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Abstract- This paper highlights the study of the carrier injection
mode and the carrier depletion mode of the phase modulator. The
phase modulator device has been integrated in the silicon rib
waveguide by using the p-i-n diode structure. The electrical
device performance is predicted by using the 2-D semiconductor
package SILVACO (CAD) software under DC operation.
Summarily, the phase modulator device has less sensitivity to the
effective refractive index changes when operating in reverse
biased or depletion mode compared to the forward biased or
injection mode.

I. INTRODUCTION

Lately, silicon photonics have been intensively studied by
many research groups with the intention of linking it between
the field of optical communication and the silicon integrated
circuits. The performance of the integrated circuit (IC) will be
improved by the integrating of the optics and the electronics on
a same chip; in which it could benefit the telecommunications
for the development of low cost solutions for the high-speed
optoelectronic devices and systems. There are many benefits
of the silicon as a photonic medium [1][3]. Especially, it is
transparent in the range of optical telecommunications
wavelengths (1.3 and 1.55um) and because of the high index of
the refraction. Due to its uniqueness characteristic, silicon is
very suitable material for the fabrication of the high-index-
contrast sub-micrometer structures [1]. Furthermore, the
matured silicon integrated circuit process technology in bipolar
and complementary metal-oxide semiconductor provides the
breakthrough of the implementation of dense silicon-based
integrated optics and electronics on-chip.

It is well known the modulation achievement is very much
dependable on the plasma dispersion effect and the thermal
effects in the silicon. From the past research, it is proven that
the most successful silicon optical modulators are based on the
free carrier density. Its function is to control the optical
effective refractive index device [1]. The speed and the
efficiency of the free carrier density modulated in the
waveguide will determine the performance of the free carrier
plasma dispersion.

In this paper, the effective refractive index of the silicon is
modulated electrically by injecting electrons and holes by using
a p-i-n junction diode structure embedded in the rib waveguide.
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The modulator used the carrier depletion in a reversed biased
and the carrier injection in a forward biased [2][3]. The active
cross section of the phase modulator device has been used in
this work is shown in fig. 1. The structure is different from ref.
[1] in terms of the material used and the dimension chosen. In
this study, we fabricate the waveguide on the pure silicon
wafer.
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Fig. 1, Active cross section of pin diode structure of phase modulator device.

The refractive index changes in silicon based on a free
carrier concentration variation can be calculated from the
equations derived by R.A Soref [8] from the Drude- Lorenz
equations.

The equations are:

For A,=1.55u:
An=-[8.8 x 107 AN, + 8.5 x 10 '* (AN})*¥] (1)
For A,=1.3u:
An=-[6.2x 107 AN, + 6.0 x 10 ** (AN})*®] ()
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where An is the refractive index change and AN, and AN, are
the electron and hole concentration variations, respectively.

II. DEVICE DESIGN

There are two parts in the development of the simulation.
The first part is the simulation of the device fabrication and the
second part is the simulation of the device analysis. In the first
part, the simulation development has been developed by using
the component of the 2D package Silvaco software, the
ATHENA.

The design of the simulation is begin by the construction of
the p-i-n diode structure. The P type region is doped with
5x10" cm™ boron concentrations while the N* type region is
doped with 5x10"*cm™ phosphorus concentrations. The
structure had a background doping concentrations of 1x 10,
The depth of the doped region is about 1.8um for N region
and 1.6um for P* region. The rib height and width for the
structure is chosen in order to have a single mode behaviour.
The rib structure is designed to have 4 pm in height and 4 um
in width.

Other component of the SILVACO device simulation
package; the ATLAS, have been used in this work to simulate
the device operation. The refractive index was change by
injecting the free carriers in the optical guiding region. The
simulator has been used to determine the change of refractive
index with the optical wavelength 1.3um and 1.55pum.

The Silvaco ATLAS will simulates the internal physics and
device characteristics by using the Poisson’s equation and the
charge continuity equations for the electrons and holes
calculation. The software also uses a complete statistical
approach (Fermi-Dirac statistics). The Carrier recombination
models are also included with the Shockley—Read—Hall (SRH)

recombination, Auger recombination, and the surface
recombination.
TABLE 1
SIMULATIONS PARAMETER

Si refractive index 3.475

Si background carrier conc. (cm™) 1x10™

T, 2x10°

T, 2x10°

Temperature (K) 300

III. RESULT AND DISCUSSION

In this study, the active region of the modulator have been
tested under DC operation. The active device will be operated
by applying an external electrical signal to the electrodes. The
disturbed free carriers will cause a distinct change in the
effective refractive index [5].

Two type of dc testing have been done in this work. They are
forward biased and the reverse biased. In the forward biased, a
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positive bias is applied to the P electrode. It is expected, the
extra carriers will be injected into the waveguide.
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Fig. 2, Effective refractive index change for increasing forward bias voltage.

Fig. 2 shows the result of the effective refractive index
changes by varies the forward bias voltage from O to 1V. The
result show the effective refractive index have changed
drastically at 0.9V onwards. The index variation of 1.74x10 is
obtained in between OV and 1V.It’s means, the effective
refractive index have a high sensitivity changes with a little
increasing of forward bias value after 0.9V and it will give a
significant effect to the phase modulation. By injecting both
holes and electrons in the active region of the modulator, a
much higher changes in the index of the refraction can be
realized. It is due to both electrons and holes contribution.
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Fig.3, Effective refractive index change for increasing reverse bias voltage.
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In the reverse biased testing, a negative bias is applied to the
P electrode in which it will change the width of the depletion
region thus eventually changing the effective refractive index.
Fig. 3 shows the changes of effective refractive index in
reverse bias. The effective index variation increases as the
reverse bias voltage increases. The index variation of 5.09x10-
4 is obtained between OV and -8V.Its indicate the index
variation value of the effective refractive index in reverse bias
is much more smaller than the value of the index variation in
the forward bias testing.

When a reverse bias is applied to the diode, the holes were
rid out. The holes concentration variation is responsible for the
effective index variation in which created a phase shift of the
guided mode. To get a high effective refractive index changes,
a huge overlapping between the carrier density zone and the
guided mode must be obtained.

IV. CONCLUSION

In conclusion, the p-i-n diode structure of phase modulator
device had much greater sensitivity to the effective refractive
index changes when operating under forward bias after 0.9V
onwards compared to the reverse bias or the depletion mode.
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