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Abstract: The trend in silicon photonics, in the last few years has lheen
reduce waveguide size to obtain maximum gain in the realeesfalevices
as well as to increase the performance of active devicesmigUdifferent
methods for the modulation, optical modulators in silicavé seen their
bandwidth increased to reach multi GHz frequencies. Inrom@eimplify
fabrication, one requirement for a waveguide, as well asafonodulator,
is to retain polarisation independence in any state of djperand to be
as small as possible. In this paper we provide a way to obtlarisation
independence and improve the efficiency of an optical madulasing a
V-shaped pn junction base on the natural etch angle of giliéd.7 deg.
This modulator is compared to a flat junction depletion typmdoator of
the same size and doping concentration.
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1. Introduction

Silicon photonics has experienced rapid development iantegears and several significant re-
sults have been reported, demonstrating the viability eftéthnology [1][2][3][4][5]. In the
design of an optical modulator, four factors are of majoram@ance, the waveguide size, the
bandwidth, the efficiency (i.VV 1) and polarisation independence. The use of depletion modu-
lators using a pn junction is an answer to the bandwidth requent in silicon photonics as the
speed is not limited by the minority carrier lifetime. Theadiback of such a technology is that
the length required to achieverephase shift in a rib waveguide is in the order of millimeters
[5]. In order to improve the real estate of depletion modarabn an optical chip, the efficiency
of these devices need to be improved. The solution could bsg¢smaller waveguide size as
proposed in Ref. [5], where the confinement of the mode in engzrion waveguide increase the
efficiency of the modulator. The issue with submicron wavegsiis the need for efficient opti-
cal coupling for TE and TM polarization [6], as well as losgethe waveguide due to surface
roughness and fabrication tolerances. In this paper, we pyovide a solution to the remaining
issues, by inserting a pn junction in a micrometer size waikkgwhich was demonstrated to
be polarization independent in Ref. [7]. The proposed metdulis a pn junction formed by a
V-shape structure, as shown in Fig. 1(b). This structurélvélcompared to a more common
structure [5] where a flat pn junction is used as shown in Kg).1

2. Device modelling

2.1. Optical modelling

The optimal design of the proposed optical modulator redi@gcally, inter alia, on the high-
accuracy modelling of the dielectric waveguide structilifee high-index contrast between the
silicon and silicon-oxide regions results in a pronounaachlization of the weak quasi-TE
and quasi-TM field- components at the corners of the dieteheterostructure, where occa-
sionally they can become comparable in magnitude with thengtfield-components. This,
combined with the non-piecewise- linear variation of thizagtive indices at the middle re-
gion, invalidates the use of approximate semi-analytibnéqes, such as the effective index
method, and at the same time it may render an accurate depityoh commercial mode-
analysis tools overly difficult. To overcome such limitaitsy and to reliably characterize the
birefringence-free, single-mode waveguide, we developddlly-vectorial finite-difference
frequency-domain (FV-FDFD) mode-solving method, whosmueacy and lattice convergence
have been thoroughly tested in our previous works [10][The method computes the E- or
H-field eigenvectors of the vectorial wave equation andsaki account the polarization, vec-
tor properties and discontinuity of the guided modes at tekectric interfaces, including the
corner regions. The active modulators are introduced tonthéel, by fitting the change in re-
fractive index provided by the simulation of the carriertdizition in the devices into the mode
solver. The effective index change of the waveguides fdedht voltages is then determined,
hence calculating the optimum length in order to achievepdase shift (Eq. (1) below). The
same method has been used to characterise the transiemidugh®@he carrier concentration
changes at any given bias, are introduced into the modersfarelifferent transient times,
hence giving a dynamic change in effective index. Thus ugiqg(1) below, the phase shift
induced with time can be evaluated.
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Fig. 1. (A). Flat pn junction optical modulator in silicon on insulator. (B)shape pn
junction optical modulator in silicon on insulator.

Temperature 300K
Wavelength 1.55um
Si refractive index 3.47
SiO2 refractive index 1.44

Table 1. Optical simulation parameters.

2.2. Electrical modelling

The devices were modeled for both their static and dynanm@vier using Atlas, the device

simulation package from Silvaco [9]. Atlas device simatframework predicts the electrical
behavior of semiconductor devices. It provides a physasetd platform to analyse DC and
time domain responses for semiconductor based techneldgiesolving the equations which
describe semiconductor physics such as Poisson’s equatbtine charge continuity equations
for holes and electrons. The simulator has been used tooptkedifree carrier concentrations in
the waveguiding region of the devices for both DC and trarigiesing conditions. The change
in the free carrier profile is then converted to refractivdex profile in the device using the
expressions given by Soref and Bennett (Eqg. (2) of [8]). Temeine the voltage associated
with a r-phase shift, the change in concentration of free carriarstine known. Assuming
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a non uniform change in refractive index, the active devamggth required to produce the
refractive index change associated withirgphase shift is obtained approximately from the
change in effective index.

A
Aneg = E (1)
WhereA is the operating wavelengthlis the active length of the modulator aAdes is
the change in effective index induced by the change in rifi@ndexAn in the waveguide. At
1.55 um, which is also the operating wavelength for all simulasitvere, the refractive index
changéhn is given by

An= Ane+ Anp = —[8.8 x 10 2 x ANg + 8.5 x 108 x AN*8] )

whereAng is the change in refractive index resulting from the chamgiéde electron con-
centration Any, is the change in refractive index resulting from the chamgiege hole concen-
tration, ANy, is the change in free holes concentration &N} is the change in free electron
concentration.

Surfaces of the waveguides are passivated with SiO

Hole carrier lifetime 300 ns

Electron carrier lifetime 700 ns

N-type 1 x 10%¥ions/cm®
P-type 1x 10%ions/cm®
N and P - type resistive contact | (1 x 10 ions/cm?®)
Si background carrier concentratign(1 x 11° ions/cm®)

Table 2. Electrical simulation parameters.

3. Simulation results
3.1. Waveguide structures

The two modulators are based on a polarisation indepensiegte mode rib waveguide pub-
lished in Ref. [7]. The dimensions are: Height, H=13&, Width, W=1um and etch depth,
E=0.83um. The modulator structures are based on a wing design, gedpay Liao et al for
the MOS capacitor modulator [1]. Both use the depletion ohgumction in order to change
the effective index of the mode propagating in the waveguitie main difference between the
modulators is the shape of the pn junction. Figure 1(B) shingproposed polarisation inde-
pendent V-shaped junction, this is created with an angledof Begrees which is the natural
etch angle of silicon. Figure 1(A) shows a flat pn junctionoasrthe waveguide. As the two
waveguides are approaching polarisation independenctdheir design structure the aim is
to show the differences in the phase shift for TE and TM psédion between both designs
while applying a reverse bias.

3.2. Efficiency of the modulator and positioning of the jimtinside the waveguide

The simulations undertaken below are to determine theigaléon independence of the waveg-
uide during modulation. Figures 2(A) and 2(B) show the plss# achieved for different junc-
tion positions and voltages. Junction position is meastred the buried oxide in the case of
the flat junction. In the case of the V-shaped junction, th&itpm of the intersection between
the sidewalls and the top of the'V’ is measured from the ldride (see Fig. 1). Figure 2(A)
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Fig. 2. (A).Phase shift modulation dependence for TE and TM usirag ariljunction. (B).
Phase shift modulation dependence for TE and TM using a V-shapgehg@ion.

shows similar results for the flat junction and Fig. 2(B) skdhe simulation resulting from the
V-shape junction. Each curve is a plot of the phase shiftexe, at a given bias voltage, as a
function of position of the junction. In order to achieve @adation independence during mod-
ulation the positioning of the junction inside the waveguigdas changed and the phase shift
was calculated for TE and TM, for reverse bias voltages wgryiom 0 to 10 volts. Figures
2(A) and 2(B) show that when the TE and TM curves intersecigiten bias voltage, polarisa-
tion independence is achieved for a specific junction pwsifor both type of junctions and is
consistently observed at the same depth for reverse bigingdretween 0 and 10 volts. For the
particular rib waveguide studied in this paper, polar@atndependence is obtained at a depth
of 0.87 um for the v-shaped junction and Quén for the flat junction. Furthermore by consider-
ing taking the structure where polarisation independemeehieved, the bestrt.V T efficiency

is obtained for the v-shaped junction withtlV 7=2.5 V.cm compared to &£V =3.1V.cm for
the flat junction.

Phase shift (degrees)

-100

-150

-200

-250

-300

Flat Junction positionned at polarisation
independence Figure A

Transient time in (ps)

Phase shift (degrees)

-100 |

-150

-200

-250

-300

-350

-50 -

V-shaped junction positionned at polarisation
independence Figure B

Transient time in (ps)

Fig. 3. (A). Phase shift against transient time for TE and TM for thgdtattion. (B). Phase
shift against transient time for TE and TM for the V-shaped junction.

These results show that the V-shaped pn junction can aclieveame efficiency as the
modulator proposed in Ref. [5] without the problems invadlweith submicron waveguides.
The efficiency of a modulator comes from the overlap of the enpbfile and the refractive
index variation due to the carrier distribution change. t¢etihhe more carriers that are removed
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from the overlap region for a specific reverse bias, then #tebthe efficiency will be. The p
type region, also play an important role in the efficiencyh@sdoncentration holes plays a more
dominant role than the concentration of electrons in theotifze index change. Intuitively one
would expect TE and TM modes to be affected equally if a jumctiould be fabricated at 45
degrees to the major TE and TM axes if the TE and TM axes wergicd, but simply rotated
by 90 degrees with respect to one another. However, bechasadde shapes are different,
some other angle is likely to be optimal. However, the flatjion will definitely not be optimal
and will probably shows the most extreme polarisation ddpeoe. That can be mitigated
to some extent, by translation of the junction verticallizu$ it is not surprising that the flat
junction shows more polarisation dependence than the peshmnction, which in turn, must
be nearer to the optimal angle than the flat junction. Theapsd junction will also be more
phase efficient than the flat junction, simply because thbaps results in a greater net length
of the junction and hence in more net depletion.

The next step is to determine the intrinsic bandwidth of bathdulators. This is done by
calculating the phase shift against transient time andasvshn Figs. 3(A) and 3(B) for TE
and TM polarisation and for the flat and V junction, respestiv

The transients show that the rise and fall time are similattfe both types of junctions. For
this type of doping, the V-shape junction has a rise time op42nd a fall time of 23 ps for
both TE and TM. For the flat junction the rise time is 12ps ardfétl time is 21ps for both TE
and TM. In both cases, this corresponds to an intrinsic batthvin excess of 15 GHz.

4. Conclusion

We have studied two 5 mm long depletion type modulators teden a micrometer size rib
waveguide, that has already been demonstrated in Ref. @ fwolarisation independent and
single mode. The two modulators have been simulated to miaipblarisation independence
for a specific position of the junction inside the waveguideirtg modulation. The intrinsic
bandwidth has been calculated to be above 15 GHz for both latodsi while retaining polar-
isation independence. Furthermore thre LT performance metric for the V-shaped modulator
equals that of the modulator proposed in Ref. [5] for the sabmn depletion modulator, and
exceeds that of [1]. The proposed modulator is thereforegiausecandidate for optical mod-
ulation in silicon photonics easing some of the difficultéassing from designs based around
sub-micrometer waveguides, whilst retaining polarisaiimependence and an efficiency com-
parable to sub-micrometer waveguide based depletion ratudsl
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