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[Abstract]
Surface normal optical modulators are promising for various applications including optical communication
and optical sensing due to its scalability to 2D arrays. On the other hand, it was difficult to realize high
operation speed and high efficiency simultaneously due to the limited matter-light interaction due to short
interaction time. In this work, we propose, design, and fabricate a surface normal optical modulator using
InP thin film, which possess ideal characteristics of high electron mobility and small optical absorption.
The proposed device comprises InP-based high-contrast grating which operates simultaneously as optical
resonator and transparent electrode, and electro-optic polymer which is embedded in the high-contrast
grating and will operate as the active material. From numerical analysis, we revealed that the proposed
device can realize ultra-high operation speed feasible for optical communication. Furthermore, we

fabricated a device and observed optical resonance at designed wavelength.

[Background]
Due to its feasibility of realizing 2D array, surface normal optical modulators are highly promising for many
applications including massively parallel optical communication, optical wavefront modulation, and optical
sensing. On the other hand, current surface normal optical modulators are based on either liquid crystal or
MEMS, which strictly limits the operation speed of the device. Under such situation, Tanemura et al.
proposed and demonstrated surface normal optical modulators using electro-optic polymers that can operate

at a high speed [1] and silicon high-contrast grating [2] that enables high modulation efficiency [3,4].



Silicon high-contrast grating simultaneously play the role of optical resonator to enhance the modulation
efficiency and the transparent electrode to apply voltage to the electro-optic polymer. Previously, high speed
operation up to S00MHz is demonstrated, but further improvement in operation speed was required to
leverage them in applications such as optical communication.

The operation speed of the device is limited by the RC time constant of the high-contrast grating. While
the RC time constant can be improved by increasing the doping concentration of silicon, higher doping
concentration will induce free-carrier absorption. When the doping concentration is too high, the absorption
becomes a significant issue, and the high-contrast grating will not operate as an effective optical resonator.
Thus, it is impossible to infinitely increase the doping concentration.

Compound semiconductors such as InP have much higher electron mobility compared to silicon and can
realize much smaller electrical resistance at the same doping concentration. Moreover, thanks to the long
scattering lifetime of carriers in compound semiconductors, they possess smaller optical absorption
constant at the same doping concentration [5]. Thus, by replacing silicon with InP, the doping concentration
and electron mobility can be improved simultaneously, and thus a drastic improvement in the electrical
bandwidth of the device should be possible.

In order to fabricate a device consisting InP instead of silicon, InP-on-insulator structure that comprises
InP thin film directly integrated on a low-refractive-index insulator substrate. However, it is difficult to
access such substrate in the market and is also challenging to fabricate such structure. Takagi et al. have
developed device fabrication technology of such III-V-on-insulator structures using direct wafer bonding
method for electronic devices such as MOSFETs. Such fabrication technology is highly promising for

realizing InP-based surface normal optical modulators.

[Research Aim]
In this work, we combine the surface-normal optical modulator technology of Tanemura-lab and device
fabrication technology of Takagi-lab to realize ultra-high-speed surface normal optical modulators. By the

collaboration of two students, we aim to demonstrate the device through numerical analysis and experiment.

[Device Design and Numerical Analysis)
In order to determine the structure of InP high-contrast grating, we performed electro-magnetic-field
analysis based on finite-difference time-domain method (FDTD) using Lumerical (Ansys). At the first step,
we ignored the optical absorption to determine the design center of the period and thickness of the high-
contrast grating. Figure 1 shows the period and thickness dependence of the reflectance spectrum of the
InP high-contrast grating as a color map. In this work, due to the applicability to optical communication
and the abundant experiment infrastructure, we set the aimed operation wavelength to be 1550 nm. By

further detailed numerical analysis, we determined the period of the grating to be 750 nm and thickness of
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Fig. 1 Period and thickness dependency of the reflectance spectrum of the InP high-contrast
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Fig. 2 Reflection spectrum of the InP high-contrast grating assuming that the doping
concentration is 8x10'® cm™. Note that there are two resonances: one near 1550 nm
(fundamental mode), and another near 1250 nm (higher order mode). In this work, we make

use of the fundamental mode.

the grating to be 600 nm.

Next, we calculated the impact of the optical absorption. After systematic numerical analysis, we have
concluded that the grating can serve as a resonator even if the doping level is high as 1x10!° cm?. As an
example, in fig. 2, we show the reflection spectrum when the doping concentration is 8x10'® ¢cm™. Note
that for the spectrum shown in Fig. 2, we have set the grating thickness to be 650 nm. This is because at the

design center, the Q factor becomes extremely large (Q > 3,000) and the effect of optical absorption
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Fig. 3 Analysis of electrical bandwidth.

becomes serious, while in reality, the Q factor should be approximately several hundreds, due to the
imperfection of the device and fabrication error. From Fig. 2, we can see that even at a relatively high Q
factor of ~300, the optical loss is limited to ~10 %. Note that higher Q factor leads to higher modulation
efficiency, but the optical bandwidth of the device will become limited if the Q factor is too high. Thus, a
moderately high Q factor of 10~1000 is believed to be appropriate [7].

We then numerically simulated the electrical bandwidth of the device. Figure 3 shows the doping
concentration dependency of the 3 dB bandwidth of the device. Here we assumed the device size to be 40
pm x 40 um. The RC time constant can be reduced by making the device size smaller. However, since the
finite size effect will become prominent for the optical property if the device size becomes too small, we
cannot infinitely scale down the device. The size chosen here is based on past study so that it is feasible to
operate as a resonator. From the frequency dependency, the 3 dB bandwidth was derived to be 40 GHz
when the doping concentration is 10!° cm™, which is fast enough to be used even in high-speed applications

including optical communication.

[Device Fabrication and Evaluation]
We have fabricated the designed device based on the fabrication flow shown in Fig. 4. First, we epitaxially
grew InGaAs/InP layers on InP substrate by metal organic vapor phase epitaxy. Here, the device layer was
set to be 600 nm based on the device design, and the sacrificial InP and InGaAs layers were set to be 50~100
nm based on previous work [6]. We show the scanning electron microscopic image of the grown substrate
in Fig. 5(a). After wafer cleaning, deposition of Al,O3 bonding layer, and degassing process, the InP wafer
was directly bonded on a quartz substrate. The wafer after the bonding procedure is shown in Fig. 5(b).

Successively, we improved the bonding strength by inducing high pressure to the substrate, and removed
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Fig. 4 Fabrication flow of the device.

the sacrificial layers by wet etching to form a thin film. Next, we deposited SiO, as hard mask, performed
electron beam lithography, and performed dry etching of InP. Here, the sidewall angle becomes an critical
issue for the device property, but by conditioning, we have found a condition to realize a vertical sidewall
[Fig. 5(c)]. We then formed the contact electrode by electron beam lithography and lift off. Figure 5(d)

shows the microscopic image of the device after electrode formation. Successively, we spin coated electro-
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Fig. 5 (a) Scanning electron microscopic image of the epitaxial wafer. (b) Photograph of wafer
after the direct wafer bonding process. (c) Cross sectional scanning electron microscope
image of the InP dummy substrate after dry etching conditioning process. (d) Microscope
image after the electrode formation. () Cross sectional scanning electron microscope image
of the dummy InP substrate after electro-optic polymer spin coating. (f) Photograph of the

chip after electro-optic polymer spin coating.

optic polymer. Here, it is critically important for the device performance to have the electro-optic polymer
embedded perfectly in the high-contrast grating. We also have performed conditioning here and have
confirmed that the polymer can be embedded without any problem, as shown in Fig. 5(e). A photography
of the device after spin coating of the polymer is depicted in Fig. 5(f). After spin coating, we deposited
Si0,, performed photo lithography, and removed unnecessary electro-optic polymer so that we can take
contact to the electrode. Currently, we are working on wire bonding of the device and poling of the electro-
optic polymer.

We evaluated the static performance of the device, although we could not accomplish evaluation of the
active performance due to the limitation in time. First, the electrical property of the device is evaluated by
transmission line model (TLM) method. The measured electrical resistance of the InP thin film is shown in
Fig. 6. From here, the contact resistance and the resistivity were measured to be 2.68 Qcm? and 0.0011 Q
cm, respectively. The contact resistance was in good agreement with previous work [8,9]. Assuming the
doping concentration to be 8x10'8 cm=, which we measured at the conditioning step using CV method, the
mobility was measured to be 700 cm?/Vs. This is also in good agreement with the literature [10]. Note that
this resistivity is 25 times lower than silicon with 10'® cm™ doping concentration, which was used in the
previous work. Finally, we evaluated the optical property of the high-contrast grating. We show an example

of the reflectance spectrum in Fig. 7. As designed, a resonance is obtained at 1550 nm wavelength. Here,



1500 - ;

/é\ o
=\ -
. 1000t
G
@
c | -
5 .
5
[
n'd

0 1 L

0 20 40 60

Gap (um)

Fig. 6 Measurement result of TLM method.
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Fig. 7 Reflectance spectrum of the fabricated device.

the small resonance observed as a background is probably induced by the Fabry-Perot resonance of the
quartz substrate. The Q factor was ~75. The reason of the relatively low Q factor compared to the design is
still unclear. However, even with such moderate Q factor, efficient modulation should be possible by using
a high-performance electro-optic polymer [11]. In fact, broad band operation should be possible due to the
relatively low Q factor. From the high peak reflectance at the resonance, we can see that we simultaneously
realized low electrical resistance and small optical absorption that does not degrade the optical resonance.

We will further pursue the demonstration of high-speed operation.
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