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We propose a novel silicon optical phase shifter structure based on heterogeneous strip-loaded waveguides on a
photonic silicon on insulator (SOI) platform. The features of an etchless SOI layer and loaded strip would enhance
the performance and uniformity of silicon optical modulators on a large-scale wafer. We implemented the phase
shifter by loading an amorphous silicon strip onto an SOI layer with a vertical PN diode structure. Compared to the
conventional lateral PN phase shifter based on half-etched rib waveguides, this phase shifter shows a >1.5 times
enhancement of modulation efficiency and provides >20 GHz high-speed operation. © 2016 Chinese Laser Press
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1. INTRODUCTION

Silicon optical modulators are key components in silicon pho-
tonic transceivers for short-reach optical interconnects and
telecommunications applications. In silicon, the free carrier
dispersion effect is the only practical mechanism for realizing
high-speed modulators. At present, the three main types of op-
tical phase shifters for modulators are the capacitor type [1,2],
carrier-injection type [3-5], and carrier-depletion type [6-16].
Among these, the carrier-depletion-type phase shifters are
the ones mainly used for high-speed silicon modulators.
Extensive effort has been made to improve the modulation
efficiency and achieve low-voltage and low-power driving.
The modulation efficiency is determined by the overlap be-
tween the optical field and the depletion region, which can
be tuned by applying reverse bias. A depletion-type phase
shifter usually has three types of diodes—vertical PN [6],
horizontal PN [7-13], and orthogonal interleaved PN [14,15]
—normally formed in half-etched rib waveguides to provide
electrical connection to electrodes. Various PN junction struc-
tures based on such rib waveguides have been proposed with
the intention of enhancing the overlap between the optical
mode and depletion region. For a rib waveguide, however,
it is difficult to precisely control the rib height (i.e., etching
depth) due to the dry-etching process. Fluctuation in rib
height will induce a deviation in optical confinement and thus
cause variation in modulation efficiency. Moreover, the thick-
ness difference between the rib and slab makes it impossible
to achieve a uniform doping profile, which is believed to be
important for increasing efficiency.

To address these two issues, we propose a strip-loaded
waveguide-based phase shifter on a photonic silicon on insu-
lator (SOI) layer without any etching of the top silicon layer. In
this phase shifter, the SOI layer retains its flatness and ions are
implanted before the strip-loaded waveguide is formed so that
a uniform doping profile can be easily achieved. In the wave-
guide, optical confinement is provided in the SOI layer by the
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upper loaded strip, which can be precisely fabricated by etch-
ing because an etching endpoint exists between the hetero-
geneous materials.

In this paper, we first explain the concept of the novel
phase shifter for a silicon modulator. Then we describe the
characteristics of the strip-loaded phase shifter employing hy-
drogenated amorphous silicon (a-Si:H) as the strip material.
We performed device simulation for the phase shifter using
commercial optic and opto-electronic simulation environ-
ments [17-19] and verified a significant efficiency improve-
ment in comparison with the conventional lateral PN
half-etched rib modulator.

2. CONCEPTUAL DEVICE STRUCTURE

Figure 1(a) shows a schematic image of a typical Mach-
Zehnder modulator (MZM), in which phase shifters are formed
in both arms. Figure 1(b) shows the geometry of the phase
shifter using the strip-loaded waveguide. On a flat SOI layer,
a strip made of dielectric materials is formed, and there is a
thin passivation layer between the strip and SOI layer. The
passivation layer, typically made of silicon dioxide (SiOy),
can also work as an endpoint layer in the etching process.
The strip-loaded waveguide is fabricated simply by etching
the strip material without any etching of the SOI layer. This
waveguide is applicable to any type of diode—vertical, hori-
zontal, or interleaved PN.

Strip-loaded waveguides have various benefits in construct-
ing phase shifters for optical modulators. First of all, they do
not require half-etching in waveguide fabrication. In the pro-
posed structure, the SOI layer is not etched because the wave-
guide is formed by loading a heterogeneous strip and has an
etching endpoint layer. Therefore, the strip height can be de-
termined precisely for the whole wafer. On the other hand, in
conventional modulators based on half-etched rib wave-
guides, it is very difficult to precisely control the rib height
because the etching endpoint cannot be monitored. In
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Fig. 1. (a) MZM schematic with proposed phase shifters.
(b) Proposed phase shifter using heterogeneous strip-loaded
waveguide.

addition, the fluctuation of slab thickness greatly limits the
stability and uniformity of silicon modulators produced on
a large scale such as a 300 mm line.

Another advantage is precise control of the implantation
profile. In the proposed structure, ions can be implanted into
the flat SOI wafer before the strip is formed, and any intended
dopant profile can be precisely obtained. For example, in a
vertical PN junction, where the overlap of the optical field
and depletion region, or modulation efficiency, can be signifi-
cantly increased, an optimal dopant profile can easily be ob-
tained. On the other hand, in the conventional rib waveguide,
there are step differences around the rib and slab corners for
which optimal doping profiles cannot be obtained simultane-
ously. In particular, in a phase shifter using vertical PN diodes
based on a half-etched rib waveguide, the risk of electrical
breakdown at the corners of the waveguide cores increases
as the bias voltage increases. If this occurs, the optical modu-
lation disappears at high reverse bias when the depletion
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region touches the corners, and it is very difficult to construct
a vertical PN junction modulator in rib waveguides. Indeed,
there are not so many reports of vertical PN junction modu-
lators based on rib waveguides.

A third advantage is ease of design optimization for differ-
ent purposes. It is well known that a performance tradeoff
always exists between efficiency and bandwidth in
depletion-type phase shifters. A large overlap between the
optical field and depletion region increases modulation effi-
ciency, while the overlap’s large capacitance decreases oper-
ation bandwidth. So far, the performance tradeoff for
conventional phase shifters is almost always determined by
means of trial and error cycles. Optimal device parameters,
such as the doping depth, dose, and PN overlap, significantly
vary with rib height deviation. For the proposed phase shifter,
however, the modulation performance can be stably adjusted
by tuning the doping depth, doses, or PN overlap. Accordingly,
the rib height issue just described for the conventional phase
shifter is resolved.

3. HYDROGENATED AMORPHOUS SILICON
STRIP-LOADED MODULATOR

A. Structure

In the proposed structure, it is very important to select an ap-
propriate material for the strip. For high-speed modulators,
the strip material should have a large refractive index so
that the optical field and PN overlap region is compact. Of
course, the strip material should have high optical transmit-
tance. From these viewpoints, a-Si:H is a superior material
for the strip, and we have already developed a low-loss
a-Si:H wire waveguide that is compatible with silicon photon-
ics processes [20,21]. In addition, a-Si:H has a refractive index
as high as 3.5, so it can provide strong optical confinement and
contribute to compactness. Figure 2(a) shows a cross-
sectional schematic of an a-Si:H strip-loaded phase shifter
constructed in a flat SOI structure. A thin thermal oxide layer
is inserted between the a-Si:H and SOI layers. The oxide layer
is typically 10 nm thick and also works as a passivation
layer for the electronic structure. In the SOI layer below
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Fig. 2. (a) Cross-sectional schematic of the proposed a-Si:H strip-loaded modulator. (b) Optical field of strip-loaded waveguide for 75 nm thick and
800 nm wide a-Si:H strip. (c) Cross-sectional schematic of a rib waveguide for conventional modulators. (d) Optical field of rib waveguide for

110 nm high and 600 nm wide rib.
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the a-Si:H strip, a vertical PN junction is formed for phase
modulation. As shown in Fig. 2(b), the optical field in a
strip-loaded waveguide constructed with 220 nm thick SOI
and 800 nm wide, 75 nm high a-Si:H can be well confined in-
side the SOI layer. The strip width was determined so that the
mode field is minimized. For the fabrication, etching of an
a-Si:H strip is easier because the thermal oxidation and ion
implantation can be done prior to its deposition. For compari-
son, a cross-sectional schematic and the optical field of a con-
ventional rib waveguide are shown in Figs. 2(c) and 2(d). The
rib width is set to 600 nm, a typical value in this kind of device.
From the viewpoint of practical performance, stability and
uniformity are the most serious issues in the conventional
vertical junction devices. For the comparison, we adopted
a conventional lateral junction device, which is widely used
as a standard Si optical modulator. In these mode-field
calculations, refractive indices of the SOI layer, a-Si:H, and
cladding/passivation SiO, were set to 3.48, 3.50, and 1.44,
respectively.

Figure 3 shows the optical confinement factor for the core
regions in the strip and rib waveguides as a function of strip and
rib height. The core regions are defined in Figs. 2(b) and 2(d).
As shown in this figure, the sensitivity of the confinement
factor to the strip height in the strip-loaded waveguide is almost
the same as that to the rib height in the rib waveguide. Since
the strip height can be precisely controlled by the etching
endpoint layer, the strip-loaded waveguide is advantageous
for uniformity of modulation efficiency on a large-scale wafer.

Figure 4 shows the overlap integral of the optical field and
depletion region as a function of lateral displacement of the
PN junction position. The overlap width of the vertical PN
junction was set to 0.6 pm. For simplicity, the thickness of
the depletion region was assumed to be 100 nm. As shown
in this figure, with the lateral junction displacement of
40.2 pm, the overlap integral varies by 16% in the proposed
structure while it varies by 50% in the conventional rib wave-
guide with the lateral PN junction. Thanks to the weak sensi-
tivity of the overlap integral to the lateral displacement of the
PN junction, the proposed phase shifter can work with a large
allowance for lateral alignment error between the junction
and waveguide core, which can easily occur in the photoli-
thography process. This capability overcomes fabrication
limitations and eliminates many of the negative factors
associated with the conventional rib waveguide.
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Fig. 4. Overlap integral of optical mode field and depletion region as
function of strip and rib height.

B. Modulation Efficiency

We performed device simulations for the proposed phase
shifter with a 75 nm high and 800 nm wide strip on 220 nm
SOI. We set the doping densities of low-dose and high-dose
regions to 1.0 x 10® and 1.0 x 102 cm™3, respectively. The
high-dose region for electrical contacts was located 1 pm from
the waveguide center, so that it would not affect the optical
absorption in that region. The PN overlap width is the impor-
tant parameter with respect to the performance tradeoff be-
tween modulation efficiency and speed. For comparison,
we also performed a simulation for the conventional lateral
PN phase shifter based on a half-etched rib waveguide. The
SOI thickness, rib height, and rib width were 220, 110, and
600 nm, respectively.

Normally, the modulation efficiency of phase shifters is de-
scribed by VL, which denotes the multiplication of the z-shift
voltage and device length. Small V L means high efficiency.
Figure 5(a) shows the phase shift in relation to the bias volt-
age for a device length of 5 mm and -2.5 V DC bias references.
For the proposed phase shifter, the PN overlap width is tuned
from 0.6 to 0.9 pm. The z-shift voltages (V) are 2.0 and 3.2 V
for the proposed structure with a 0.6 pm overlap and a conven-
tional structure, respectively. The corresponding values of
V.L, the figure of merit used to describe the modulation
efficiency, are 1.0 and 1.6 V.cm. This indicates efficiency
enhancement of ~1.6 times in the proposed phase shifter.
Figure 5(b) shows the dependence of the modulation effi-
ciency on the PN overlap width. Further increasing the PN
overlap can continue to enhance the efficiency, which in-
creases from 1.0 to 0.89 V.cm. The VL with a change in
the PN overlap can be interpreted as stability, or robustness.
The efficiency fluctuation, 0.11 V-cm, is small enough within
the 300 nm overlap variance. Therefore, the modulation effi-
ciency is acceptable because the alignment accuracy of the
photolithography related to ion implantation is not more than
100 nm.

C. Propagation Loss

Figure 6 compares the bias voltage dependence of the pro-
pagation loss for the conventional lateral PN phase shifter
and the proposed phase shifter with three different overlap
widths. The total propagation loss of the proposed phase
shifter is much lower than that of the conventional one.



Maegami et al.

(a) 10

0.5

0.0

Phase shift (1)

—— Conventional
—— Proposed: overlap = 0.6 um

-=-- Proposed: overlap = 0.75 um
- Fl’roposedi overlap|= 09 um

-1.0 LA

% 5 -4 -3 -2 -1 0
Bias (V)

(b) 11—

e

Q

> 1.0 =

l

g

>

>

2

o 09 3

Q

E

w

0.8 i ] . 1 i
0.60 0.70 0.80 0.90

PN overlap (um)

Fig. 5. (a) Phase shift in relation to reverse bias. (b) PN overlap
dependence of efficiency VL.

For example, at —2.5 V bias, the propagation loss can be sig-
nificantly reduced from 24 to 17 dB/cm. There is little change
in the propagation loss due to variation of the PN overlap. In
particular, that for all PN overlaps corresponds to around
-3V, which is usually set as the operation bias. Therefore,
stabilized propagation loss is achieved within the alignment
accuracy of photolithography. The propagation loss reduction
in the proposed structure is mainly due to a large overlap be-
tween the optical field and depletion region, where carrier
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Fig. 6. Comparison of propagation loss between the conventional
lateral PN modulator in the rib waveguide and the proposed vertical
one with three different overlap distances.
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plasma absorption is lower than in other P and N regions.
Further increasing the PN overlap with the depletion layer will
further reduce propagation loss.

D. Transient and Frequency Response

The intrinsic modulation speed of a phase shifter is governed
by the resistor—capacitor (RC) time constant. Figure 7 com-
pares the voltage dependence of capacitance for the conven-
tional lateral PN phase shifter and the proposed vertical PN
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Fig. 8. (a) Transient response and (b) frequency response of the
proposed phase shifter.
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shifter with 0.6 pm overlap. The respective calculated capac-
itances for the conventional structure and proposed one are
0.30 and 0.79 fF/pm at around -3 V, which is the typical oper-
ation bias. The calculated resistances are 2.88 and 1.94 (); thus,
the intrinsic modulation speeds are estimated to be 36.7 and
20.8 GHz for the conventional structure and proposed one, re-
spectively. The speed of the conventional structure is higher
than that of the proposed one because the overlap between
the optical field and depletion region in the conventional
structure is small. However, the design and resultant electrical
performance of the electrodes can significantly influence the
high-frequency performance of a modulator. Therefore, there
might not be such a large difference in the practical modula-
tion speed between the conventional structure and the pro-
posed one.

In the proposed structure with 0.6 pm overlap, the transient
phase-shift response was calculated under a 2 V step pulse
condition with 10 ps duration. As shown in Fig. 8(a), almost
a 1 z phase change was obtained for a 2 V voltage difference. If
considering a push-pull driving method for an arm-balanced
Mach-Zehnder configuration, only 1 V is required for half-z
driving. To obtain the response time, an exponential decay fit-
ting to the phase response was performed, which indicated a
time constant of 20 ps. The electro-optic (E-O) response cal-
culated from the impulse response is shown in Fig. 8(b),
which reveals a 3 dB bandwidth of >20 GHz. Therefore, this
response approximately corresponds to the intrinsic modula-
tion speed calculated previously.

4. CONCLUSION

We propose a novel silicon optical phase shifter based on
strip-loaded waveguides on a photonic SOI platform. An etch-
less SOI layer, with a vertical PN diode structure, and a strip-
loaded waveguide can enhance both the performance and
uniformity of silicon modulators on a large-scale wafer. We
performed device simulation of a phase shifter with an a-Si:H
strip loaded onto the SOI layer. Compared to conventional lat-
eral PN phase shifters based on half-etched rib waveguides,
this phase shifter achieves 1.6 times higher modulation effi-
ciency enhancement and ~30% propagation loss reduction
at around the typical operation bias. Both the efficiency im-
provement and propagation loss reduction are a result of
the increase in the PN overlap between the optical field
and depletion region. In spite of the enhanced modulation
efficiency, the proposed phase shifter provides a frequency
response of over 20 GHz, and it will have various beneficial
uses such as in state-of-the-art 28 Gbps quadrature phase-shift
keying applications.
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