveguide cannot be completely transferred to the active
waveguide, but oscillates between the two waveguides
through the Route II. Since a considerable portion of the
fundamental mode scattering peak falls at the tail section
with a large taper angle, a large amount of the power in the
fundamental mode is coupled into the first-order mode.
This will cause mode interference between fundamental
and first-order mode, leading to the power oscillation
transmission between the active waveguide and the passive
waveguide. Figure 8 shows the optical field distribution in
the tapered coupler under different values of width
difference We –Ws. It can be found that the optical power
oscillates obviously with the decrease of the width
difference. This behavior can be ascribed to mode
interference and is similar to the phenomenon taking
place in the front position of the varied central width.
In two-section tapered coupling structure, the middle

section as the main region of the coupling, should be
designed a smaller taper angle and wider width range
corresponding to the scattering peak to suppress the
scattering loss of the fundamental mode. On the contrary,
the taper angle of the tail section should be appropriately
increased to shorten the device length.

5 Fabrication and discussion

5.1 Fabrication of coupling structures

Ge-on-SOI coupling structure can be used widely in large
scale integrated circuits [20]. A layer of Ge material is
epitaxially grown on the SOI substrate, and a set of
different sizes of active devices and passive waveguides
can be fabricated through etching process. However, the
current etching technology for Ge material is not mature

Fig. 6 Coupling efficiency as a function of width difference of
the middle section in the taper with the central width of 260 nm

Fig. 7 For different central widthsWc, the normalized profile of the electric field distribution at the middle of Ge and SOI layers. (a)Wc =
160 nm; (b) Wc = 260 nm; (c) Wc = 360 nm. The width range We –Ws = 200 nm
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enough. Etching the Ge waveguide will not only result in a
large sidewall roughness, but also cause the inclination in
the waveguide sidewall, and hence has the difficulty in
keeping the steepness of the sidewall. Additionally, the
etching depth is usually slightly larger than the thickness of
the Ge material layer. Consequently, the surface smooth-
ness of the underlying Si layer is spoiled, causing the
increase of transmission loss of the passive waveguide
beneath the active Ge waveguide. Taking into account the
above shortcomings in etching the Ge waveguide, we
scuttle away from the etching process in the fabrication of
Ge waveguide. Instead, a mold for the coupling structure is
first formed in the photoresist and then the Ge material is
sputtered into the mold. With this method, the perfect
surface of the Si waveguide will not be damaged. The
mature inductively coupled plasma (ICP) etching is only
employed to fabricate the Si waveguide [21,22], the
vertical and mirror-liked sidewall of the passive Si
waveguide can be conveniently obtained. The complete
fabrication process for Ge-on-SOI coupling structure is
given in detail as follows (see Fig. 9).
Since the Ge-on-SOI coupling structure requires two

steps of electron beam lithography to fabricate waveguide
structure in different material layers, it is necessary to
deposit a metal mark on the SOI substrate to ensure
alignment accuracy between the two waveguides. Figure 9
(a) shows that metal mark is created on the SOI substrate to
align the passive Si waveguide to the active Ge waveguide.
Here, the electron beam evaporation is utilized to deposit a
layer of 20 nm nickel and 100 nm gold on the SOI
substrate. The SOI substrate needs to be cleaned after the
metal marking has been made.
Figure 9(b) illustrates that the photoresist is spun and

coated on the SOI substrate. The photoresist for making the
pattern of the passive Si waveguide is ZEP520A [23],
which has the advantages of high resolution and good
steepness of sidewall. After finishing coating the photo-
resist, the wafer should be baked to harden the ZEP520A
film.
The size of the Ge-on-SOI coupling structure is

relatively small, and the width of the passive waveguide

is in the order of 100 nm. To ensure the fabrication
accuracy, the electron beam lithography is used to form the
pattern of the passive waveguide. Figure 9(c) displays that
the waveguide pattern is shaped on the photoresist after the
electron beam lithography. After the exposure is com-
pleted, the substrate requires photographic developing and
fixing in xylene and acetone solution.
Figure 9(d) shows that the passive Si waveguide is made

through the ICP etching process. The preferred waveguide
sidewall roughness and steepness are ensured by selecting
the appropriate etching rate and etching selection ratio.
Figure 9(e) manifests the passive Si waveguide after

removing the photoresist on the substrate surface. To
eliminate the photoresist much more thoroughly, the
substrate is ultrasonically cleaned. After removing the
photoresist, the atomic force microscopy and scanning
electron microscopy are used to check the shape of the
passive waveguide. The transmission loss of the passive Si
waveguide is measured to select some qualified substrates
that can be then used to fabricate active tapered waveguide.
Figure 9(f) illustrates that the photoresist is spun and

coated again on the substrate with the passive waveguide.
Taking into consideration that the Ge material will be
sputtered in the next step, we choose polymethylmetha-
crylate (PMMA) [24] as the photoresist here. PMMA is
suitable for evaporation stripping process, because it not
only has a high resolution, but also is flexible to remove.
Figure 9(g) shows that the shape of the coupling

structure with the active waveguide is formed in the
PMMA photoresist after electron beam lithography. The
exposure, photographic developing and fixing processes
are similar to those used for the passive waveguides. Since
the PMMA is a positive photoresist, the photoresist at the
exposure position is detached after photographic develop-
ing and fixing, and thus the shape of the coupling structure
is shown up.
After the mold of the coupling structure including the

active waveguide is developed, the Ge material is sputtered
to fill in the mold with the corresponding shape. Figure 9(h)
shows that the Ge material is filled into the shape mold by
sputtering. During fabrication, the general etching is not

Fig. 8 For different width differencesWe –Ws, the normalized profile of the electric field distribution at the middle of Ge and SOI layers.
(a) We –Ws = 100 nm; (b) We –Ws = 200 nm; (c) We –Ws = 300 nm. The central width Wc = 260 nm

280 Front. Optoelectron. 2019, 12(3): 276–285



adopted to realize the tapered Ge waveguide. To improve
the adhesion of Ge material to the passive Si waveguide, it
is necessary to reduce the sputtering rate of Ge material and
increase the contact area between the Ge and the Si
material. In addition, selecting the appropriate sputtering
conditions can avoid shedding of the Ge material during
removing of the PMMA photoresist.
Figure 9(i) illustrates the coupling structure with the

active waveguide after cleaning the PMMA photoresist.
Since the tapered Ge waveguide has a small tip size of
about 100 nm, ultrasonic cleaning is prohibited to prevent
the tip of the tapered waveguide from breaking.
After carrying out the above process step by step, the

fabrication of Ge-on-SOI coupling structure is completed.
Figure 10 is a scanning electron microscope (SEM) image
of Ge-SOI coupling structure. It is found from Fig. 10 that
the tapered structure has two sections with different taper
angles.

5.2 Experimental measurement of the fabricated coupling
structure

To measure the coupling efficiency of the Ge-on-SOI
coupling structure, we set up an experimental platform for
optical coupling alignment. Cone lensed optical fibers and
photonic crystal gratings are utilized to achieve the optical

Fig. 9 Schematic diagram of the fabrication process of Ge-on-SOI coupling structure. (a) Making metal mark; (b) coating ZEP520A;
(c) electron beam lithography; (d) ICP etching; (e) removing the photoresist ZEP520A; (f) coating PMMA; (g) electron beam lithography;
(h) sputtering Ge material; (i) removing the photoresist PMMA
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coupling between the optical fiber and the fabricated
coupling structure. The schematic diagram of the coupling
alignment between optical fibers and photonic crystal
gratings is shown in Fig. 11. The input and output fibers are
connected with the laser and the optical power meter
respectively to measure the coupling efficiency. The
passive waveguide in the coupling structure is aligned to
the photonic crystal grating at both ends to realize the
optical coupling between the optical fiber and the
waveguide. At beginning, the angle of the lensed fiber
related to the grating coupler is adjusted at the proper angle
for reaching the lowest coupling loss. The smallest
coupling loss is measured about 25 dB at the coupling
angle of approximately 10°. Then two lensed fibers are
moved to the vicinity of the surface of the photonic crystal
gratings. Finally, the coupling angle and lensed fiber
position are fine-tuned through three dimensional precision
adjustment frame so that the maximum power can be
obtained in the optical power meter.

There are several reasons causing the transmission loss
for the Ge-on-SOI coupling structure. The main optical
losses are the coupling loss between the active waveguide
and the passive waveguide, the absorption loss of Ge
material and the waveguide scattering loss. The absorption
loss can be ascribed to the larger absorption coefficient of
Ge material at the wavelength of 1550 nm. The waveguide
scattering loss arises from the sidewall roughness. The
absorption loss can be obtained by the material absorption
coefficient, optical propagation length and optical field
distributions. The scattering loss can be acquired through
the simulation of the coupling structure at the given
waveguide sidewall roughness and the sidewall inclination
angles. The absorption and scattering loss are calculated
for several coupling structures with different shapes, and
the data are given in Table 1. During the calculation, the
FDTD algorithm is used to simulate the optical field
distributions.
We fabricated several tapered coupling structures with

different taper shapes and parameters to verify their
coupling efficiencies. The measured average loss of
coupling structures with different shapes and parameters
are listed in Table 2. Through the coupling alignment
platform, the total optical power loss of the Ge-on-SOI
coupling structure is measured. The coupling loss is
estimated by subtracting the absorption and scattering loss.
It can be seen from Table 1 that the absorption and
scattering loss are the main factors leading to the increase
of the total optical power loss for the three groups.
Moreover, the Ge material has a strong energy absorption
for the laser with the wavelength of 1550 nm, resulting in
the large absorption loss. Besides, ultrasonic cleaning is
not applied to protect the tapered structure from being
damaged during the fabrication. A residue of little part of
photoresist on the Ge waveguide surface cannot be cleaned
completely, giving rise to the increase of optical loss. In
addition, an alignment error is inevitably introduced during
the fabrication between the active waveguide and the
passive waveguide, causing the increase of the coupling
loss. For the three different shapes of the tapered coupling
structures, there is no significant difference for the total
measured optical power loss. However, when the width
range of the middle section is 160 – 360 nm, the coupling
loss of the coupling structure is lower than that of the other
two structures. This implies that variation tendency of
coupling loss with the structural parameters is in
accordance with the simulation result.

6 Conclusions

A vertical integrated structure for coupling between the
active Ge waveguide and the passive SOI waveguide is
proposed and investigated theoretically and experimen-
tally. The impacts of the active waveguide width and
height on the fundamental mode scattering of the coupling

Fig. 10 SEM image of the fabricated Ge-on-SOI coupling
structure

Fig. 11 Schematic diagram of the coupling alignment between
optical fibers and photonic crystal gratings
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structure are analyzed. According to the fundamental mode
scattering and the current manufacturing level, a tapered
coupling structure with two sections is designed and the
detailed structural parameters are explained and discussed.
The middle section plays a crucial role in waveguide
coupling, and hence its width difference corresponding to
the scattering peak is chosen to improve the coupling
efficiency. Since the active devices in the Si-based
integrated optoelectronic chip are mostly Ge or SiGe
materials, the etching process of these materials is still not
mature enough. The deterioration of the sidewall steepness
and roughness of the active device pose an obstacle to
achieve integrated optical components with high perfor-
mance. To avoid this deficiency, the designed Ge-on-SOI
coupling structure is fabricated by sputtering the Ge
material into the mold formed in advance on the upper
layer after etching the underlying passive Si waveguide.
Several coupling structures with different taper shapes and
parameters are fabricated and verified. It is found that both
the material absorption loss and sidewall scattering loss are
the main factors causing the increase of the total optical
power loss. The measurement results indicate that the
influences of the structural parameters on the coupling loss
are in good agreement with the theoretical simulated
results. Our scheme provides an effective way to fabricate
coupling structure for Si-based integrated optical devices.
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