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ABSTRACT

KEYWORDS: Silicon Photonics , P-I-N diode, Phase shifter, Variable optical attenua-

tor, Photodetector, Plasma dispersion, Two photon absorption

Various designs of p-i-n diodes are widely used in integrated silicon photonic cir-
cuit for electro-optic reconfiguration, modulation and detection. The injected/depleted
free carriers (electrons and holes) in the waveguide core (intrinsic region) results into a
change in effective refractive index of guided mode, which is the key for an electro-optic
control of silicon photonics device. Integrated optical functional devices like variable
optical attenuators (VOASs), phase-shifters, switches etc. have been demonstrated earlier
by integrating p-i-n diodes with silicon waveguides and operating in forward bias. On
the other hand, reverse biasing across p-i-n diodes sweeps out free carriers (generated
due to two-photon absorption) from the waveguide core, enabling efficient nonlinear
processes such as Raman amplification, four-wave mixing, etc. So far, no unique design
of a p-i-n waveguide is available for all the above mentioned applications. In this work,
we have used a generic diffusion doped p-i-n diode integrated with a single-mode sili-
con waveguide for the demonstration of VOA, phase-shifter, and photodetector (based
on two-photon absorption) in 2-um SOI substrate. The demonstrated phase-shifter has
a tuning efficiency of 0.17 rad/mA; VOA has an attenuation efficiency of 0.1 dB/mA;
and photodetector has been realized with a responsivity of ~10 mA/W?, at an operating
wavelength of A ~ 1550 nm. Though the quantum efficiency of such a photodetector is

relatively low, it can be efficiently used for on-chip sensing applications.
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CHAPTER 1

Introduction

1.1 Motivation

Microelectronics industry is driven by an ever increasing requirement of high speed and
energy efficient computational power. The scaling of transistor has increased speed and
functionality of integrated circuits by ultra large scale integration (ULSI) of transistors.
However, the metal interconnect delay [1] and the high power dissipation at these in-
terconnects lead to performance degradation of integrated circuits [2]. These factors
are motivating researchers to look at alternative solutions for mitigating the issues [3].
Silicon photonic interconnects are considered to be potential solution for inter-chip and
intra-chip communication [4]. Availability of optical grade silicon-on-insulator (SOI)
and established CMOS fabrication facility drives the integration of silicon electronic
circuits and photonic circuits, often called marriage of electronics and photonics. Apart
from the inter-chip communication using an optical interconnect, a range of applica-
tions have emerged over time. It is particular to note that short distance transceivers [5]
operating at 100 Gbps are going through volume shipping for data center applications.
Besides efforts to achieve high speed communications for intra systems (interconnect)
and inter systems (data center applications), other fields like biosensing, biomedicine
[6] have also been pursued. In addition to research in different application areas, novel
device design and optimization, fabrication simplifications, development of design kits

are also needed.

A single-chip silicon photonic 100 Gbps coherent transceiver [7] was demonstrated
in 2014 and is shown in Figure 1.1 as an example of an integrated optical chip. The
transceiver circuit has integration of various active components like p-n junction based
modulator, p-i-n junction based variable optical attenuator (VOA), thermo optic phase
shifter and germanium photodetector along with passive components like power split-

ters/combiners, polarization splitters/rotators. While all the passive components can be



directly fabricated in silicon, active components like on chip laser, thermo optic phase
shifter and photodetector requires integration of other materials with silicon. While it
may be necessary to integrate such components to meet desired performance for certain
applications, it is also desirable to use simplified reusable designs to cut down cost and
reduce fabrication complexities while compromising a little on performance. In the fol-
lowing section we will discuss how a p-i-n junction can be configured for phase shifting
and attenuation utilizing plasma dispersion effect and for photodetection using different

absorption mechanisms.

SiPh PIC

Figure 1.1: Single-chip silicon photonics 100 Gbps coherent transceiver [7].

Plasma dispersion has been one of the boons for silicon photonics. Figure 1.2 shows
the schematic of three mechanisms by which free carriers can be modulated [8]. Car-
rier accumulation is a capacitive way of modulating free carriers where a thin dielectric
material (e.g. silicon dioxide) separates the doped silicon region. Under the application
of an electric field, carriers accumulate across the junction and thus refractive index is
modulated. Another way of introducing free carriers is by making a lateral p-i-n junc-
tion where the intrinsic region guides light and is inherently lossless under no bias. A
very good modal overlap and high level of carrier injection under forward bias can be
achieved by using p-i-n junction. However, p-i-n structures cannot be operated at very
high speed operation since the response time is dependent on carrier recombination

lifetime. Another popular way of modulating refractive index is through a p-n junction

2



Figure 1.2: Schemes for achieving plasma dispersion effect in silicon waveguides: (a)
Carrier accumulation- a thin insulating layer of silicon dioxide separates the
doped silicon regions to form capacitor, (b) Carrier injection- p-i-n junction
is formed by doping p and n lateral to the intrinsic waveguide core region.
Under forward bias free electrons and holes are injected to the waveguide
core , (c) Carrier depletion- p-n junction is formed in the waveguide core.
Under reverse bias, carriers are depleted across the junction [8].

operated in reverse bias. Under reverse bias, carriers are depleted across the junction,
modulation of space charge region modulates the refractive index. The modulation of
free carriers is electric field driven and not through the recombination, very high speed
of switching can be achieved. However, the number of carriers that can be depleted
is not very high and hence the modulators utilizing carrier depletion require longer in-
teraction lengths. A wide variety of structures have been demonstrated for improving
performance like speed, power consumption and device footprint [9]. However, lat-
eral p-n and p-i-n junctions have been the simple and effective choice for high speed

modulator (p-n), phase shifter and variable optical attenuator (p-i-n).

Although silicon p-i-n diodes are used for photodetection in visible spectrum of
light, at communication wavelengths (1310 nm and 1550 nm) silicon is transparent and
hence photodetection is not possible. Therefore, germanium detectors are being gener-
ally integrated (by growing germanium on silicon) for on-chip detection [10]. However,
precise control of germanium growth is essential to avoid defects which otherwise lead
to excess optical loss and dark currents. Also, there have been efforts to make pho-
todetectors in silicon p-i-n diodes by either implanting atoms like silicon [11], helium
[12] to create defect states in the intrinsic region as shown in Figure 1.3(a) or through
surface/interface states between silicon and silicon dioxide (or air cladding) interfaces
[13] as shown in Figure 1.3(b). The implanted defects not only create additional optical
loss but also have higher dark currents and high voltage operation in the former case
and with the later, there is no way to precisely control surface states and the device

operation is not reliable over time. On the other hand, as the waveguide modal areas



to 200
(a)

Figure 1.3: P-I-N diode integrated laterally with the waveguide with : (a) implanted
intrinsic region for defect state absorption [11], (b) surface state absorption
at silicon-air interface [13].

are becoming smaller in size, higher optical intensities inside the waveguide induce si-
multaneous absorption of two photons to generate electron-hole pairs. When the sum
of energies of two photons exceed the bandgap energy, both the photons are simultane-

ously absorbed resulting in electron-hole pair generation. Figure 1.4 shows two cases

Conduction
band

Conduction
band

Energy

Valance
band

Valance
band

K (momentum)

(a) (b)

Figure 1.4: Schematic representation of two photon absorption (a) Degenerate case
(two photons have same wavelength), (b) Non degenerate case (two pho-
tons have different wavelength).

of two photon absorption. Figure 1.4(a) shows the case when two photons of same

energy (same wavelength) are simultaneously absorbed and Figure 1.4(b) shows a case



where two photons of different energy but the sum of the photon energy greater than
bandgap lead to two photon absorption. The free carriers thus generated absorb light

and decrease the efficiency of the nonlinear process.

While free carrier plasma dispersion by electrical injection serves as a means of
electronically controlling light, free carriers generated due to two-photon absorption
during nonlinear optical process deter the efficiency of the nonlinear process. Free car-
rier in the waveguide results in absorption of light and is detrimental in applications such
as Raman amplifiers [14, 15], four-wave mixing [16], parametric generation [17] and
other high power applications. However, by integrating p-i-n diodes in the waveguides,
the generated carriers are removed and the performance of the device was improved

[18, 19, 20, 21].

In spite of two photon absorption being an adverse effect, it has been effectively
utilized in applications such as optical limiting [22], optical pulse shaping [23, 24,
25], all-optical switching and modulation [26, 27], all-optical logic gates [28, 29] and
as photodetectors in various applications like pulse shape measurement [30, 31, 32],
optical clock recovery [33, 34], dispersion measurements [35, 36], in-line monitoring
of optical power [37, 38]. In order to minimize attenuation of optical power, free carriers
need to be swept out of the waveguide core using a p-i-n diode structure. In addition to
loss minimization, the photocurrent thus generated can serve as optical power monitor

in an integrated photonic circuit.

1.2 Research Objective

The objective of the present work is to use a generic diffusion doped p-i-n diode in-
tegrated with a single-mode silicon waveguide for the demonstration of variable op-
tical attenuator, phase-shifter, and photodetector (based on two-photon absorption) in
SOI substrate. There was an earlier study on diffusion doped p-i-n diode integrated
for Mach-Zehnder modulator in large cross section waveguides in silicon-on-insulator
(SOI) with device layer of 5 pm [39] in integrated optoelectronics lab, IITM. Here we
adopt same process flow for the demonstration of functionalities mentioned above in 2

- pum SOI substrate.



1.3 Thesis Organization

In chapter 2, design of single-mode waveguide, theory and simulation of plasma dis-
persion and two photon absorption effects in silicon waveguides are presented. The
fabrication process of the p-i-n waveguide is described in chapter 3. Electro-optic char-
acterization results of the fabricated device are discussed in chapter 4. Chapter 5 sum-

marizes the thesis work and discuss the future scopes.



CHAPTER 2

Theory and Simulation

In this chapter, theory and simulations for waveguide design, p-i-n diode design and two
photon absorption effects in the waveguide are discussed. In section 2.1, single-mode
waveguide design in SOI is discussed. Section 2.2 considers the plasma dispersion
effect in the waveguide which involves the the electrical simulations of the p-i-n diode
and optical simulations under the influence of free carrier injection in the waveguide
core. Further, the effect of free carriers generated by optical process i.e., the two photon
absorption process leading to electron-hole pair generation and the effect of free carriers

on light is discussed in section 2.3.

2.1 Waveguide Design

Although submicron photonic devices have compact footprint and can be densely packed,
they are generally polarization dependent and dispersive. Also, light coupling in and
out of these devices are difficult. On the other hand, waveguides with micron size are
moderately polarization independent and dispersion free while it is also easy to pack-
age with standard fibers [40, 41, 42]. In fact, commercially available variable optical
attenuators [43] and optical transceivers [44] are fabricated on 3 um SOI substrate.
Here we have used 2 pm SOI substrate for demonstration of phase shifter, VOA and

photodetector.

The cross sectional view of a typical rib waveguide is shown in Figure 2.1. The top
silicon is the device layer (~2 pm thick) and is selectively etched to form a rib. Silicon
dioxide (~1 pm thick) below top silicon called the buried oxide acts as the bottom
cladding, silicon below the oxide (~500 pm thick) is meant for handling the wafer
and for mechanical strength. The top cladding for rib can be air or silicon dioxide.

The waveguide width (W), slab height (h) are the design parameters that can be varied



Si

Figure 2.1: Cross-sectional view of a typical rib waveguide in SOI with silicon dioxide
top cladding. H is the rib height, W is the rib width and h is the slab height.

for single-mode waveguide design. The optical modes that are supported by a given
structure were calculated by solving Maxwell’s equation using Lumerical Mode solver
[45]. The eigen vector of the solution gives the mode profile and the eigen value gives
the effective index of the guided mode. The design of a rib waveguide typically involves
finding the geometry such that the structure allows single guided mode. Since the device
layer height, H is fixed, the waveguide width and the slab height can be varied to find out

effective index and the single-mode region of operation. Figure 2.2 shows the effective
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Figure 2.2: Effective refractive index of the fundamental guided mode as a function of
rib width (W) (for TE polarization) for various slab heights (h). The region
left to the dashed line correspond to single-mode guidance region.



index for fundamental transverse electric (TE) like mode and the single-mode cut offs
for different slab heights. For a given slab height one can find out the maximum width
below which the waveguide has single optical mode operation and is shown in Figure
2.2 by dashed lines for both TE and TM polarizations. The waveguide widths to the left
of the dashed lines correspond to single-mode operation. A rib height of H = 1.8 ym
is considered keeping in mind that some top layer of silicon will be consumed during
oxidation process. The electric field profile for fundamental TE and TM polarizations is

shown in Figure 2.3. The optical mode widths of fundamental TE mode corresponding

y [mm]
y [mm]

Figure 2.3: Electric field profiles for fundamental guided modes of (a) TE (E, compo-
nent) , (b) TM (E, component) polarization for waveguide of width, W =
1.6 pm, rib height, H = 1.8 ym and slab height, h = 1.3 ym. Mode profiles
calculated for a wavelength, A = 1550 nm

to % of the electric field maximum is plotted in Figure 2.4(a) and the difference in

mode size between TE and TM polarization is plotted in Figure 2.4(b). Difference in
mode size results in polarization dependent attenuation characteristics and is discussed
in next section. Red dotted line in Figure 2.4(a) correspond to standard lens fiber mode
diameter of ~ 3 pum and corresponding waveguide geometry (W =1.6 yum, H=1.8 um
and h = 1.3 um ) is chosen for further simulation. The mode size matching is required
for better modal overlap of the waveguide mode and the fiber mode which in turn helps

in reducing coupling losses between fiber and waveguide.



Figure 2.4:
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(a) Optical mode width ( % of maximum electric field) for TE polarization
fundamental mode as a function of rib width (W) for various slab height
(h). The black solid line separates single-mode and multi mode regions, red
dotted line correspond to standard lens fiber mode diameter of ~ 3 pm. (b)
optical mode width difference between TE and TM modes as a function of
waveguide width (W) for different slab heights (h) with H=1.8 pym.
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2.2 PIN Waveguide : Plasma Dispersion

After the rib waveguide geometry is designed, electro-optical simulations were carried
by placing p-i-n diode. A typical p-i-n diode placed lateral to the waveguide is shown
in Figure 2.5. The diode parameters that determine the electro-optic response are the
doping concentration, junction depth (D;) of the doping and the separation between
the doping windows and the rib edge (S). Since the doping is carried out by diffusion
process, the doping profile is assumed to be Gaussian with a surface concentration of
N, which determines the number of carriers that are injected to the waveguide core.
From earlier work [39], it was observed that shallow junctions are efficient compared
to a deep diffused junction. However, achieving shallow junctions with high tempera-
ture diffusion process is difficult and therefore a junction depth of 1 ym and a surface
concentration of 1 x 10 ¢cm™ for both p-type and n-type doping are assumed for
simulation. The background concentration (of intrinsic region) is considered to be 102

cm~? in accordance with the SOI substrate specification that is used for fabrication.

Al Al

Silicon
Substrate

Figure 2.5: Cross-sectional view of a lateral p-i-n diode. D; is the junction depth of the
doped region p and n separated by a spacing, S from the rib edge. Waveg-
uide core is the lightly doped intrinsic region. Aluminum contacts are for
electrical probing.

The quantification of change in refractive index can be done by Drude model for
free electrons. For silicon, at an operating wavelength of 1550 nm, an empirical fit is

used and is given by [46] :
An = —[8.8 x 107*AN, + 8.5 x 107 "*AN;"¥] 2.1

Aa = [8.5x 107"*AN, + 6.0 x 107 *AN,,] (2.2)
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where, An and A« (in cm™1) are change in real part of refractive index and absorption
(due to change in imaginary part of refractive index) because of change in electron

concentration, AN, and hole concentration , AN}, (in cm~3) respectively.

160 T T r T r T . T
——S =1pum
—O=—8 =2 um
=/=8 =3 um
120 |- _
—/=S =4 pum

Current [pA/pm]
(<]
o
1
1

40 | -

0.0 0.2 0.4 0.6 0.8 1.0
Voltage [V]

Figure 2.6: Forward bias I-V characteristics of the p-i-n diode for various doping win-
dow to rib separations (S). A junction depth of 1 ym & surface concentra-
tion of 1 x 10 cm™2 (Gaussian profile) for p and n doping are assumed.

First electrical simulations are carried out in Lumerical DEVICE [47]. The simu-
lator solves continuity equation and Poisson’s equation in 2D to calculate the spatial
carrier profile, electric field and I-V behavior of the diode. The carrier profile is im-
ported into Lumerical MODE solutions [45] and the change in refractive index (both
real and imaginary parts) are calculated as a function of the applied bias. The forward
bias I-V characteristics of the diode for different doping window to rib separation is
shown in Figure 2.6. It is obvious to expect that the diodes with narrow intrinsic region
has better carrier injection compared to the wider ones. The change in real part of re-
fractive index under forward bias is shown in Figure 2.7(a) and the attenuation due to
the change in imaginary refractive index is shown in 2.7(b). A refractive index change
of ~1.5 x 1073 can be achieved around a bias voltage of around 1V and for achieving

a phase change of 7 radians, the diode length required would be ~ 500 pm.

The separation between rib edge and doping window is an important design param-
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Figure 2.7: (a) Change in real part of effective refractive index (for TE polarization), (b)
Attenuation due to change in imaginary part of refractive index as a function
of forward bias voltage for different doping window to rib separation (S).

eter for multiple reasons. The optimum design is to ensure there is an efficient carrier

injection to the core of the waveguide while not incurring additional insertion loss (IL).

First, since the doping is performed by diffusion technique, there is always lateral
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Figure 2.8: Insertion loss (loss at O V bias) as a function of waveguide width for differ-
ent doping window to rib separation (S).

diffusion of dopant atoms which means that the waveguide will be more close to the
doping regions even when the mask is at an optimum location. Secondly, from Figure
2.4(a), it can be observed that if waveguide width decreases, the mode size increases
and in fact the difference in mode size between TE and TM polarization also increases
as shown in Figure 2.4(b) and hence PDL also increases. This is because, when the
waveguide width is reduced, the field spreads towards the slab and additional absorption
of light take place. In addition to the deviation in the waveguide width, the lithographic
alignment errors during opening of doping windows can also result in either additional
losses if the windows align close to rib or can degrade the efficiency of carrier injection
when it is away from rib. Figure 2.8 shows insertion loss when the waveguide width
is varying while diodes are in fixed location. It can be observed that diodes with a

separation of 1 um suffers insertion loss greater than 3 dB for all the rib widths.

Another important figure of merit is polarization dependent loss (PDL) . PDL is
defined as the difference of attenuation of TE and TM polarizations and is plotted in
Figure 2.9 as a function of rib width. As it can be seen from Figure 2.3, TE like polar-
ization has a larger mode size compared to TM like polarization. This inherently means
TE mode will have more loss compared to TM mode. As waveguide width is increased,
the difference between the mode size reduces, so as PDL. For a fixed rib width, smaller

rib width to doping window separation has higher PDL.
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Figure 2.9: Polarization dependent loss as a function of waveguide width for different
doping window to rib separation (S).
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Figure 2.10: Switching response of the diode under forward bias for different doping
window to rib separation (S). Input pulse has a rise time of 10 ns and
computed with a step size of 1 ns.

While doping windows close to the rib creates additional losses, it has an advantage
of improving the device response time. The switching response is calculated and shown
in Figure 2.10 with an input pulse of rise and fall time of 10 ns. Diode with narrow
intrinsic region has a faster rise time compared to wider ones. From the rise time of the
step response, 3 dB electrical bandwidth can be calculated and it suggests that the p-i-n
diodes could be operated at about 10 MHz when the separation is 2 ym while not adding
additional optical loss. Considering all the above design parameters and the lithographic
limitations, masks were designed with doping window to rib edge separation of 2, 3 and

4 pm with diode lengths of 100, 200, 500, 1000 and 5000 pm for experimental studies.
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In a p-i-n rib waveguide, the lifetime of the free carrier plays an important role in
the overall performance of diode as attenuator, phase shifter and a detector. In a rib
waveguide structure shown in Figure 2.11, recombination of carriers happen not only
in the bulk of silicon but also at the interfaces between silicon device layer and silicon
dioxide bottom cladding layer and also between the silicon and top cladding layer (air

or silicon dioxide). The effective carrier lifetime can be written as [48],
1 L WShottom . [W +2(H — h)]Stop

=+ + 2.3)
Teff T Aery Aery

where 7.y is the effective free carrier lifetime, 7, ( ~ 4 ps) is the bulk recombination
lifetime, Spost0m and Sy, are the surface recombination velocities at the top and bottom
core-cladding interfaces respectively, A ¢y is the effective modal area (defined in next
section). The surface recombination velocity is a process dependent parameter and

can be typically 100 cm/s [49]. In case of forward bias, when carriers are injected to

Silicon
Substrate

Figure 2.11: Cross-sectional view of a lateral p-i-n diode. Red dotted circles represent
the interfaces where carriers recombine.

waveguide core, the change in refractive index is determined by the number of carriers
that are interacting with the optical mode. When the carrier lifetime is more, for a given
current number of carriers will be more and hence better efficiency can be achieved in
attenuation and phase shifting. The trade-off of having longer lifetime is the reduced
switching time or speed of operation. On the other hand, having a longer lifetime in
case of carriers generated due to two photon absorption improves the optical detection
limit of the photodetectors. In other words, even less carriers generated due to smaller

optical power can be collected by the diode before they recombine at the surface.
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2.3 PIN Waveguide : Two Photon Absorption

In the previous section, we have discussed carrier effects in the waveguide core when
carriers are electrically injected by using a p-i-n diode. In this section we will discuss

carrier injection by optical effects.

For a given waveguide, the evolution of intensity along the propagation direction in
presence of linear loss, two photo absorption and free carrier absorption due to two pho-

ton absorption can be modeled using a simple differential equation as given in equation

2421, 22].

dl(z,t)

= = ~[Otncar + apea] 1(z1) = Breal’ (2. 1) 2.4)
apca = oN (2.5)
dN(z,t) _ Breal*(z,t)  N(z,1) 26

dt 2hV Teff

where, [ is the space ( z-propagation direction) and time (t) dependent optical in-
tensity, yineqr 1S the linear loss (propagation loss) of the waveguide, apc 4 is the free
carrier absorption (FCA) loss, Srp4 is the two photon absorption coefficient, o is the
absorption coefficient for plasma dispersion (see equation 2.2), N is the number of
electron-hole pairs generated due to two photon absorption, 7.¢ is the effective carrier
lifetime and depends on waveguide geometry and the surface quality of waveguide-
cladding interface [48] , hv (= 0.8 eV for A ~ 1.55 pm) is the photon energy. The

optical intensity inside the waveguide can be written as,

1(z) = - 2.7)

where, A, is the effective area of the optical mode in the waveguide and is given by:

o LI JIE(y, 2)Pdrdy)” 08
T I T IE(@.y, =) dady '

where, E (x,y, z) is the electric field strength of the guided mode. The effective modal

area depends on the electric field profile which is dependent on rib waveguide geometry
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like width (W), height (H) and slab height (h).

Equation 2.4 can be numerically solved under different cases. For continuous wave
operation time dependence can be dropped from equations 2.4 and 2.6 and carriers can

be computed under steady state condition. Table 2.1 shows the constants used in the

calculation.

Table 2.1: Parameters used for solving power evolution inside waveguide.

Parameters Values
Olinear 0.5cm™!
Prpa 0.7 cm/GW [22]
o 14.5 x 10718
hv 0.8 eV
Teff 100 ns
Acyy 1.2 pm? [H=1.4 ym,W=h=0.7 pm]
L 2cm

60 r . T . T
=~ Linear loss
=—O=Linear loss + TPA
== |_inear loss + TPA+FCA
45 | -
d
= 30 |
N
o
15 | E
0 N L N L N L N
0.0 0.5 1.0 1.5 2.0

z [cm]

Figure 2.12: Evolution of power inside the waveguide along propagation direction un-
der different loss mechanisms for P(z=0) = 50 mW . Blue line includes
only linear propagation loss, black line includes linear loss and two pho-
ton absorption loss, red line includes linear loss, two photon absorption

loss and free carrier absorption loss due to carriers generated by two pho-
ton absorption.
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Figure 2.13: Power output considering different loss mechanisms. Blue line includes
only linear propagation loss, black line includes linear loss and two photon
absorption loss, red line includes linear loss, two photon absorption loss
and free carrier absorption loss due to carriers generated by two photon
absorption.

The evolution of optical power inside the waveguide with only linear loss, linear loss
with TPA and linear loss with TPA and FCA are plotted in Figure 2.12. Input power,
1.e., P(z=0) was set to 50 mW (chosen such that FCA can be distinguished). Figure 2.13
shows the the output power i.e., P(z=L) when input power is varied up to 100 mW. It
is evident that for power levels up to about 40 mW, FCA is not a dominant factor and

does not contribute to additional loss.

The number of free carriers generated due to TPA can be calculated along the
waveguide using equation 2.6 and is shown in Figure 2.14 for various power levels.
The carrier concentration is slowly varying along the length of waveguide. Therefore,
if a small length is considered for fabricating a diode for photodetection, the carrier con-
centration can be considered as constant throughout the diode length. Longer length of
the diode results in more current so that the lowest power that can be measured can be
improved. Another important factor that plays a major role is the effective modal area.
In a photonic wire waveguide (very small A.s¢) high optical intensities can be achieved

at low power levels as it is evident from equation 2.7. Figure 2.15 shows the through-
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put power for various effective areas and is evident that the threshold input power level
for the on set of free carrier absorption dramatically changes for lower effective area.

Effective area can be tailored by proper choice of waveguide geometry.

1018 T T T T r T :
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Figure 2.14: Number of electron hole pairs generated along the waveguide length at
various power levels ( see Table 2.1 for waveguide parameters used ).
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Figure 2.15: Waveguide throughput power as a function of input power for various ef-
fective modal areas (A¢yy).
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2.4 Summary

Design and simulation of p-i-n diode diodes integrated with waveguides has been car-
ried out. First, waveguide geometry for single-mode guidance was obtained. Next,
electro-optic simulations were performed to obtain the change in refractive index and
optical attenuation as a function of applied bias. The change in real part of refrac-
tive index can be utilized for phase shifting application and change in imaginary part
of refractive index can be utilized for electronically tunable attenuator. Placements of
doping windows play an important role in design of p-i-n structures. Figure of merits
like insertion loss, polarization dependent loss, response time of the p-i-n diode were

calculated.

Given a waveguide geometry, the effect of two photon absorption was studied. Op-
tical attenuation due to two photon absorption and free carrier absorption due to TPA
were calculated. The carriers generated can be swept using p-i-n diode under reverse
bias. Such an operation not only minimizes optical attenuation but also the resulting

photocurrent can be used for on-chip detection.
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CHAPTER 3

Device Fabrication

In this chapter, the process flow, mask design and process details for the fabrication
of the proposed design as discussed in previous chapter are presented. The fabrication
process was adopted from earlier work [39] and was slightly modified. The number
of lithographic steps were reduced from 6 to 4 by choosing metal lift-off against metal

etching.

3.1 Process Flow

The fabrication of waveguide integrated with p-i-n diode was carried out starting with
the fabrication of waveguide first. Although silicon nitride is known to be a good diffu-
sion mask and a passivation material as it can mask zinc, gallium, moisture and sodium
which silicon dioxide cannot, due to difficulty in getting good quality silicon nitride de-
position, thermally grown oxide was used as diffusion mask. Lithographically windows
were opened in oxide and doping of phosphorous and boron were carried out. Metal
contacts to the diode were made by first defining windows lithographically, then alu-
minum was deposited. Aluminum was removed from unwanted regions through lift-off
technique. The cross-sectional schematic at each of the above mentioned step is de-
picted in Figure 3.1. The specification of the silicon-on-insulator ( SOI ) wafer used for

fabrication is given in Table 3.1.

Table 3.1: SOI wafer specification.

Doping p-type
Resistivity ~5 KQ-cm
Crystal orientation <100 >
Device layer thickness | 2 ym =+ 0.5 pm
BOX layer thickness I pm
Handle wafer thickness 500 pym




|
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Figure 3.1: Fabrication flow and cross section of the device after (a) Photolithography
for waveguide, (b) Etching, (c) Oxidation for masking diffusion, (d) Open-
ing doping window for n-type doping, (e) Phosphorous doping, (f) Oxi-
dation for closing doping window, (g) Opening doping window for p-type
doping, (h) Boron doping, (i) Oxidation for surface passivation, (j) Opening
windows for metal contacts, (k) Metal deposition, (1) Metal lift-off. (Figures
not to scale)

23



3.2 Photomask Design and Fabrication

The fabrication of waveguide integrated with a p-i-n diode requires four lithography
steps. Therefore, four masks have to be fabricated, first for the definition of waveguide,
second and third for n-type and p-type doping respectively and the fourth mask for
metalization. The mask layouts were designed using L-Edit CAD tool. The composite
mask layout is shown in Figure 3.2. Masks were written using Heilderberg Instruments
GmbH™ DWL 66 mask writer (He-Cd laser of A\ = 442 nm) on sodalime glass plate
coated with photoresist on top of chromium. Further masks were developed in standard

developer MF-319 and chromium was etched out using chromium etchant.

) Metal pads
Waveguide ,_________%/
s

Doping windows

*

ll

Figure 3.2: Composite mask layout including waveguide mask, p and n doping window
masks, metalization mask.

3.3 Sample Preparation

Wafer Cleaning

The standard silicon cleaning procedure includes removal of organic, inorganic impu-
rities followed by oxidation of a very thin layer of silicon and etching the same so that
fresh silicon surface is available for processing. First the sample was boiled and ultra-

sonically agitated in trichloroethylene and acetone. The sample was rinsed in deionized
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water and dried with compressed nitrogen. Then the sample was boiled in nitric acid to
form a thin layer of silicon dioxide. Silicon dioxide was etched using a 1:100 mixture
of hydrofluoric acid and deionized (DI) water and dried with nitrogen air. Besides the
wafer cleaning at the first step, the sample needs to be cleaned before any lithography
or high temperature processes. While all of the above steps may not be employed al-
ways, depending on the residue on the surface and the previous process steps, a suitable
cleaning procedure was adopted. This involves cleaning with standard cleaning proce-
dure using RCA-1 and RCA-2 solutions [50] or treatment with piranha solution (3:1
mixture of H,SO, and H,0O). Cleaning of the sample is very critical through out the

fabrication process.

Waveguide fabrication

Fabrication of waveguides was carried out in two steps. First, the waveguide patterns
were transferred onto the sample from the mask photolithographically and using pho-
toresist as mask, silicon was dry etched to a desired thickness to form rib waveguide.
To transfer patterns from the mask, the sample was first spin coated ( speed 3000 rpm,
acceleration 450 rpm/s, time 45 second ) with photoresist ( S1805 - Microposit™ ) and
baked for 20 minutes at 80 °C for removing the residual solvent of the photoresist . The
sample was loaded to MA6/BA6 mask aligner and exposed with UV light ( i-line, A =
365 nm ) through the photo-mask for 10 seconds. The sample was then developed using
TMAH based standard developer MF-321. After development, sample was baked for
40 minutes at 80°C for hardening of photoresist which acts as mask for subsequent sil-
icon etching. The sample was etched using inductively coupled plasma etching system
( Oxford PlasmaLabSystem 100 ) for 40 second following a fluorine based chemistry.
The details of etch recipe is tabulated in Table 3.2. Etch depth was ~ 500 nm. Figure

3.4(a) shows the top view of the waveguide after etching.

Thermal Oxidation

In order to mask the diffusion doping process, thick oxide (~ 500 nm) was grown

on silicon. The process was carried out after rib waveguide fabrication followed by
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Table 3.2: Silicon etching recipe.

Parameters Specifications
Gas flow rate | SFg : CHF; :: 15 : 30 sccm
Pressure 15 mT
Temperature 0°C
RF power 30 W
ICP power 1000 W
Etch rate 1 pm/minute

cleaning of the sample. The sample was loaded into the furnace at ~ 1000°C in nitrogen
ambient. The process of oxidation was carried out in a sequence of dry-wet-dry oxygen
ambient. First dry oxidation was carried out for 15 minutes with an oxygen flow rate
of 150 LPH. Then the ambient is changed to wet oxygen (steam) by passing oxygen
through boiling DI water for 75 minutes. Again the ambient was changed to dry oxygen
and the process was carried out for 15 minutes. Annealing of the sample was done in
nitrogen ambient for 15 minutes before unloading the sample. The measured (with
Ellipsometer) oxide thickness was 495 nm. The silicon dioxide thus grown acts as
hard mask for diffusion processes since the diffusivity of the dopant atoms are lower in

silicon dioxide compared to silicon.

Phosphorous Diffusion

The oxidized sample was patterned to open windows for doping n-type impurity. The
cross-section at this step is shown in Figure 3.1(d). Then the oxide was dry etched
with fluorine chemistry as given in Table 3.3. After oxide was etched, sample was
cleaned and loaded into phosphorous diffusion furnace at 850°C in nitrogen ambient
(main flow) with a flow rate of 100 LPH. Phosphorous pre-deposition was carried out
for 120 minutes. Nitrogen (carrier gas) at a flow rate of 5 LPH (5% of the main N, flow)
was bubbled through POCI3; maintained in an ice bath. Oxygen (5% of the main flow)
was also passed to the furnace . Nitrogen carries the vapors of POCl3 and reacts with
oxygen to form P,O5 which acts as source of doping. P,O5 forms a thin layer of silicon

dioxide rich in phosphorous and they diffuse into silicon. The chemical reactions are
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Table 3.3: Silicon dioxide etching recipe.

Parameters Specifications
Gas flow rate | CHF;5: Ar:: 90 : 7.5 sccm
Pressure 24 mT
Temperature 20°C
RF power 200W
Etch rate 25 nm/minute

expressed as [51],

4POC13 4+ 30y — 2P,05 4 6C'y
2P,05 + 551 — 4P + 5510,

The unloaded sample was dipped in 1:10 mixture of HF and DI water for about 30
seconds to remove phosphosilicate glass (PSG, an insulator) and rinsed in DI water and
dried with nitrogen air. Along with the patterned sample, blank silicon samples were
also loaded into the furnace so that sheet resistance could be measured. Sheet resistance
was measured using four-probe method. The value of sheet resistance was 25 €2/
which is in close agreement to Tsuprem4 simulation 21 /L] and also with the vendor
data sheet [52] . The simulated doping profile is shown in 3.3(a). The junction depth
was found to be 0.41 zm and surface concentration of 4x 10%° em =3, Figure 3.3(a) also
shows the profile after subsequent process steps during which there is redistribution of
dopant. The expected junction depth and surface concentration at the end of all high

temperature process are 1.25 ym and 1 x 10! em =3 respectively.

Boron Diffusion

Once the phosphorous diffusion was over, the doping window opened is closed by ther-
mally growing oxide. The process conditions were same as described earlier except the
process duration for dry-wet-dry oxidations were 15-30-15 minutes respectively. An
oxide of ~ 300 nm was grown which was sufficient for masking boron diffusion. Then
windows were opened with photolithography and the cross section is shown in Figure
3.1(g) and the oxide was dry etched using the recipe as tabulated in Table 3.3. Boron

nitride (BN) discs were used as solid source dopant source. First boron nitride was
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soaked in a 3:2 mixture of DI water and HF for about 2 minutes and rinsed thoroughly
with DI water. Since BN easily absorbs water, the discs were dried at 400 °C for 2 hours
in the furnace in nitrogen ambient. Temperature of the furnace was ramped to 1000°C
and oxygen is flown into the furnace at the rate of 150 LPH for 30 minutes. BN discs
were unloaded to the mouth of the furnace and the temperature was further increased to
1100 °C. When the furnace has reached the set temperature, the samples were stacked
alternatively with the BN discs in the quartz boat and was loaded. Diffusion was car-
ried out for 15 minutes in an ambient of nitrogen (150 LPH) and oxygen (4.5 LPH). BN
reacts with oxygen to form boron trioxide and it further oxidizes silicon to form silicon
dioxide rich in boron and acts as the dopant source and boron atoms diffuse through

silicon. The chemical reactions can be expressed as [51],

ABN + 309 — 2B503 + 2N,

28505 + 351 — 4B 4 3510,

Samples were unloaded and borosilicate glass formed during diffusion was removed
with HE. During the diffusion process,a silicon-boron phase is developed [53] and was
removed by a subsequent step of wet oxidation at 750 °C and BSG was dissolved in
HF. Sheet resistance was measured and found to be 14 €2/[] which is in agreement with
the vendor data sheet [54]. The expected junction depth and surface concentration sim-

ulated through Tsuprem4 are 1.1 ym and 1 x 10%° ¢m™3

. Figure 3.3(b) also shows
the profile after surface is passivated during which there will be redistribution of im-
purities. The expected junction depth and surface concentration at the end of all high

temperature process are 1.39 ym and 2 x 10' ¢m ™3 respectively.

Surface Passivation

After boron diffusion and low temperature oxidation, all the oxide was etched in HF and
sample was cleaned. A fresh layer (~ 150 nm) of silicon dioxide was grown with dry-
wet-dry oxidation for 15-10-15 minutes. This layer of oxide acts as a surface passivating

layer.
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Figure 3.3: Simulated doping profile in the respective doping windows at the end of
each high temperature process for (a) n-type dopant (Phosphorous), (b) p-
type dopant (Boron).
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Metalization

After surface was passivated, photolithographically windows were opened in oxide for
making metal contacts to the p-i-n diode. Oxide was dry etched with photoresist as
mask as described earlier (see Table 3.3). Figure 3.4(b) shows the top view of the
waveguide along with p and n doped regions. Here it has to be noted that photoresist
was not removed. Samples were then loaded to thermal evaporator and aluminum was
evaporated. Aluminum thickness of ~ 200 nm was deposited. Then the samples were
gently agitated in acetone to lift-off metal from the un-patterned regions. The cross-
sections of these processes are shown in figures 3.1(j) - 3.1(1). Figure 3.4(c) shows the

top view of the sample after metalization.

() (b)

Mag = 18.27 KX WD = 9.2mm
InLens EHT = 10.00 kV

(d)

Figure 3.4: Fabricated device top-view (a) After waveguide definition, (b) After P and
N doping, (c) After metalization and (d) SEM of waveguide cross-section.
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End face preparation

After all the fabrication processes are completed, the end faces of the sample needs
to be either polished or cleaved so that light can be coupled in/out of the waveguides.
Two samples were prepared, one of them was mechanically polished using polythene
films coated with diamond grains ranging from 30 pm to 0.1 pm. Polished sample was
used to measure loss of the waveguide (described in next chapter). Another sample
was cleaved along the cleaving plane (111). Cleaving helps in getting rid of the Fabry-
Perot cavity (formed in case of polished waveguides) and helps in exact measurement
of devices like variable optical attenuators. Figure 3.4(d) shows the scanned electron

micro-graph of the cleaved end face.

Waveguide loss, mode profile and diode I-V measurements

Following fabrication, the waveguide losses were estimated using Fabry-Perot tech-
nique [55]. The propagation loss of the waveguides were found to be between 2-4
dB/cm for polished sample. Waveguide loss could not be measured in the cleaved sam-
ple since they do not form cavity. However, similar propagation losses are expected in
the other sample. Further optical mode profiles were also measured using IR camera
and typical mode profile is shown in Figure 3.5. It is clear that waveguide guides only

fundamental mode. The I-V characteristics of diodes for varying doping window to rib

Figure 3.5: Measured optical mode profile of fundamental TE mode. (Sample #1)

separation is shown in Figure 3.6 for diode length of 500 ym. It can be seen from the
diode characteristics that reverse saturation current is very low indicating good surface

passivation and low defects.
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Figure 3.6: I-V characteristics of the diode for various rib to doping separation (S) for
a diode length of 500 pm. Left axis is in linear scale and right axis is in log
scale

3.4 Summary

Waveguide integrated with p-i-n diode is fabricated with CMOS compatible process
using diffusion doping technique. Two samples were fabricated and the details of the
waveguides of two samples investigated in this work are tabulated in Table 3.4. Reduced
height and width in sample 2 is due to the fact that Si0, was removed after each diffu-

sion processes and fresh oxide was grown before next process. The measured loss is bit

Table 3.4: Experimentally measured waveguide parameters of the fabricated samples

Parameters Sample 1 Sample 2
Rib width (W) 1.0 pm 0.7 pm
Rib height (H) 1.8 ym 1.4 ym
Slab height (h) 1.3 pym 0.7 pm
A.ss (estimated) | 6 pum? 1.2 ym?
Length 1.3 cm 1.85cm
End-face Cleaved Polished

Length of diodes | 100, 200, 500, 1000, 5000 pm
Waveguide loss - \ 2-4 dB/cm

higher for the fabricated waveguides. However, it would not affect the measurements

of phase shifter, attenuator. Experimental results are discussed in next chapter.
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CHAPTER 4

Experimental Results and Discussions

In this chapter optical and electrical measurement results are presented and discussed.
The measurements include passive waveguide loss and mode profile measurements,
active electro-optic characteristics when the p-i-n diode is in forward bias, reverse bias
photocurrent measurements as a function of the input power. Also the dynamic response
of the device when a square electrical signal is applied to the diodes are discussed. Two
samples were prepared with slightly different waveguide dimensions (see Table 3.4).
One of the samples was polished and the other sample was cleaved for end face prepa-
ration. Polished end faces forms a Fabry-Perot cavity which is useful in measuring the
waveguide propagation loss and phase-shifter responses. Cleaved sample, however does

not form a cavity and thus it can be used for variable optical attenuation measurements.

4.1 Experimental setup

The experimental setup used for electro-optic characterization is shown in Figure 4.1(a).
Light from tunable laser source in C band (1530-1570 nm) is rotated for a particular po-
larization (TE or TM) and is launched to a collimating lens (10x). The collimated beam
passes through a polarizer (for filtering the other polarization not of interest) and is fo-
cused onto the waveguide end face using a focusing lens (40x). Figure 4.1(b) shows the
photograph of the experimental setup with sample under test between input and output
objectives. The output from the waveguide is collected using a output lens (60x) and is
focused on a photodetector. The output of photodetector is either connected to a power
meter or digital storage oscilloscope (DSO- Keysight DSOX6002A) for steady state and
dynamic measurements respectively. The electrical signal is either given from source
measure unit (SMU- Keithley 2420) for DC characterization or function generator for
AC characterization. All the instruments are connected to computer for control and data

acquisition.



Computer

!

Tuneable Laser Source Measure Unit/Function Power Meter/
Source Generator DSO
Polarization
Controller
Polarizer Electrical Probes Photodetector
Collimating Lens Input Lens Device Under Test  Qutput Lens
(@)

DUT with
probes

. -
— Iaput

Objective

(b)
Figure 4.1: (a) Schematic of experimental setup for electro-optic characterization , (b)

Photograph showing sample under test, input/output objectives and electri-
cal probes. Pico actuators are used for precise optical alignment.

34



4.2 Plasma Dispersion : Phase shifter and VOA

After passive characterization of straight waveguides for loss measurements, the elec-
tro — optic characterization of the waveguides was carried out. Laser of wavelength
1550 nm was coupled to waveguides and the p-i-n diodes were electrically probed and
a forward bias was applied for injecting carriers to the waveguide core. In the fol-
lowing sections, the characteristics of phase shifter and variable optical attenuators are
discussed. As mentioned earlier, polished sample is used for measurements of phase

shifters and cleaved sample for variable optical attenuator characterization.

4.2.1 Phase shifter

Free carrier injection to the waveguide core changes both real and imaginary parts of
refractive index. In a Fabry-Perot cavity, when carriers are injected, phase modulation
results in resonances as a function of forward bias and as well attenuate the optical
power. Light of wavelength 1550 nm was coupled to waveguide using end fiber cou-
pling as shown in Figure 4.1(a). The diodes were electrically probed using micro tip

probes. Using the SMU, current is varied and optical power is monitored.
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Figure 4.2: Fabry-Perot transmission under forward bias for various diode lengths (L,).
Length of the waveguide is 1.85 cm and measured at A = 1550 nm.
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Figure 4.2 is the forward bias characteristics of the Fabry-Perot cavity for different
diode lengths. The average of the transmission characteristic may be considered as the
attenuation response. It is evident that longer diode undergoes more attenuation and
the extinction ratio also suffers in case of longer diode length. However, shorter diode
length has less attenuation and extinction ratio is nearly constant for current greater
than ~50 mA. If we consider an attenuation of 3 dB in a diode length of 100 xm and
by assuming number of electrons and holes injected are equal, using equation 2.2, the
carrier concentration can be obtained. A carrier concentration of ~ 5 x 10'® is required
to attenuate 3 dB for a diode length of 100 um. If we consider 5 dB of attenuation in an
1 mm diode at a forward current of 70 mA, the corresponding carrier concentration is
~ 7 x 10'7. Since Auger recombination dominates at higher injection (> 10*® cm™3),
in case of a shorter diode Auger recombination is more pronounced and hence, the net
carriers available under the rib to interact with the optical mode is not increased with
increase in the electrical current. Therefore, the injected current results in joule heating
and the resultant Fabry-Perot modulation may be attributed to thermo-optic effect which

dominates over plasma-dispersion effect in case of 100 pm diode. The maximum in the
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Figure 4.3: Phase shift introduced by the p-i-n diode under forward current for various
diode lengths (Ly).

transmission correspond to a phase shift of integer multiples of 7 radians. Figure 4.3

shows the phase shift introduced by the p-i-n diode as a function of forward current. As
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expected, shorter length of the diode requires higher current to attain same phase shift
compared to longer diodes. By fitting the experimental points in Figure 4.3 with a linear
equation, tuning efficiency can be obtained. The slope of the linear fit gives the tuning
efficiency and is found to be 0.107, 0.097, 0.117 rad/mA for diode lengths of 5 mm, 1
mm and 0.1 mm respectively. Since the slope is independent of diode length, the values

suggest that all the diodes under consideration have consistent tuning performance.
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Figure 4.4: Dynamic response of the phase shifter (a) Optical signal in phase with elec-
trical signal, (b) Optical signal out of phase with electrical signal. Yellow
trace is the applied electrical signal and green trace is the optical signal.
Electrical signal is at 1 MHz with rise and fall times ~ 15 ns.

To measure the dynamic response of the phase shifter, the diodes were given input

from a function generator with a square wave of frequency 1 MHz with rise and fall
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times ~ 15 ns. The output of the photodetector was connected to the oscilloscope.
Figure 4.4 shows the dynamic response of the phase shifter. In Figure 4.4(a) , the
modulated optical signal (green trace) is in phase with applied electrical signal (yellow
trace) whereas in Figure 4.4(b) the optical signal is out of phase with respect to electrical
signal. This is because of the fact that the diode is biased at a different voltage levels
such that light constructively interferes when electrical signal is high in the former
case and destructively in the later. The response time of the diode can be taken as the
maximum of the rise and fall times and in this case it is 72 ns. It has to be noted that
speed is dependent on the width of intrinsic region of the p-i-n diode. The reported

response time is for an intrinsic width of ~ 9 ym and diode length 1 mm.

4.2.2 Variable optical attenuator

Investigation of variable optical attenuator was carried out on the waveguides with
cleaved end facets. As it does not form any cavity,the change in imaginary part of the
refractive index leading to attenuation of light as a function of applied current can be
measured. The attenuation characteristics for different diode lengths is shown in Figure
4.5. For the same reason as discussed earlier, Auger recombination reduces the carrier
concentration in case of a shorter diode at higher forwards currents, the attenuation do
not scale according to the length of the diode. The separation between doping window

and waveguide rib for the above measurement was 4 pm.

The VOA characteristics for different doping window to waveguide rib separations
is shown in Figure 4.6 and as expected the one with small separation results in better in-
jection of carriers and hence better attenuation. For a fixed current value, the number of
carriers that overlaps with optical mode is more when doping window is closer to rib. In
other words, when intrinsic region is narrow, most of the free carriers injected interacts
with light causing more attenuation. The length of the diode here is 5 mm and a maxi-
mum attenuation of 10 dB is achieved at 100 mA. Further the polarization dependency
of attenuation was studied by launching light of a certain polarization with the help of
polarization controller and polarizer and the results are shown in Figure 4.7 for three

different gaps. It was observed that the waveguides with diodes of smaller doping win-
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Figure 4.5: Variable optical attenuator characteristics for various diode lengths (L,).
Waveguide length is 1.3 cm, characterized with TE polarized light at A\ =

1550 nm.
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Figure 4.6: Variable optical attenuator characteristics for various diode doping window
separation (S). Waveguide length is 1.3 cm, characterized with TE polarized

light at A = 1550 nm.

dow to waveguide rib separation had more polarization dependence compared to that of

wider doping window to waveguide rib separation. This is due to the fact that TE like
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mode will have more lateral spreading compared to a TM like mode. The optical modes
for the fabricated structure was calculated and found that the % width of TE like mode
is ~ 5.5 pm where as for TM polarization it is ~ 4 ym. As a result TE polarization
undergoes more attenuation compared to TM polarization. However, when the doping
window to waveguide rib separation are wider, the carriers interaction with both the
polarization are same and as a result the VOA becomes polarization independent. The
measured polarization dependent loss ( PDL = app — appy ) for the best device was <
0.2 dB. To study the wavelength dependency of the attenuators, wavelength was swept

10 T T T T T T
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Figure 4.7: Experimental attenuation characteristics of fabricated VOAs (length = 1
mm) for both TE and TM polarizations: (a) S =2 um, (b) S =3 um, and (c)
S =4 pm.

in C-band ( 1530-1570 nm) while the attenuator was biased at a specific operating cur-

rent. Figure 4.8(a) shows wavelength dependent characteristics for both polarizations
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at different current levels. It can be seen the attenuation is nearly flat across the C-band.
The standard deviation of the wavelength dependent attenuation for different devices
is shown in 4.8(b) and 4.8(c). The maximum value of wavelength dependent loss is <

0.5 dB. Dynamic response of VOAs were also measured with response times similar to
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Figure 4.8: (a) Wavelength dependent attenuation characteristics, (b)—(c) Wavelength
dependent loss for TE and TM polarizations respectively at different oper-
ating current levels.

phase shifters with smaller doping window to rib separation showing fast response time
compared to the wider gaps. Response times were found to be 25, 65 and 125 ns for 2

pm, 3 um and 4 pm separations respectively are consistent of simulations.
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4.3 TPA : Photodetector

4.3.1 Negligible free carrier absorption

When two photons are absorbed, free carriers are generated and these carriers further
absorb light and result in additional loss. The amount of loss is directly proportional
to the number of carriers generated. However, if the number of carriers generated are
less than 10'7cm =3, the additional loss is negligible compared to scattering loss. Figure
4.9 shows the loss measured at different power levels and it can be seen that there is no
significant loss added by free carrier absorption. It is expected that loss should increase
as power is increased. However, from Figure 4.9, it is clear that no particular trend is
followed and the fluctuations is mostly due to measurement errors at different power
levels. From equation 2.2 it can be calculated that for an increase in attenuation by 1
dB/cm , the number of electron-hole pairs generated to be ~ 1.6 x 10'® cm~3. Given
the length of the waveguide 1.85 cm, the number of free carriers generated is way too

less to cause any attenuation.
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Figure 4.9: Loss measured at various input power levels for different waveguides (De-
vice numbers: D1, D3, D4, D5, D7) at 1550 nm wavelength.
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4.3.2 Photocurrent measurements and modeling

In order to measure the current due to free carriers generated by TPA, laser was tuned to
1.55 pm and light was coupled to waveguide and the p-i-n diode was probed and con-
nected to SMU. EDFA was used to to get higher power levels for measurements. Figure
4.10 shows the reverse bias characteristics of the p-i-n diode at various power levels. It
is the evident that as the power increases the reverse saturation also increases. It has to
be noted that the carrier generation is quadratic with the coupled power. To measure
the current as a function of power, diode was biased at a fixed voltage and the power
was increased using EDFA. Photocurrent and throughput power were simultaneously
recorded. Figure 4.11 shows the electric current vs optical power for different lengths
of the diode. As expected longer length of the diode results in more carrier generation

because of longer interaction length.
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Figure 4.10: Reverse bias I-V characteristics at various power levels. Diode length, L,
=500 pm.

The photocurrent was fitted with quadratic equation as given by equation 4.1.

I=AP?+BP,+C 4.1
QﬁtpaLé\}Lf

A =np—9) 4.2)
QhVAeff
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Figure 4.11: Experimental data points and quadratic fitting curves of photocurrent as a
function of throughput power for various diode lengths (L;).

B= nM (4.3)
hv
l2
Lé\}? = /e‘zazdz 4.4)
I
l2
Ly, = / e **dz (4.5)

I
where A (A/W?) is considered as responsivity of the detector due to two photon ab-
sorption, B (A/W) is the responsivity due to surface state absorption and C (A) is the
detector dark current. P, is the throughput power measured using a commercial pho-
todetector. L)} and L[, are the effective interaction lengths for nonlinear and linear
absorption. Since the power varies along the propagation length due to loss, effective
lengths are considered for calculation. « is the propagation loss in cm™!, 37p4 is the
TPA coefficient, A ¢ is the effective modal area (~ 1.2 pum?), [, and [, are the starting
and ending points of the diode (see Figure 4.12). agg4 is the surface absorption coef-
ficient, 7 is the collection efficiency of the diode and is assumed to be unity. It may be
appropriate to fit the equation with throughput power since it is not easy to estimate the

exact coupled power to the waveguide. This results in overestimation in the values of A
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and B. However, we can correct the coefficient A and B to estimate the actual respon-

sivity. Therefore, we obtain the actual responsivity as follows. Figure 4.12 is the top
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Figure 4.12: Top view of the fabricated sample showing the location of diodes. L is the
total length of the waveguide. [; and [, are the starting and ending points
of the diode respectively. L; = [5 — [; is the diode length.

view of the sample showing various diode lengths. From Figure 4.12, we can observe
that location of /5 is always fixed where as /1, the starting point of the diode is varying
for different diode lengths. The transmitted power of the waveguide of length L with a
loss « can be written as,

P, = P, ek (4.6)
P, = P(ly)e =) (4.7)

Since P(ly) is the actual power at the input of the diode and absorption starts from that
point, F; can be written as given in equation 4.7 and can be substituted in equation 4.1.
Therefore, the absorption coefficient, A has to be divided by a factor of e>*(“:~4) and B
by el since the quadratic fitting is obtained with transmitted power and is lower

than the actual power responsible for TPA.

The total length of the sample is 1.85 cm. The values of [y, loss («) and the coef-
ficients (A,B,C) and the modified A (A’ = eh(fﬁ) are tabulated for different waveg-
uides in Table 4.1. It has to be noted that some of the waveguides have a larger surface
state absorption coefficient (e.g., device number 10) signifying a relatively poor waveg-
uide surface and is also reflected in large dark current (C). Figure 4.13 shows the differ-
ent components of photocurrent. It is clear that for power levels > 300 W, current due
to two photon absorption is the dominant component. The quantum efficiency (Q.E)

of this detector is power dependent and the magnitude of Q.E due to TPA is equal to
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Device | (I2-1) o C B A A’
number | (cm) | (cm™1) | (nA) | (LA/W) | (mA/W?) | (mA/W?)

1 0.01 0.93 9.22 6.23 26.32 5.89
3 0.05 0.67 88.83 3.02 23.41 7.57
8 0.02 0.64 37.40 6.44 14.83 5.19
9 0.05 0.47 64.32 0.88 20.45 9.19
10 0.10 0.88 | 865.87 | 660.47 23.33 4.79
13 0.01 0.55 7.05 0.15 6.26 2.56
14 0.02 0.59 | 139.10 | 61.44 12.07 4.61

15 0.05 0.82 90.53 15.15 60.14 14.89
16 0.10 0.76 | 247.62 | 152.58 43.38 11.17

Table 4.1: Waveguide loss, diode lengths and coefficients obtained by fitting experi-
mental photocurrent.

responsivity (coefficient A’) due to TPA. The response time of the photodetector could
not be measured due to experimental limitations. However, electrical simulation of the
p-i-n diode under reverse bias with an optical pulse excitation was performed and it was

found that the 3 dB bandwidth is about 1 GHz.
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Figure 4.13: Comparison of different current components using the fitted coefficients.
Black line is the current only due to linear absorption, red line is the current
only due to two photon absorption, blue line is the total current.
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4.3.3 Photothermal effect due to TPA

Since silicon is an indirect band gap material, electron transitions from valance band to
conduction band and vice versa involves phonon generation for momentum conserva-
tion. In the process of electron-hole pair generation due to TPA, phonons are generated
resulting in local increase of temperature. This effect is known as photothermal effect.
As silicon has relatively large thermo-optic coefficient, refractive index will be changed
due to change in temperature. It was observed that as input power is increased and
output power is monitored in the polished sample, there were resonances in the trans-
mitted power. Figure 4.14 shows the output power as a function of input power and the

corresponding on-chip photocurrent measured using the p-i-n diode. The photothermal
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Figure 4.14: Waveguide output-input measurements. Red curve shows the optical
power measured at the output of the waveguide. Blue curve shows the
photocurrent measured with on-chip p-i-n diode.

effect was analyzed by calculating temperature change in the waveguide as described
in [56]. The refractive index change due to temperature change, free carriers and Kerr
effects as a function of power are calculated using equations 4.8 —4.11 and is plotted in

Figure 4.15.

ﬁtpa
AT = ZtraavgTt (4.8)
'OCAeff
ANhermal = 1.86 x 1074AT 4.9)
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Anpep = —(8.8 x 107N, + 8.5 x 107 °N}®) (4.10)

Ny Pavg

AnKerr - (411)

Aesy
where, AT is the temperature change due to carrier generation because of TPA, p =
2.3 x 1073 kg cm™? is the density of silicon, and C = 705 J kg~! K~! is the thermal
capacity, 7; is the thermal diffusion time, N is the carrier generated due to TPA as
defined in equation 2.6, ny = 6 x 107'® m* W~! is the nonlinear index coefficient, P,,,
is the average power inside the waveguide, Anipermar, ANrcp, AN are the change
in refractive index due to thermal, plasma dispersion and Kerr effects respectively. The

total change in refractive index is the sum of all the effects.
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Figure 4.15: Comparison of refractive index modulation due to thermal (blue line),
plasma dispersion (red line) and Kerr effect (black line) as a function of
optical power.

Fabry-Perot transmission equation given by equation 4.12 [57] was used to estimate
the output power by using the power dependent refractive index change.
Pm(l - R)Ze—aL

Py = 412
' (1 — Re=*L)2 + 4Re~Lsin?(3) (4.12)

48



where, P,,; and P;, are the output and input powers respectively, R (= 0.31) is the
Fresnel reflection coefficient between silicon and air, « is the propagation loss of the
waveguide, 0 = % is the round trip phase shift of the cavity. Here, n is the refrac-
tive index of the mode, L is the length (in cm) of the cavity and A is the operating

wavelength.

The experimental data was fit by using thermal diffusion time constant,7; (about 150
us) as fitting parameter. Figure 4.16 shows the calculated and experimental data. It has

to be noted that the temperature change is less than 1°C at 15 mW of input power.
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Figure 4.16: Experimental (scattered points) and theoretical model (Solid line) for
waveguide input-output including thermal effects.

Further, wavelength of the laser source was tuned to measure Fabry-Perot transmis-
sion at various power levels and it was observed that the transmission peaks red-shifted

at higher power levels confirming that the shift was mainly due to thermal effect.

Figure 4.17 shows the normalized power transmission at various power levels. The
wavelength shift was observed to be linear with respect to power and had a slope of ~
3.2 pm/mW. Along with optical throughput, corresponding photocurrent in the on-chip
p-i-n diode was also measured and is shown in Figure 4.18 and it follows the optical

power.
Since the diode current follows the changes in optical power in the Fabry-Perot
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Figure 4.17: Normalized Fabry-Perot optical transmission measured at different optical
power levels. Length of the waveguide is 1.85 cm, wavelength tuned with
a resolution of 1 pm.
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Figure 4.18: Normalized Fabry-Perot photocurrent measured at different optical power
levels. Length of the p-i-n diode is 100 pm and a reverse bias of 5 V is
applied for carrier sweeping.

cavity, it is possible to track down the resonance detuning by simply tracking the on-

chip photocurrent and further electronics can be built into the chip for feedback control
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to bring back the device in resonance condition. The sensitivity is power dependent

and since the total current is quadratic, the slope (sensitivity) will be linear with power.

dP dI

From the product D dp?

sensitivity at S mW of optical power is about 250 nA/pm.

In resonant devices like micro ring resonators, detuning of the resonant wavelength
due to temperature or ambient fluctuations can degrade the performance of the device.
A pair of p-i-n diodes may be integrated along with control circuit such that one of the
diodes act as a detector and other as a phase shifter and resonance condition can be

stabilized.

4.4 Summary

The fabricated devices were characterized starting with waveguide loss and mode pro-
file measurements. Electro-optical measurements, both static and dynamic were per-
formed to evaluate the performance of phase shifter, variable optical attenuator and

photodetector. The results can be summarized as follows:

1. Straight waveguide loss were found to be 2-4 dB/cm.

2. Phase shifters have a static tuning efficiency of 0.17 rad/mA and have a dynamic
response time < 100 ns.

3. Variable optical attenuators were found to be nearly polarization and wavelength
independent with polarization dependent loss < 0.2 dB and wavelength depen-
dent loss < 0.5 dB.

4. p-i-n diodes were characterized for photodetection and found to have responsivity
due to two photon absorption of ~ 10 mA/W?2,

Photocurrent due to TPA and surface state absorption was analyzed using empirical

models. Further, photothermal effect was observed and modeled by considering optical

power dependent refractive index changes due to thermo-optic effect.
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CHAPTER 5

Conclusions

5.1 Summary

In this work, we have shown that a generic p-i-n diode integrated laterally with a waveg-
uide can be used for multiple functionalities. Such a device can be embedded at different
locations of an integrated optical circuit and can be reconfigured to be used as a phase
shifter, attenuator or a detector depending on the requirement. To demonstrate func-

tionalities mentioned above, p-i-n diodes were designed, fabricated and characterized.

First, waveguides were designed for single-mode operation and with an existing
set of doping parameters, diode locations was designed to achieve low insertion loss
and polarization loss. The device was fabricated and characterized with electrical and

optical measurements.

The experimental measurements show that phase shifter require ~ 10 mA of for-
ward current for a phase shift of 7 radian with a tuning efficiency of 0.17 rad/mA. The
variable optical attenuator were found to be nearly wavelength independent and polar-
ization independent (when doping window to rib separation was large) with a maximum
WDL of 0.5 dB and PDL of 0.2 dB. A maximum attenuation of ~ 10 dB was achieved
at 100 mA of current. In terms of energy efficiency, there is of scope for improvement to
reduce the power consumption by optimizing the diode design. The same diodes were
operated in reverse bias for photodetection using two photon absorption. A responsivity
of ~ 10 mA/W? was measured due to TPA. As a consequence of TPA, photothermal
effect in Fabry-Perot cavity was observed and was modeled by calculating the change

in refractive index due to thermo-optic effect.

Although all the functionalities defined in the scope of this work are realized, there
are scopes for improvement in terms of diode design, optimization of process parame-

ters and thus improving the overall performance of the device. The waveguides losses



are on the higher side for the waveguide geometry that is considered. This can be im-
proved by further optimizing etching chemistry. The waveguide dimensions deviate
from the actual design mainly due to lithographic errors and the variations between the
samples are significant. However, a more controlled fabrication processes can eliminate
these errors and improve device operation. While an attempt was made to quantify the
nonlinear photothermal effect, more experiments and analysis are required to exploit

nonlinear phenomenon in silicon waveguides.

5.2 Outlook

As a future scope of this work, some areas that may be looked into are listed below.

1. Performance of VOA may be improved by optimizing diode doping parameters.
Higher injection can be achieved by increasing doping concentration and also by
reducing junction depth.

2. Modeling of two photon absorption and surface state absorption based detection
for wafer scale characterization of photonic devices.

3. Integration of feedback control for stabilization of resonant circuits as shown in
the Figure 5.1.

Feedback
control
[ n | [ n |
Phase
Shifter Detector

Figure 5.1: Integration of feedback control for a micro ring resonator with two p-i-n
diodes

4. Waveguide geometry can be scaled down to sub-micron dimensions where optical
mode is tightly confined and is necessary for compact integrated photonic circuit.
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APPENDIX A

Chemical Recipes

A.1 RCA-1 and RCA-2 cleaning

RCA-1 is a solution of DI water, aqueous ammonium hydroxide and aqueous hydrogen
peroxide in the ratio 5:1:1. Silicon sample is boiled in this solution for about 15 minutes
at 80 ° C. This removes organic residues and metallic contaminants and also forms thin

layer of silicon dioxide.

RCA-2 is a solution of DI water, aqueous hydrochloric acid and aqueous hydrogen
peroxide in the ratio 6:1:1. Silicon sample is boiled in this solution for about 15 minutes
at 80 ° C. This removes residual metallic contaminants which were not removed by

RCA-1 cleaning and also forms thin layer of silicon dioxide.

In between RCA-1 and RCA-2 clean, an oxide etching step is performed with mix-
ture of hydrofluoric acid and DI water (1:100) and sample is rinsed in DI water and

dried using compressed nitrogen.

A.2 Chromium Etchant

Chromium Etchant is a solution prepared from Ammonium Ceric Nitrate (ACN) crys-

tals and acetic acid. It can be prepared as given in the following steps

1. 8g of ACN crystals are fully dissolved in 30ml of DI water
2. 3ml of Acetic acid is dissolved in 35ml of DI water

3. Solutions prepared in the above two steps are mixed and DI water is added in the
ratio of 2:1



APPENDIX B

Sheet resistance datasheet for Phosphorous and Boron

diffusion

B.1 Phosphorous Diffusion

Details of the process can be found in the reference [52]
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Figure B.1: Sheet resistance data for phosphorous as a function of duration of diffusion



B.2 Boron Diffusion

Details of the process can be found in the reference [54]
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