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Abstract

Electronic and photonic integrated circuitserve as a promising platform for
telecommunications and sensing applications. Electroabsorption modulators allow fast modulation,
small device footprint, and low power consumption. Epitaxially grown GeSi films on SOI substrates
are a suitable materiald ppt f or m f or i ntegrated modul ator ap
wavelength adjustment and its system integration for broadband modulation are two major
challenges of fabricating echip modulator arrays for telecommunication. Unlike Si MZI
modulatos, GeSi electroabsorption modulators are not broadband due to its limited working region
near absorption edge ftbre FranzKeldysh effect. Optimization of a modulator material for a target
wavelength can be achieved by tuning material composition oriag@irain to the material. In
order to realize an integrated system with a broadband modulation, multiple electroabsorption

modulatorsneed to befabricated individually and assembled onto a chip in a conventional



approach. Each fabrication step adds tostesign and processing. Integrating more modulators
for multiple operating wavelengths allows a broader optical band coverage and higher
optoelectronic data processing capacity, which is desimittelower cost, simpler layout, and

easier electronicral photonic circuits integration.

In this thesis work, a orr-all strainedGeSi modulator array design is proposed and
demonstrated to cover a broad telecommunication band with multiple modulators designed and
fabricated simultaneously in the same process flow. A stressor layer applies a homogeneous strain
to a waveguide modulator. Byranging a modulator width, strain in the modulator changes, tuning
the materialbandgaptherefore adjustingthe modulator operation wavelength. Modulators made
of the same material can operate at various wavelengths with the same stresswittiager

simplified layout and device process flow

The matrix of investigation consists of two compositions (Ge angdSieo:) and three
types of strain (compressive, tensile, and no stralng)vidual GeSi EAMs with waveguide width
less than 2 pm hae demonstratedn improvedextinction ratio/insertion losgluefrom 1 to 1.7
which is the highest value among Si Matehnder, and GeSi electroabsorption modulators.
Strained Ge odSio.o1 modulator arrays havdemonstratga broadoptical bandwidth of ~100nim
C- and L-bands in telecommunicatioAn ultralow insertion lossof 2dB and high modulation
speedabove 100 GH1s achievablavith minor improvements in electrode desigm increase in
Si composition to 4% allows a strain@eb.96Sio.oamodulator array to cover the optical wavelength
from 1300nm to 1450nm. Strained GeSi modulator and detector arrays can be fabricated in the
same process flow with the same stressor layers to achieve an integration of transmitters and

receiveron a single chip with a simplified design layout and fabrication procedure. That presents



a promising platform for integrated photonic transceivers with an ultrawide optical coirethge

entire telecommunication bands.
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Chapter 1 Introduction

Germanium (Ge) and Germanium Silicon (Ge&lpy are the valuable semiconductor
materials as they have been gaining attention as the critical materials for electronic photonic
integrated circuits (EPICs) because of their functions as emitter, photodetector, and modulator [1
14]. They are known ascomplementary metabxidel semiconducto(CMOS) compatible
materialsGe and GeSi can be directly grown and processed on silicon (Si) substrates. This chapter
explains why Ge and GeSi are the bridging force for electronic and photonic integration, and why

the modulators made from Ge and GeSi have promising performance over other modulators.

1.1Germanium and Germanium Silicon Materials Advantages and Challenges

Germanium processing is readagaptivewith conventional silicon CMOS processing.
Photodiodes made from Ge have been implemented in the process development kas(R PHEit
of the onchip optical components utilizing the electronic and photonic integrated circuits.layout
These applicationsiclude largescale systems such as tekecommunicationsystemandmicro-
scaledevices such asn-chip sensors. Since silicon is the primary material used in these systems,
integration capability with silicon is aadvantage of germaniunAs an examplefor the
telecommunication application, which utilizes multiple channels to transmit signals in the 1300nm
regime and 1550 nm regime to cover a broad telecommunication band, in silltch is
transparent over the optical bandwidth. Therefore, sili®mmfien used to fabricate passive
components such as waveguides and active components as a phase modulator utilizing-its electro
optic effect for transmitting data. Materials such as germanium and germanium silicon alloy, are
necessary to be used to fabtedetectors ancalectroabsorption modulators utilizing the field

induced absorption effect. There are various group lll and group V materials based devices
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currently being usedsphotodetectors with decent responsivity and high bandwidth. However, the
integration challenge is present for highlume manufacture and integration. Compared t¥ 11|
materials, Ge and GeSi epitaxy on Si substrate is a mature technique for commercial application

and production.
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Figure 1.1 Absorption coefficient as a fuoat of wavelength for various materials from visible to

near IR range [15].

The challenge for Ge on Si integration lies in the lattice mismatch of 4% between Ge
and Si crystal lattices, creating significant stress in the Ge thin films. This stressasl reéax
the generation of misfit dislocations near the-&anterface and threading dislocations
penetrating through the Ge film to a free surface. These dislocations degrade the device

performance, such as introducing higher leakage current in photoditalésus techniques
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have been developed to reduce the threading dislocation density in the past. One way to reduce
the dislocation density in the active region of the diode is to use relaxed buffer layers where
the percentage of Ge is increased slowlyr afw microns of GeSi [1B0], which is suitable

for solar cells but the thick buffer region causes planar alignment issues in between the
components in the EPICs. Another approach that has been developed and used is the cyclic
annealing, which drives ¢hdislocations to the sides or edges of the active regions due to
thermatinduced stress aiding the gliding of the dislocationsg2]L Detailed Ge and GeSi

epitaxial film growth and quality evaluation are discussed in Chapter 2.

Another challenge posdxy working with germanium is its lack of a good native oxide.
Not like Si has its excellent native oxide of silicon oxide giGermanium oxide (GeQis
watersoluble, which makes it difficult to perform Ge surface oxidation and passivatibis
thesis work, SiQ, silicon nitride BiNx), and aluminum oxide (ADs) are used in the Ge and GeSi
device processing to serve as the passivation layers to improve the surface passivation and electrical
and optical performance of the modulators, which is desmisn Chapter 6. Another processing
and integration challenge is their difference in melting points among Ge, Si, and contact metals.
Germanium requires lower processing temperatures than silicon does. The melting point of Si is
1410 €, while the meltig point of germanium is 937€C. After germanium deposition, processing
temperatures must be kept low to avoid interdiffusion of silicon and germanium, and also reduce
the dopant and impurity diffusions within thaterial layersThermal budgeting is crudifor a
successful Ge and Si integration, which is discussed in detail in the processing flow section in

Chapter 6.
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1.2 Electronic photonic integrated circuits in the telecommunication system

As more and more transistors are designed and fabricated axctiochip, the
efficient connection between the chips and data storage sections is becoming a challenge
[23-28]. The electrical interconnects that are commonly used to connect chips do not have
a high enough data transfer rate and produce a large amdwedtdb be dissipated. One
method is to use optical interconnects between the chips. An optical fiber is more efficient
thananelectrical interconnect because there are no substantial electrical contacts to charge
up. Another advantage of optical fibésghat differentsignals can simultaneously be sent
through the fiber at different wavelengths using a process called wavelength division
multiplexing (WDM). These advantages of optical interconnect would significantly boost
processing power arefficiency if optical links were being integrated into the chips. As
shown in the following schematic as an example of an optical interconnect, these optical
links are integrated within the chips. That makes the interconnect fabrication be obligated
to the CMOS process; this requires efficient monolithic integration between electronic
units for driver and controller, and photonic circuits for modulation, detection, and light
transmission. It includes a strict set of design rules as to what materials esedoand
what processing steps occur. The products would be efficient, low cost, and high speed
opticalinterconnects transceivers, and others298 As an illustration of the cross
section of the monolithically integrated electronic and photonic ciotuntponents, the
advantage of monolithic integration is the reduction of the complexity and packaging cost
[29]. The other integration techniques, such as 2.5 D or 3D die stacking strategies, face the
challenge of parasitic capacitance management of titeotelectronics. The low power,

optical hybrid CMOSSi photonic integrated transceivers have been demonstrated with a
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modulation speed up to BBGbaud [3633]. In many cases, the functionality of electronic
control units is not optimized for photoniatrsceiver applications due to the lack of design
integration between electronic and photonic components, which requires attention and

effort for the future EPICs applications.

The active photonic components, including photodetector, modulator, and rightere
should be capable of working at the designated wavelength range such as C and L bands. These
device functions can be covered by the Ge direct bandgaf.8&¢V in energy and 1550 nm in
wavelength. Therefore, it becomes essential to be able ty fimeé the material bandgap to
broaden the materials working wavelength with the ambition to cover both C and L bands. There
are generally two approaches to alter the material bandgap. One is to involve alloying of various
materials to achieve the desifgahdstructure; another method is to introduce strain in the material
intentionally. This thesis work considers both approaches with a focus on strain engineering and
newly developed stressor layer processing for modulator arrays applications, which largely

simplifies the design layout and processing steps for the array device fabrication.
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Figure 1.2 Schematic of a feahannel optical transceiver using waveguide integrated light

emitters, modulators, and photodetectors in coherence with #tl@electonic components.
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Field Oxide

Figure 1.3 Schematic of the components egesgions for a conventional EPIC layout [12].

1.3 Waveguide Integrated Silicon and Germanium Modulators

Different modulators are reviewed in this section, along with their figures of merits to make
a reasonable comparison among various modulators reported in the literature. These are Mach
Zehnder interferometer modulators, ring resorbsmed modulators, dnelectroabsorption
modulators. The modulation mechanisms are introduced along with the specific modulator

structures.

MachZehnder InterferometdMZI) modulators

The MZI modulators use the plasma dispersion effect, which relates to the free carrier
concentration in a semiconductor. The change in the free carrier concentration during carrier
injection changes both the real and imaginary parts of the refractive ihldisxcan be expressed

by the DrudelLorenz equations that relate the concentration of electrafsd holes (i to the

absorption coefficient U and refractive inde:;
refractive i nde xhangeibelectoomand hee densitids tate exprassed as:
e3A2 AN AN
Ao = 27;0 fz+ :12)
4m?cdegn e (mee)®  pup (mgy,) Eq. 1.1
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An = —e?23 AN, AN,
n= 8m2c3g,n "m? +m* )
0 ce ch Eq. 1.2

As for Si material, numerous experiments have been done in the literature to arrive the
empirical expressionfdree carrier induced refractive index and absorption coefficient change, as

expressed for Si at the wavelength of 1550nm:

Aa = Aa, + Aay, = 8.5 X 10718AN,, + 6.0 X 10~ 18AN,, Eq. 13

An = An_+ An, = —(8.8 x 10722AN, + 8.5 x 107 18(AN,)?®) Eq. 1.4

w h e r gis teenchange in refractive index due to the change inelexgron caier
concent rpéthe anange;in reeactive index resulting from the change in free hole carrier
concent ressthe change in a@sOrption resulting from the change irefesgron carrier
concent r athisdhe shangeim absowgetidn resulting from change in free hole carrier

concentrations.

The commonly used structure in MZI modulator is the PIN diodes in revere biased for
carrier depletion, as shown in the following figure. The free carrier concentci@oge inside
the waveguide alters the refractive index of the modulator material. In the PIN phase modulator,
the space charge region is expanded as the reverse bias applied across the diode is increased, hence
sweeping out carriers from the waveguideergfore, figures of the metric for the phase modulator
are the number of carriers that can be moved in and out of the modulator waveguide by a certain
voltage change, also known as linear capacitance, and so the optical mode overlap with the
depletion regin. The higher the linear capacitance and lower the driven voltage. The energy used

to drive the modulator at high speed needs to be evaluated as well. In general, the modulator energy
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consumption can be expressed as E =(1/2)G@Mere C is the capacitanagis the driving voltage.

An increase in the phase modulator capacitance tends to reduce the voltage needed to reach the
specific phase shift, such as ahift; therefore, it reduces the power consumption. However, there

is a practical limit for the caeitance increase. The excess amount of free carriers due to
capacitance increases causes-t@eier absorption. For phase modulators, the loss might come
from the freecarrier absorption of the modulator materials or line edge roughness of the waveguide
due to the fabrication. Eventually, the device loss becomes the limiting factor for the phase
modulator, such as MZI modulators. The advantage of the MZI modulators includes its excellent
broadband modulation performance and temperature tolerance. dismilvantages are large

device footprint, large power consumption, and potential complexity for traveling wave electrodes
design, which associates with its large device size anddpigbd requirement. Many academic
groups and industrial research labs hdemonstrated Si MZI modulators operating at 1300nm or
1550nm wavelength range with a modulation rate up to 50 Gbit4J]B4 he reported modulators
normally have the | ength in the order of sevel

as brad as 100nm.

(a)

Top cladding oxide
Contmuous Modulated
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é T Voltage
signal
Buried oxide

Figure 1.4 (a) Schematic of MZI modulator [35], (b) cross sectional diagram of phase modulator

[37].
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Ring ResonatebasedModulator

The siliconring resonator structure is the benchmark structu& modulatordor its
smallfootprint andlow power consumption. The use of ring resonator takes advantage of an
optical resonance effect to enhance optical confinerapdteffective optical path, which
enhancethechangen therefractiveindexwithoutsacrificing the device footprint, as shown
the following schematic [481]. Thep-i-n junctions are embedded across the ring resonator
to create variations in carrier concentrations. The plasma dispersion effect is used in ring
resonatotbased modulators, similar to the phase modulation inm@dulators. The Si ring
resonator operates under a forward bias injeatiagiersinto the waveguidecore. The
advantage of a ring resonatmised modulator is its compact device size and lower power
consumption. The disadvantage includes its wavelesgjttive resonator coupling, which
causes a harrow optical modulation window and temperature sedpsiiemanding a
sophisticated thermal management strategy. The Si ring restwasia modulator has been
demonstrated with the modulation rate up to 44 Gbit/s and dynamic power consumption as low
as one fJ/bit and voltage swing as low as 0.5 V at 1550enmatipn wavelength [47lts optical

bandwidth is only 0.1 nm due to the nature of resonator critical coupling.

Figure 1.5 Schematic of ring resonator based Si phase modulator

30



Electroabsorption modulators

The Electroabsorption modulators utilize theanzKeldysh effect. The FrarKeldysh
effect is caused by tilting the energy bands of a semiconductor due to an applied electric field [25].
As illustrated in Figure 1.6, an electron can transit from the valence band to the conduction band
by absorbing @hoton with energy hv &g in the absence of an external field. Under an external
electric field, the maximum of the valance band, the minimum of the conductance band along with
the wavefunction of holes and electrons may extend to the bandgap betwaecevahd
conductance bands. An electronic transition with lower energy than the bandgap epesgy E
happen through a phetssisted tunneling effect. If the incident light energy is near the bandgap
Egy, the absorption spectrum shifts to longer waveleagta uniform electric field is applied [52].
Details about the Franz Keldysh effect in GeSi electroabsorpiton modulator are discussed in

Chapter 5 with optimized composition and strain parameters for GeSi modulater array

Eg-hv Ec
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o) v tunnelin

Figure 1.6 Photon absorption (a) equilibrium state, (b) Frarigeldysh effect with the titling of

energy bands in a uniform electric field

Electroabsorption modulators offer lower energy consumption than phase modiilaors.
electroabsorption modulators operate throtighing the meerial from transparent to opaque at
the working wavelength regime via an applied electric field. The change in the absorption

coefficient is typically in the order of 100000 cm'. That allows a compact device area with the
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waveguide length in the ordef 10i 100 em compared to the millimeter length scale for MZ
modulators. This reduction in device footprint also reduces the capacitance of the devices, by
which the modulator power consumption is reduced following the energy relationship as £1/2)CV
Electroabsorption modulation is a figliduced effect where the response time is less than a
picosecond, and the bandwidth is only limited by RC delay [52]. The limitation of the
electroabsorption effect is its reliance on direct gap transitions. \@Rilleas a direct bandgap of

0.8 eV, which is at 1550 nm wavelength. Although Ge is an indirect gap semiconductor, the energy
difference between its direct gap at thealley and the indirect gap at the L valleys is only 136
meV. In order to achieve optimabsorption contrast in the1l550 nm wavelength region, or even
extend to the entire C and L bands, the Ge can be alloyed with a small amount of Si to increase the
direct bandgapln 2007, the design with a small amount of Si inclusion (0.75%) into Ge was
proposed by our group, MIT EMAT, led by Dr. Jifeng Liu and my advisors Dr. Jurgen Michel and
Professor Lionel Kimerling. That marked as a milestone for low power-dpghd GeSi
electroabsorption modulation [3]. From then on, GeSi eleaitsorption modulats have been
actively researched and demonstrated by several research teams over the world. S.A. Srinivasan
and his group at IMEC in Belgium have demonstrated Ge electroabsorption modulator with

modulation rate up to 56 Gbit/s and low dynamic power consampf 12.8 fJ/bit [5261].

AVCu o0

SOl ¢-Si pad for
GeSi growth and
p* contact

(\ a-Si GeSi modulator

S0l ¢-Si waveguide
waveguide

Figure 1.7 Schematic of the waveguide integrategh§3€Sio.oozsmodulator [3].
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1.4 GeSi modulator arrayor high-speed broadband modulation

As shown in Table 1.1 for the comparison of the figures of merits among the state of the art
Si and Ge modulators, each type of modulators has its advantages and limitations. Si MZI
modulators have shown excellent broadband modulation capability witlveblatigh insertion
loss and low extinction ratio. It has been demonstrated fordghd modulation in both 1300nm
and 1550nm telecommunication bands. However, the dispersion effect on refractive index change
for phase modulation generally requires amlonger device compared to the ring resorbssed
phase modulators and electroabsorption modulators. Moreover, as the modulation speed is pushed
to a higher RF domain, the millimeter long modulator is required with a complex design of traveling
wave ekctrodes to avoid the extra RF attenuation due to the RF electrode effective index and optical
mode effective index mismatch. Many research and design efforts have been investigated on this
matter to further enhance the Si MZI phase modulation speedhirabatiemics and industry. Si
ring resonatebased modulators provide an excellent extinction ratio due to its resonance
enhancement, along with the lower insertion loss, the lower power consumption, and smaller device
size compared to Si MZI modulators. \Wever, the major drawback of the Si ring resonbtsed
modulators is its wavelength selectivity and temperature sensitivity for its modulation. The
resonance enhancement only works during the coupling condition between the ring and bus
waveguide, whichiges the ultranarrow optical bandwidth of several nanometers or less. For the
modulation to work at a specific wavelength, sophisticated thermal isolation and tuning strategy are
needed. Advancement of the Si undtrhing and trenches patterning has éelpn improving the
thermal stability of the ring resonatbased modulators [29]. As for electroabsorption modulators,
they have small device footprint, high extinction ratio, low insertion loss, and low energy

consumption, compared to Si MZI modulatoddthough GeSi modulators have only shown its
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functionality in the 1550 nm wavelength range, it is a promising modulator structure feapeigt

and low power modulation. The optical bandwidth of the current GeSi electroabsorption modulators
is about 20nmwhich is limited by the nature of the FraKkeldysh effect. The most considerable
absorption coefficient change only occurs at the energy slightly less than the bandgap. The optical
bandwidth of the electroabsorption modulator is about half otlaraeof that in MZI modulators

and two orders of magnitude larger than that in the ring reselbased modulators.

As for the EPICs application in a telecommunication system, such as the one illustrated in
Figure 1.2, there is a need for an array of modul&borsver various wavelength channels in order
to expend the total data transfer rate. As a comparative example, if Si MZI modulators are used for
the modulation array, no individual tuning of the Si materials property might be needed to cover
the total mdulation optical bandwidth of 200nm with four channels. However, that requires the
modulators to be arranged in parallel, which requires the total array footprint of 12mm by 2 mm
without considering the spaces reserved for electrical contact layoutiriitatte device design
and application into the large scale systems. The same system using-f@soingtordased
modulator array demands the smallest device area of 0.04 mm by 0.04 mm. However, each channel
of the ring resonateinased modulator requsexcess processing steps and chip space for thermal
insulation and thermal stabilization. The individual Si ring resortzsed modulators channel
needs to be designed for its target wavelength in each channel. That adds a lot of design and
processing csts for the system design and fabrication. The application of the GeSi
electroabsorption modulator array provides a promising and balanced solution. It requires the total
array area of 0.2 mm by 0.04 mm without the need for a complex thermal strategysagleeof
electroabsorption modulator array provides as large as 3000 times of area reduction, and one order

of magnitude lower power consumption compared to the Si MZI modulator array. There is one
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critical challenge for this electroabsorption modulatoayrapproach. It is its narrow optical

bandwidth, which means each modulator might need to be engineered and fabricated individually

toward a specific wavelength in each channel. That will increase the total device fabrication cost

and processing compleyit This thesis work is aimed to solve this challenge and make

electroabsorption modulator array advantageous with simplified design and device layout, much

smaller device area, and lower device power consumption for sspegd broadband modulation

in conpeting with Si MZI modulator array.

Table 1.1 Figures of merits summary of various modulators.

Modulator Ref. | Footprint Wavelength | Voltage | Optical ER IL Static Dynamic | Bit Rate
Type [um?] [nm] Swing Bandwidth | [dB] | [dB] | Power | Power [Gb/s]
V] [nm] [mw] [f)/bit]

Si MZI 39 3000*500 1300 1.5 80 3.4 7.1 20 450 50

Si Ring 47 10*10 1550 0.5 0.1 6.4 1.2 0.01 1 44

IV on Si 5 100*350 1300 2.2 30 10 48 |6.2 484 50

GeSi EAM 6 40*1.5 1566 4.0 40 5.2 |10.6 |11.3 44 56

Ge EAM 58 40*10 1615 2.0 22 4.6 4.9 1.2 12.8 56
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Chapter 2 Epitaxial film growth of Ge with small Sialloy compositionon St

on-insulator substrate

The realization of the Ge and GeSectroabsorption modulators requires a taghlity
epitaxial film growth of Ge and Gech GeSi on Sprinsulator (SOI) substrates. This chapter
describes the experimental results of the epitaxial film growth using ultrahigh vacuum chemical
vapor deposion (UHVCVD) system along with the material characterizations, including strain,

composition, dislocation density, and surface roughness evaluations.
2.1 Growth model of Ge and GeSi on Si epitaxy

The ultrahigh vacuum chemical vapor deposition of Ge@e8i with reaction gases of

SiHs and GeH involves a series of kinetreactionsTheoverall process can be expressed as

SiH,(g) > 2H,(g) + Si Eq. 2.1

GeH,(g) - 2H,(¢) + G
eH,(g) 2(g) + Ge Eq. 2.2

The initial step is the adsorptiarf Si or Ge molecules and their decomposition into
SiHz or GeHs and H molecules [683]. The adsorption reaction for eashor Ge molecule
requires twdreesurfacesites.SiHs, GeHs andH represent gas species attached to surface
sites. Free surface sites available for the adsorption reactions are représentethe free
sites are released whahe H gasmolecules desorb from the surface in the following
reactions [63]. Since the adsorption reactions can only happen on the free site$]> the

desorption becomes a limiting factor for the growth rate.

SiH,(g) +2_ - SiH; + H
: ’ Eq. 2.3
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GeHs(g) +2_— GeH; + H Eq. 2.4

2H - Hy(g) +2_ Eq. 2.5

Ge and GeSi heteroepitaxial growth has been a significant and popular technology for the
Ge and GesSi integration on Si CMOS platforms. The deposition provides a opjgpreunity to
engineer a band structure with improved device performance. The structural similarity in Si and Ge
allows miscibility in GeSialloys and provides solid solutions over the entire composition range.
The Si composition is precisely controlledthe growth. Si inclusion is varied from 0% to 3%.
Challenge in the heteroepitaxial deposition of Ge films on Si substrates comes from the ~4% crystal
lattice mismatch, which introduces film strain and dislocations. As the epitaxial film grows beyond
a aitical thickness of several nanometers, the strain energy in the film is relaxed elastically or
plastically [6466]. The strain causes surface corrugation while keeping coherent films. Misfit
dislocations are introduced to relieve the strain energy @lastically strained layer. Since the
dislocations cannot end within the crystal network, they must terminate on the edge or surface
boundaries of the films or close upon themselves by forming a misfit loop [67]. Some misfit
dislocations propagate alon@1(l) planes to the film surface; these dislocations are threading
dislocations.The threading dislocations introduce the midgap states that reduce carrier lifetime and
are detrimental to the electronic device performance. Therefore, monitoring and redezEdag
dislocation density becomes a significant task in Ge and GeSi epitaxial flm growth for the

electroabsorption modulator applications.

The chemicalapordepositiorntechniqueof Ge and GeS&pitaxiallayerson Si substrates
hasbeen researched and developed in recent decades to reduce dislocation de6Sity [66

There are two different approaches. One is the deposition of GeSi grated buffer layers to
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achieve highguality epitaxial flms on Si substrates gradually [66]. The grdu€ters are
deposited at high temperatures, causirfgllg relaxed buffer surface and accommodating
strain relieved by existing misfit dislocations. In this approach, the nucleation of new
dislocation is suppressed. It has been discovered thdistbeationscanglide veryfast at a

high temperature of 750C to 850&hich allowseffective removalof dislocationsvia cyclic
annealing. In terms of composition, it was reported in the literature that above 50% of Ge
composition, the strain introducessirface undulation and cause surface roughness. The
chemicalmechanicabolisher (CMP) process is needed to flattensiindace and to resume

the film growth. The lowest threading dislocation density reported was 2.bmi8. The
graded buffer layer isemerally a thick layer that requires a slow composition gradient from
the substrate to the target film composition [68]. That poses challenges for Si CMOS electronic
and photonic components integration due to the strict design and processing rules on the

various layer thickness.

Another heteroepitaxial growth technique is the-step deposition technique using
the lowtemperature constant composition buffer layer. The buffer layer with composition
matched to the films is deposited at a low temperadfira50°C. Despite a large lattice
mismatch between Ge and Si, the buffer deposited at this temperature is planar due to the
limited surfacediffusion, which prevents surface islanding [65]. Tamainder®f thefilms
aredepositechtahightemperature o750C,followed by thermal cyclic annealing [67]. Upon
cooling, tensile strain is accumulated in Ge films stheexpansion coefficierdf Geis larger
thanthatof Si. This thermallyinduced strain, especially during the thermal cyclic annealing
process, produces the dislocation gliding along with dislocation annihilation and a reduction

in dislocation densityThe asgrown Ge or GeSi film, therefore, preserves a tensile strain thee to
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thermal expanse coefficient difference between the film and substrate at a fully relaxed high
annealing temperature when cooled down to room temperature for further prodéssirggported

value for the dislocation density is in the order ®ft@cnT2. Compared to the graded buffer
approach, this twstep growth method only relies on the lower temperature buffer layer thickness
in the order of subundred nanometers. That makes it a promising approach fayuadity Ge and

GeSi integration on the 8IMOS foundry process.

2.1 Experimental results of Ge and GeSi epitaxial film on Sin-insulator substrate

In this thesis work, the twstep growth approach is used to grow higtality Ge and GeSi
films epitaxially. The Ge and Gich GeSi heteroepitaxgeposition growths were conducted in
the UHVCVD system. Prior to loading the wafers into thelV-CVD reactor, the wafers were
surface cleaneda the RCA process (organic and ionic cleanifidie wafers were then carefully
dipped in the dilute HF solutiofHF:H20=1:50) for30 seconds to passivate the substrate surface
with hydrogen. The wafers were loaded into the UBIVD system. 100% germane (GgHas
was used as a reactive source to deposit the buffer lag&0&. Then, the temperature was
ramped ta/30°C for high-quality Ge epitaxial film growth at a controlled growth rate of 6 nm/min.
The film was cyclically annealed between 600C and@50he total reactive gas flow was kept
constant at ten sccm. The processing pressure was maintained to berfL.S heldeposition
of Gerich GeSi takes into account of reaction kinetics of both Ge and Si growth at a controlled

germane and silane (SiHgas flow rates.
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Figure 2.1 (a) Ultrdhigh vacuum chemical vapor depositiodHV-CVD) system; (b) GeSi

epitaxid film grown on a SOI wafer.
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Figure 2.2 Tool layout of the UHZVD system.

2.2.1 Film surface uniformity characterization in AFM

In the twastep heteroepitaxial deposition technique, the buffer layer is critical for the film

quality. If the buffer layer is too thin, the planar buffer layer will not be formed, which leads to the

40



unsuccessful growth of highuality Ge film. If the bufler layer is thick, it becomes the source of
increased threading dislocation density, which suppresses the epitaxial film quality. In the
electroabsorption modulator, the Ge waveguide has a height of 300nm. It becomes essential to
optimize buffer layer tlikness. A series of Ge epitaxial film deposition with various buffer layer
thickness and the same total film thickness of 300nm has been conducted. The optical profilometer
was used to evaluate the surface roughness of the films. The one micrometenrGspitexéel

layer with a buffer layer thickness of 100nm was also prepared and compared with the thin 300
nm Ge and GeSi heteroepitaxial layeks shown in Table 2.1, the surface roughness increases
dramatically as the buffer layer thickness is reduca #0 nm to 20 nm. That indicates the buffer
layer threshold of 40 nm for higduality film growth. The average surface roughness gradually
improves from 1.18 nm to 0.98 nm as the buffer layer increases from 40 nm to 80 nm. The trade
off of the thick buffe layer is the increased threading dislocation density, which might degrade
the electroabsorption modulator performance. This evaluation indicates that the Ge buffer layer
thickness can be lowered to 40 nm, maintaining the smooth film surface. TtheéSica and
Gen.97Sio.03films with a total thickness of 300nm and buffer layer thickness of 40 nm were grown

with a good surface quality.

41



Table 2.1 Surface roughness evaluation of Ge or GeSi heteroepitaxial films on Si substrate.

300 nm 300 nm 300 nm 1um

Ge Gep.aaSigor | Geg.e75ig.0s Ge

Buffer Layer 20 40 60 80 40 40 100
(nm)

Average Roughness | g 73 | 113 | 1.02 0.98 1.21 1.23 0.75
(nm)

Root Mean Square | 1590 | 144 | 1.28 1.19 1.45 1.51 0.94

Roughness (nm)

Figure 2.3 Surfaceoughness evaluation of the 300nm-&@eSi epitaxial film at a planar view.

2.2.2 Threading dislocation density evaluation in Etch Pit Density (EPD) and Transmission

Electron Microscope (TEM)

The measurement of etch pit density has been developed to evaluate the film quality. The
basic principle for the selective etching on the threading dislocation sites is that the strain field
created by dislocations distorts the atomic bonds in the ctgsiiak, and increases the potential
energy of the chemical bonds [7B]. This increase in potential energy lowers the activation
energy for etching reactions. That causes the etch rates to increase in the vicinity of the location
where a dislocation terimates at an exposed surface. By placing the samples in a GeSi etching
solution, the film is more quickly etched at the dislocation sites, which forms etch pits. Etch pits
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are visible in the optical microscope allowing for the analysis of large sampte Areatching
solution is a chemical mixture of 20% HNQ0% HF, and 70% G€OOH with 0.3 g/L dissolved

iodine [73]. Etching time in the solution is typically between 2 and 3 seconds, followed by the
deionized water rinse. As shown on the microscopic @sag Figure 2.4, the etch pits are
distinctive. An automatic pits identification and counting method has been developed using image
analysis software to efficiently obtain the statistics of the etch pit density. As illustrated in Figure
2.4, the originalmage is converted to binary black and white image. Adjusting the color threshold
reduces the noise. Pits are identified, labeled, and counted by defining the element size and
circularity. During the pits identification, the overlapping of the elemerstisdsessfully separated

and identified by adjusting circularity and size range. The threading dislocation density per unit

area is obtained to be 2X1€m? from the EPD evaluation.

Figure 2.4 Optical microscope top surface image of the (a) Ge filnG€kjim after selective
dislocation etching; (c) binary processed image (b), and (d) automatic etch pits identification and

labeling via image analysis.
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Besides etch pit density evaluation, a planar view transmission electron microscope is used
to observeand count the threading dislocation density. Both the misfit and threading dislocations
are visible on planar TEM images, as shown in Figure 2.5. Through statistically count tens of TEM
images, the threading dislocations per unit area were determinedx@®em?. It is close to the
result of the etch pit density evaluation. In general, there is a little overestimation from the TEM
method compared to the density value obtained from the EPD analysis. It is because the TEM
analysis has a small field ofex, which tends to capture none or couple threading dislocations
per field of view. The TEM imaging, hence, tends to focus on the locations with the presence of
dislocations and subconsciously reduce the imaging probabilities of the area without digdocatio

The crosscheck of those two approaches demonstrated dugtity Ge films.

Misfit disloe

Figure 2.5 Planar TEM images of (a) threading and (b) misfit dislocations for the Ge epitaxial film

on an SOI substraten (001) plane.
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2.2.3 Film strain characterizatiom XRD

The strain of the Ge and GeSi films is characterized Mia}{ Diffraction techniques.
The Ge (004) peak position hh EXRD step scans is measured and calculated into the lattice
spacingd of (004) planesThe spacing and the strain is relatecgdollow [74]:

1
doos = 1 (14 &,°ages;

Eq. 2.6

Wherea representbulk Ge lattice constantUnder biaxial stress, the-lane strain

é“ in cubic structure is related to the @itplane strairas following:

26y,
="

C12 = Eq. 2.7

The inplane strain and the cot-plane strain are then obtained from the XB&a. The
elastic moduli parametersi{and G> areapplied with the correlation to the Si composition X, as
C11=128.53 + 37.27x and:1&= 48.26 + 15.62x [75]. In the epitaxial growth, teasilestrain is
accumulated in the Ge and GeSi films due to the large thermal expansion coefficient of SiGe
films compared to the SOI substrates. This is the therAradlyced strain in SiGe films that
can be simulated by considering the thermal expansion coefficients. The strain simulation on
both Ge and GeSi films and waveguide structures is discussed ihiélhapter 4. The
small Si inclusion does not provide enough composition information through XRD. All
500nm Ge, G&dSio.o1, and Geg7Sio.oz films strain measured from XRD shows the biaxial

tensile strain of 0.198%.
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Figure 2.6 XRD spectrum of bulkezand Ge epitaxial film on a Si substrate.
2.2.4 Composition and strain characterization in photoreflectpemtra

For those 500nm thick Ge and GeSi epi film on SOI substrate grown £C730d
annealed at 858C, the photoreflectance (PR) measurements are performed to correlate the
composition and strain information with band structure in Ge and GeSi films. The PR
measurements were done together with Professor Sabina Merlo during her visit at MIT in
2016. Profes o r Sabina Merl ods contribution and d

allowed the successful PR measurements, which is sincerely appreciated.

The XRD measurement discussed in the previous section gets a probed depth of the whole
Ge and GeSi epitéd film thickness. As for the PR measurement, the probed depth is based

on the carrier diffusion length, expressed as,

L= +vbz Eq. 2.8
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Where D is the diffusivity ofminority carrier (holes in this case) (e, (Dzeis about
100 cnt/sec); Uis the minority carrier lifetime with threading dislocation density in the order
of ~2x10 cm? in correspondence to the threading dislocation density measured in the EPD
and TEM (&.is about 0.02ns). Hence the probed depth in PR is ~450nm, which is about the
epitaxial film thickness of all the measured Ge and GeSi films. The strain value applied in the
PR measurement and bandgap derivation is, therefore, consistent with the XRDeoheasu
strain value. This consistency of the strain is critical for deriving the precise composition
values of GeSi films in the PR measurements because the PR peaks, as shown in the following
figure, are the resultant peaks due to both strain and compasitmnbutions in the GeSi

films.

Photoreflectance measurement is apptedetermine the direct bandgap of the Ge and
GeSi films. Figure 2.7 shows the layout for the photoreflectance measurefndr#2nm
wavelength laser is used as the pump laser soltris modulated at a frequency of 201biza
chopper to achieve electric field modulation on the sample supfacgecting carriers into the
Ge or GeSi filmsA halogen lamp with a scanning monochrometer is used as the light source for
reflectance meaurements, as illustrated in Figure 2.8. Due to the modulation giuthelaser,
the reflectance of the Ge film at wavelengths near its direct band edge can be modulated, which is
a similar mechanism of Frafikelydsh effect in electroabsorption measuremeut used for
reflectance measurements with pump laser injection. The initial electric field of about 10 kV/cm
is built in the epitaxial film due to the requirement of equalizing the Fermi level between intrinsic
Ge and p+ Si substrate. When the pumprleésshone on the film surface, it generates electrons
and holes, which drift under the buiift electric field in a way to weaken the bdiltelectric field.

This change in the electric field can be observed in terms of the difference in the measured
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reflectance.A photodetector collects the reflected signal and feeds electrical signals into a
multimeter and a lockn amplifier. The multimeter measures the average reflectance, R, between
pump on and pump off state. The synchronized-lacamplifier captues the difference in the
reflectanceaR, due to the pump laser injectidBy monitoring the relative change in reflectance
aR/R versus wavelength near the direct band edge of Ge or GeSi, the information on the material
direct bandgap is captured, whichndicates the operation wavelength range of the

electroabsorption modulator.

{ Measurement Dark Box |

Scanning /“' Photo-
detector

GeSi sample!

Multimeter |j———

PC with control and

measuring program Lock-in
Amplifier

Figure 2.7 Schematic of the photoreflectance measurement.
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Optical f‘iter input
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y
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Figure 2.8. Optical images of the components in the photoreflectance measurement stage.

The systematic study of the Ge epitaxial growth at various temperatures with its PR
spectrum has been reported by Dr. Liu at EMAT in 2004 [76]. It is observed that the presence of
the tensile strain the Ge epitaxial film caused thedegeneracy of theght hole and heavy hole
valence bands. Both the strain and composition in the film cause the light hole and heavy hole
bandgap peaks to shift. The PR spectrum of Ge and Ge with 1% Si film show sharp and distinct
PR peaks in Figure 2.9. The Fourier Transféter (FFT) is applied to suppress the instrumental

noise.

- Ge Gey 04Sio 0

——FFT smoothed curve :. — FFT smoothed curve

—_—
Q
—
—
(=3
~—

Photoreflectance AR/R (a.u.)

3

Photoreflectance AR/R (a.u.)

i 'l ' 'l
0.75 0.80 0.85 0.90 0.75 0.80 0.85 0.90
Photon Energy (eV) Photon Energy (eV)

Figure 2.9 Photoreflectance measurements of (a) Ge anddBGe: films.

The measured PR data for Ge and GeSi epitaxial films are fitted via the generalized Franz
Keldysh equations, asedeloped in the literature for the fundamental direct bandgap transition
[77-78]. The PR signal is proportional to the change in the real part of the dielectric constant under
the electric field.

ARocR o
g Re(%e) Eq. 2.9
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de(hw, Fy, Fye) = Ae(hw, Fy.) — Ae(hw, Fye — Fy) Eq. 2.10

Whered) is the incident photon energyscfs the builtin electric field in the Ge or GeSi
epitaxial film grown on Si substrate without pumped laser illumination, asid the pump laser
induced electric field. For the Ge or GeSi epitaxial film grown on Si substrate at a high temperature.
The thermal expansion coefficient difference generates biaxial tensile stress in the film. That
makes the light hole and heavy holdevee bands nedegenerate and causes separate band
transitions for light holes and heavy holes. Hence, the total dielectric function becomes the sum of

both light hole and heavy hole transitional contributions, as expressed following

1 2
Ae(hw, F) = (%) {(Bun (h0,) 2[G () + iF ()] + Bpp (h0p)2[G () + iF ()1} Eg. 2.11

where B, and Bin are light hole transition constant and heavy hole transition constant. The

s and& s are electreoptic functions, which are defined as

G(m) = =[Ai'(M)Bi'(n) — nAi(mBi(m)] + n*?H(n)

Eq. 2.12
(m) = 74" () = AZG)) - (—n)3H
F(n) = m[Ai’ —nAi — (=mzH(=
7 n) = nAi2(n)] = (=m)zH(—n) Eq. 2.13
N = [E§ (1h) — hw — iy /h6un Eq. 2.14
N = [EF (hh) = ho> = iyy |/ 7y Eq. 2.15
Where( s i s the wunit step function, Ai, Bi, Ai

derivatives. Th¢ and[ are the broadening factors for light hole and heavy hole band
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transitions. The electroptical energies for these light hole and heavy hole band transitions are

expressed as,

hoy, = (e2h?F?/2 13
= (e /mr,lh) Eq. 2.16

hOyy = (e2h%F?/2 1/3
nn = (e /2My ) Eq. 2.17

Where e is the electron charge, andhmand mnn are the reduced effective mass of
electronhole pairs of light and heavy holes, respectively [fHeaf andof are related to
the assisted engy for the tunneling undehe electric field. The higher the electric field, the higher
this electreoptical energy, and the easier the tunneling process occurs. The gerausds
describes the characteristic of the potential barrier in the light hole and heavy hole band transitions
under the electric field. Functiohss and' s are the mathematical solutions for this electric
field-induced tunneling process. As shown in Figud®?2both the Ge and GeSi PR spectrum are
fitted using the generalized FK model with the peak positions well fitted. The broadening factors
are optimized to achieve the best fitting outcomes. The light hole and heavy hole bandgap
information is derived anfiirther analyzed to obtain the strain and composition information of the

Ge and GeSi epitaxial films.

(a) - Ge (b) ' Geo,sQSin.m
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Figure 2.10 Measured and Simulated photoreflectance data of (a) Ge and d9i0Geilms

on the SOI substrates.

The PR spectra for 500nm thick @a SOI wafer is fitted using the generalized Franz
Keldysh formula and obtained the light hole bandgap at 0.772 eV, and heavy hole bandgap at 0.785
eV. The peaks fitted for 500nm thick Ge with expected 1% Si inclusion on SOI wafer were at 0.807
eV for light hole bandgap, and 0.820 eV for heavy hole bandgap. The deformation potential theory
is used to derive the GeSi epitaxial film composition coupled with the film strain information. The
biaxial strain of the films is 0.198% tensile in all Ge and GeSaejitfilms on the SOI substrate
as determined in XRD measurements. The relationship between the biaxial film strain, and light

hole and heavy hole bandgaps is expressed as:

A 1 1 9
Eg,lh = Eg(O) + a(EJ_ + 28”) + ?0 - Z(SEIOO - EJA% + AanIOO + Z (EIOO)Z

Eq. 2.18

1
Eg.hh = Eg(O) + a(&‘l + 28”) + EaElOO Eq 2 19
§E100 = 2b(ey —g))) Eq. 2.20

where B andEgnn are the band gaps from the maxima of the light hole and heavy hole
valence bands to the bottom of gamma valley under-gtamestrain. The deformation potential
theory applied here only considers the direct bandgap of the Ge and GeSi material, as it is the most
relevant bandgap for electroabsorption modulatorgis Ehe bandgap of unstrained bulk Ge at
room temperature; a andabe deformation potential constants of [001] Ge at room temperature.
39 is the splitoff band energy. For the Ge with a small amount of Si inclusion, the deformation

potential constants can be linearly interpolated between Si and Ge. The Si inclusion fsact
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The deformation potential constants areBa87+3.87x; b=1.88-0.32x;30=0.291 0.246x. For the

Ge film with the biaxial tensile strain of 0.198%, th€ is fitted to be 0.8eV, which is consistent

with the bulk strairfree Ge direct bandgaps for the Ge with expected 1% Si inclusion under

the biaxial tensile strain of 0.198%, the Si fraction x value is fitted to be 1.1%, which is close to
the expected composition, within the measurement precision. Although the sample of Ge with an
expected % Si inclusion did not provide distinct peaks due to the large relative noise and low
signal to noise ratio. The composition of Siis linearly extracted to be ~3.3% based on the Germaine
and Silane reactive gas flow ratio applied for pure Ge and Ge Whh i epitaxial film growth.

The correlation of direct light hole and heavy hole bandgaps as a function of Si inclusion is plotted
in Figure 2.11. Therefore, the PR measurements prove the biaxial strain and Si alloying
composition of the GeSi epitaxialrfis for the application in GeSi electroabsorption arrays. The
electroabsorption modulators are designed and fabricated based on the 300nm epitaxial film of Ge

or G@&.9Sip.010n 250nm on a 3um buried oxide structure.
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Figure 2.11 GeSlirect light hole and heavy hole bandgap as a function of Si composition.
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Chapter 3 Waveguide integrated GeSi electroabsorption modulator design

The electromphotonic integrated circuits systemsrequire the integration of passive
components, such as waveguides and ring resonators, with active components including lasers,
modulators, and photodetectors on a single chip. In this chap&erlesignof Ge and GeSi
electroabsorptio modulatos with Si waveguides integration is discussed. The two significant
design challenges to be resolved are (1) optical coupling between the Si ridge waveguide and the
waveguide modulator, (2) electrical contacts to apply a uniform electric field across sy
modulator. The design of the stressor layer for strained Ge and GeSi modulator array is introduced

and discussed in Chapter 4.
3.1 Modulator waveguide optical coupling design

The modulator waveguide coupling design contains three optical parttsveas i Figure
3.1. The Ge waveguide is on top of the Si ridge waveguide with Ge optical tapers on both ends of
the waveguide modulator for the light coupling in and out of the waveguide modulator. The
electroabsorption optical modulation occurs in theo6&eSi waveguide. e width and height
of Si waveguide are 450nm and 250nm, respectively. The waveguide dimensions are set to be 350
nm wide and 300 nm tall for the initial simulation. The actual Ge modulator waveguide is a unique
design parameter to vatige modulator materials bandgap as a response of the external stressor
layer. The modulator operation wavelength can be tuned based on the modulator waveguide design

along with the applied stressor layer.
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—

Modulator Length

Figure 3.1 (a) Schematic of the Ge electrogttsom waveguide modulator; (b) design specifics of

the Ge taper.

The effect of the taper angle on the insertion loss of the modular has been evaluated in the
threedimensional finitedifference timedomain (FDTD) model. The setup of the initiate model
was contributed by the visiting scholar Hao Tian in 2016. He investigated the effect of the taper
dimensions on the light coupling in the waveguide modulator with the Si bus waveguide at the
waveguide width of 400nm. Insertion loss is the major source sfudegn the light signal is
coupled from the Si waveguide to the waveguide modulator. The simulation result shows that the
taper angle of 5 degrees or less ensures the low insertion loss of the modulator. The taper structure
is critical for the light coupiig in the electroabsorption modulator. Besides the evaluation of the
taper angle design, the effect of taper tip width on the loss of the modulator is investigated. As the
taper tip width increases, the butt coupling efficiency lowers at the interfacedretive Si
waveguide and the beginning of the taper tip. That is due to the refractive index discontinuity
between the Si waveguide and the introduction of the Ge waveguide. This coupling coefficient can
be improved by reducing the taper tip width. As shawFigure 3.2, the decrease of the taper tip
width enhances the ER/IL value at various Ge modulator lengths. The extinction ratio calculated
is based on the assumed electric field difference between 10kV/cm and 40kV/cm. The insertion

loss is calculateddsed on the material's absorption only, without considering the waveguide
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surface and sidewall roughness due to the fabrication resolution. Detailed analysis of the loss
mechanisms is discussed in Chapter 7 with the measured transmission spectrum idesavegu
with various dimensions. Ideally, the taper tip width approaching zero gives the smallest effective
index disturbance and hence the best coupling performance. However, the lithography resolution
was limited, and the best performance occurred at fher tip width of 100nm based on the

experimental results.
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Figure 3.2 Extinction ratio/insertion loss evaluation of various (a) taper angles at the fixed taper
tip width of 200nm and (b) taper tip width as a function of modulator waveguide lengthxedl a fi

taper angle of 5 degrees (courtesy of Hao Tian)

The influence of the shift of Ge waveguide position with respect to the underneath Si
waveguide has also been investigated. The evaluation takes into account device fabrication
tolerance. Since the devigeometries are in the order of nanometers, it is important to know the
tolerable fabrication error for the commercial CMOS processing flow. One challenging step in
device fabrication is the alignment and etching of the Ge waveguide on top of the Siidavegu
The optical mode distribution and ER/IL evaluation indicate the tolerance of the horizontal shift
of 30nm of Ge waveguide central position on top of the Si waveguide. There will be no distinctive
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effects on the simulated modulator performance if teev@veguide is fabricated 30nm off from
the central position of the underneath Si waveguide. The taper tip design is optimized to be 100
nm wide with the taping angle of 5 degrees. The coupling section with the tapers on both ends is

designed accordinglyithe masking, alignment, and patterning processing steps.
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Figure 3.3 (a) Extinction ratio/insertion loss evaluation of various Ge waveguide position shifts on
the top of the Si waveguide. Finite difference time domain optical mode simulation of the Ge
waveguide (b) centered and (c) 30nm shifted to the left on top of the Si waveguide. (d) cross
sectional electric field intensity map for the light coupling from Si ridge waveguide to 400 nm

wide Ge waveguide. (courtesy of Hao Tian for figures (a) throcgh (

The width of the waveguide modulator increase leads to the increase in the insertion loss
with a fixed taper tip width and taper angle, especially when the waveguide width increases over
several micrometers wide. For wider modulators, the mode ditnibuariation in differently

shaped waveguides cresaction; the direct taper might excite the higbeter mode and cause
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extra propagation loss. The tapers for wider waveguide modulators (one micrometer to four
micrometers wide) are designed with a tstep tapered coupling. The Si ridge waveguide for
inte-component light coupling has a fixed dimension of 450nm wide and 250 nm tall with 80 nm
unetched. At the first step of the coupling, the same taper design is used to couple the light into
the 700 nnwidth modulator waveguide. Once the light is coupled into the modulator waveguide,
the waveguide width is then gradually widened to the target width (one micrometer to four
micrometers) in the second coupling step, as illustrated in Figure 3.4. The sawechps used

to couple the light out from the modulator waveguide at the other end. The electric field intensity
mapping on the center vertical plane is performed to investigate the light propagation efficiency
for various modulator waveguides. Compatedhe case of using the direct taper on a 4um wide
modulator waveguide, as shown in Figure 3.4 (a) and (b), the application ofsaepvtaper
significantly improves the coupling efficiency, as shown in Figure 3.4 (c) and (d). The transmission
is enhance from 20% to over 90% for the usage of a{step taper on a 4um wide modulator
waveguide. Then the various waveguide modulators are designed to have efficient light coupling
and low insertion lossThe singlemode propagation is ensured in the desigrvgmréng the

propagation loss due to higha@rder mode excitation.
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Figure 3.4 (a) schematic of the direct taper for a Avitle modulator waveguide with the cress
sectional electric field intensity mapping on the modulator waveguide (b) horizontal center plane
and (c) vertical plane. (d) schematic of the 4step taper for a 4 um wide modulator waveguide
with the crosssectianal electric field intensity mapping on the modulator waveguide (e) horizontal

center plane and (f) vertical plane showing significant improvement on the light coupling.

3.2Modulator electrical contacts design

Besides optical coupling design, the modulattectrical contacts design is critical to
modulate the coupled light in the Ge or GeSi modulator waveguide region. The application of a
high and uniform electrical field within a short transient time is the key for high speed and energy
efficient electrabsorption modulators. The careful consideration is made on the Si contact layer
formation in terms of doping levels and positions of the contacts, and the placement of the metal

pads for the higispeed modulation.
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3.2.1 Dopant implantation and diffusiomodel for top and bottom Si contacts

The top and bottom Si contact structures are designed to allow the accessible free facets on
the sides of the waveguide modulators for the strain engineering. The details on the stressor
placement and modulator straingineering is the focus of Chapter 4. The technology CAD
(TCAD) models are built using Synopsys Sentaurus workbench to optimize the doping procedures
for both the bottom 4type Si and top {ype Si.The boron ion implantation is designed to be
performed orpatterned SOI wafers. As shown in Figure 3.5, the combination of boron implantation
energy, tilt angle, shadow oxide thickness, ion dosage, and annealing temperatures is optimized to
achieve the target active boron concentration &f 673, The actual mplantation condition
includes D0 nm shadow oxide layer, 7 degrees tilt, implantation energy of 60 keV, the dose of
2.5x10° cm?, and the activation annealing temperature at P@0@r 30 minutes. The shadow
oxide is removed after annealing by dippindghe buffered oxide etching solution for 3 minutes to
ensure complete surface oxide removal. The-fmimt probe measurements are performed on all

the wafers to confirm the expected doping level@f cm.
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Figure 3.5 (a) Implanted boron concentratas a function of boron implantation energy with a

top 100 nm shadow oxide. (b) Activated boron concentration as a function of annealing temperature
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for the 30 minutes duration with 7 degrees tilt, the implantation energy of 60 keV, the dose of

2.5x13° cm, and 100 nm shadow oxide removed after annealing.

After the boron implantation, the wafers were cleaned in the RCA process and underwent
the epitaxial growth of Ge or Ge with small Si inclusion in the UHVCVD system. The cyclic
annealing was performefter Ge or GeSi epitaxial growth. The top Si layer was then grown in the
UHVCVD system right after the cyclic annealing without breaking the vacuum of the environment
to ensure the surface quality for top Si growth. The top Si layer was grown‘& &5@ thickness
of 400nm. The top shadow oxide was deposited separately in a PECVD tool after the batch growth
of top Si and GeSi epitaxial layers. The TCAD model is built to simulate and optimize the
phosphorous ion implantation procedure taking into accthenlayered structures underneath
epitaxial GeSi on the Sinoxide substrate. As illustrated in Figure 3tBe combination of
phosphorous implantation energy, tilt angle, shadow oxide thickness, ion dosage, and annealing
temperatures is optimized to &ve the target active phosphorous concentration8fch®®. The
actual implantation condition included the shad®® hm oxide layer, 7 degrees tilt, implantation
energy of 190 keV, the dose of 8%18m?, and activation annealing temperature at 650C30
minutes. The shadow oxide is removed after annealing by dipping in the buffered oxide etching

solution for 3 minutes to ensure complete surface oxide removal.
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Figure 3.6 (a) Implanted phosphorous concentration as a function of phosphorous traplanta
energy with a top 100 nm shadow oxide. (b) Activated phosphorous concentration as a function of
annealing temperature for the 30 minutes duration with 7 degrees tilt, the implantation energy of

190 keV, the dose of 8x¥0cm?, and 100 nm shadow oxidemoved after annealing.

The overall dopant distribution across the layers is modeled based on the processing steps
and temperatures during the processing of the layers starting from SOI layer implantation, to Ge
epitaxial growth, to Si growth, to top Smplantation and annealing. The overall dopant
concentration is plotted in Figure 3.7. This distribution is critical in the later model and comparison
between the curremoltage (IV) measurement under DC bias for electrical contacts and diode
performanceevaluations in Chapter 8. That also serves as the parameters for the electric field

simulation in the time domain in the following section.
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Figure 3.7 Dopant concentration and distribution simulated in the layers after all the film growth

and processingteps.

3.2.2 Electrical field transient model for higheed modulator electrodes

The electric field distribution model in the time domain is built using the COMSOL
multiphysics Semiconductor module. As shown in Figure 3.8, the model takes into abeasint t
Si on GeSi on the-Bi ridge waveguide structure. The metal contacts are placed on top of the diode
stack and the bottom Si layer next to the diode stack, as illustrated in Figure 3.8 (a). The reverse
bias of 3 V is applied in the contact terminalseVariant is the distance of the bottom metal contact
to the edge of the modulator waveguide. That is critical in the design because the gap between the
bottom metal contact and the modulator needs to be minimized to enhance the electric field
accumulatio speed and intensity, as well as to achieve a compact device layout as possible.
Meanwhile, it needs to reserve enough distance to avoid excessive loss due to tiecinddal
absorption in the ambiance of the waveguides. The electric field intensitgligated to ensure a
uniform field along the vertical direction in the Ge or GeSi modulator waveguide, as shown in

Figure 3.8 (b) with arrows showing the direction of the electric field across the wavdgbae.
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been shown in Figure 3.8, a uniform étexfield intensity is achieved across the vertical plane,

which aligns with the top and bottom Si electrodes.

(a) (b) x193v/cm
Metal Contact, V1=0V Metal contact L,
@ 1ps
Telectric field
Ge

:
p-type Si Metal Contact, V2=3 V m Metal contact
| |

e
distance

n-type Si n-type Si

Figure 3.8 (a) The schematic of the finite element model in the time domain for modulators with
top and bottom Si contacts and metals cdstafh) example of electric field intensity and
distribution across the device for 3um distance of the bottom metal contact away for the modulator
edge at the one ps time frame.

The electric field intensity as a function of time and distance of the bottom metal from the
modulator edge is plotted in Figure 3.9. It is noticed that the time needed to build up a uniform and
sufficient electric field across the modulator waveguide ie$s than one ps, which corresponds
to the responsive frequency of ~ one TH=n. uniform electric field intensity in the Ge is GeSi
modulators is determined by the electric field intensity at the center plane of the modulator active
region at a certain adulation frequencyThat indicates the limiting factor is not the transient
effect of the electric field in the electroabsorption modulator but possibly the resistance
capacitance (RC) delay of the device. The investigation of the RC delay on the dedidation
speed is discussed in Chapter 8 with the devi
bottom metal contact from the waveguide modulator edge is designed to be 3 um in the device
layout, as illustrated in Figure 3.9. The higfeed modutar electrodes utilized the growstgnat

ground electrodes configuration, which reduces the capacitive coupling of the signal lines and
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ensures the sufficient signal level at higeed operation. The doping profiles for Si top and
bottom contacts are nget optimized. The lower doping levels might be preferred to reduce the
impurity induced background absorption in the modulator region, which further reduces the device
insertion loss. Because the electroabsorption utilizes theifidicced effect instehof the free
carrier injection, its carrier distribution response time is less of a limiting factor. In Chapter 10, a
systematic study of the optimized doping profile for a sufficiently {sigbed modulation and

superior modulators performance is discdsse

(<=3
o

-2
o
1

'S
o
)

Separation between
bottom metal contact and device
——300 nm
——500 nm
1um
3um
5um

'l L 'l

2 3 4 5

time (ps)

N
o

Electric Field in GeSi modulator (kV/cm)

o
o
-

Figure 3.9 Electric field intensity in the waveguide modulator in a time domain with the various

separation distance between the bottom metal and the modulator edge.

Figure 3.10 Schematic of growstynatground electrodes design for Ge&iveguide modulators

with top and bottom Si contacts.
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Chapter 4 Strain model and bandgap engineering for modulator arrays

Extensive research concerning the effect of strain on the band structure of semiconductors
has been conducted with the focus on the applications in electronic and optoelectronic devices in
recent decades. Strained Si on the GeSi alloy layer has beenpgeMilphighfrequency CMOS
compatible devices. Strain in material causes the lattice change of the semiconductor crystals,
thereby alternating their band structures. The semiconductor parameters that can be engineered by
strain are the bandgap and theriearmobility in electronic and photonic devices. Bandgap
engineering modifies the absorption properties so that photon absorption of the material can be
tuned to fit the application requirements. That is the critical engineering parameter of this thesis
work. The Ge and GeSi waveguide modulator design discussed in Chapter 3 has covered the design
on the optical coupling with high extinction ratio and low insertion loss, and the design on
electrical contacts for uniform electrical field application withaatfresponse and low energy
consumption. In this chapter, the design on the stressor layer and its effect on modulator operation
wavelength are discussed for an individual modulator design first. Thenfaresle modulator
array design is proposed with amnovative design for higlmodulation efficiency, low cost, and
large scale modulator integration on electronic and photonic integrated systems. All the device
design fulfills the design rules in CMOS compatible fabrication procedures, and are readily

adaptable for CMOS integrated electronic and photonic devices fabrications.
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4.1 GeSi bandgap and strain correlation

The fundamental physics of strain and bandgap relationship is introduced here. It serves as a
theoretical guideline for the straining engineering in GeSi electroabsorption modulator array. That
bridges the design parameter of the modulator waveguide donsenand the modulator
performance parameters in its optical modulation domain. The lowest bandgap of the bulk Ge is
an indirect gap of 0.664 eV at the L valley (corresponding to the wavelength of 1867nm), and the
secondowest bandgap is a direct gap 09.800 eV at thes valley (corresponding to the
wavelength of 1550nm). The indirect bandgap transition is not efficient or dominant due to the
fact that a phonon with a precise crystal momentum is required together with a photon to complete
the excitation ban electron from the valence band to the L valley. For the wavelength longer than
1550nm, the absorption of bulk Ge is mainly due to this indirect bandgap transition. It is beneficial
from an application perspective to increase the efficiency of Ge@ibsbrption modulators in
the broad optical band for telecommunication. Therefore, it would be desirable to engineer the
bandgap of Ge by some means so that the absorption with the applied electric field in the
wavelength range of interest would be mucbrenefficient. As discussed in Chapter 2, the
composition engineering has been performed in the Ge and GeSi epitaxial growth procedure,
which fabricated GeSi epitaxial films with 0% Si, 1% Si, and 3% Si compositionomiSsulator
substrates. The straengineering is then applied to all three epitaxial films with the device
fabrication. The previous experimental studies on the effect of stress/strain on the band structure
of Ge have been based on uniaxial, biaxial, or hydrostatic compression tessniattrial's
structure of epitaxial films, mesas, and bulk-8. Thus, there have been not many experimental
reports on the effect of uniaxial stress either tensile or compressive with a constant strain on the

other transverse axis on the band structifir6e and GeSi waveguides. This chapter provides a
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theoretical study of the Ge and GeSi waveguide design on the applied stressor and predicts the
modulator wavelength region as a function of strain in the waveguide, which serves as the

guideline for the dvice fabrication and experimental results discussion.

Ge and Si both have the diamond cubic structure. The strain of the Ge and GeSi crystal can
be generalized with the following equations. The deformation of the elastic solid is assumed.

Hooke's law caipredict the linear relation between stress tensor and strain s&exsor
0ij = Cijki€kl Eq. 4.1

Under the cubic symmetry, this elastic stiffness tensor can be expandéuely
coefficients, €1, ci2, and as. Therefore, the equations can be simplified and inversely expressed
with elastic compliance tensof Bito the following equations. The elastic compliance can be
expressed via elastic stiffness constants. The valtigheoelastic compliance and stiffness

constants are listed in Table 4.1.

011 €11¢12¢2 0 0 O é11

Ta2 c12€11¢12 0 o O €22

033 | [ ¢Cip€12¢11 0 0 O €33

o3| | 0 0 0cyy 0 O || 2823

031 0 0 0 gy O 2831

012 0 0 O 0 0 Caq 2812 Eq 42

é11 511512512 0 0 O 011

€22 $12511 512 0 0 O 022

€3 | _ | S12512511. 0 0 O 033

263 [T1 0 0 05540 0 || 023

2831 0 0 O 0 Saa 0 031

2812 0 0 O 0 0 Sa4 012 Eq43
s11 = (c11 + ¢12)/[(c11 — caz)(ar + 2¢12)] Eq 4.4
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s12 = (—c12)/[(c11 — €12)(c11 + 2¢42)] Eq. 4.5

Saa = 1/Caa Eq. 4.6

Table 4.1Elastic stiffness constants of Si and Ge.

Cij (GPa) Sij (l/GPa)
Si C11 165.8 S11 7.7E-3
C12 639 S12 -21E'3
Can 79.6 Sus 1 3E-2
Ge C11 128.5 S11 9.8E-3
C12 48.3 S12 -2.7E-3
Caq 66.8 Sa4 1.5E-2

The effect of bandgap distortion by the stress along [100] applied to the Ge or GeSi crystal
structure can then be derived using deformation potential theory [77]. The valence band energy

gaps are expressed into the following equations. These equatiotdepadoundation for strain

simulation and bandgap engineering.

Eq. 4.7
11 1] 9 )
AELHz —EAU +Z§Elog +§ A0+A055100 +Z(5E100)
Eq. 4.8
1 1 1 ) 9
AEgo= _gﬂo + ZfSEloo 3 Aj + AgSE g0 + 1(55100)2
Eq. 4.9
6E 00 = 2b(&xx — &22) Eqg. 4.10
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4.2 Individual waveguide modulator strain engineering

To understand the strain distribution in both the Ge @Ge&i blanket films and their
waveguide structures in the modulator, and to investigate the application of the stressor tuning the
modul atords operation wavelength, a finite el
film was simulated to have tlgrowth on the Son-insulator (SOI) wafer at the temperature of
730°C with the cyclic annealing from 638C to 850°C, which is consistent with the experimental
growth condition. The ~0.2% tensile strain was obtained in the epitaxial film in the sonulati
taking into account the thermal expansion coefficient difference between the Ge and the Si
substrate. Since the Ge epitaxial film needs to be fabricated into waveguides for the device
application, the waveguide structure was defined in the modelithgsaration in Figure 4.1. The
~0.2% tensile strain is maintained along the long axis of the waveguide, and the strain along the
short axis of the Ge waveguide is relaxed gradually from thedilbstrate interface to the top
surface of the Ge waveguidehe equations derived from the deformation potential theory were
applied to both the epitaxial films and the waveguides to calculate the strain effect on the band
structure. As shown in Figure 4.1, the change of the Ge absorption edge as a function of stra

ranged from the 5% compressive to 5% tensile has been modeled for both cases.
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Figure 4.1 (a) schematic of the finite element strain model for Ge epitaxial film on SOI wafer; (b)
Ge epitaxial layer shows 0.2% biaxial tensile strain in the modehaigap simulation as a

function of strain in the Ge film; (d) bandgap simulation as a function of strain in the Ge waveguide.

The asgrown Ge waveguide on the SOI substrate has the absorption edge at the
wavelength of 1600nm, which means the modulatortt@®perational wavelength range above
and near 1600nm. In that case, the input light at the wavelength less than 1600nm will be absorbed
by the Ge waveguide, and will not be able to participate in the elgssarption modulation. The
Ge absorption edgeould be modified by applying an intrinsicaifressed material on the sides
of the Ge waveguide. This method directly applies the strain on the short axis of the waveguides.
The stressor layers were added to the model. The simulation results showOtfi&t @Pa

compressive stress is required in the stressor layer to generate 0.4% compressive strain in the Ge
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waveguide, and a 0.8 GPa tensile stress is needed in the stressor layer to achieve 0.4% tensile strain

in the Ge waveguide.

(a) Q

Figure 4.2 Strain diribution of the modulator with stressors on the sides under (a) 0.4%

compressive strain and (b) 0.4% tensile strain in the finite element strain model

The nonuniformity of the strain in the Ge waveguide is observed in the model and makes
it challengingto modulate the absorption edge. That causes absorption edge variation across the
modulator waveguide. It is critical to design innovatively to achieve a uniform and stable strain
distribution in a Ge or GeSi waveguide integrated modulator. A new desigthdostrain
application was proposed in the electroabsorption modulator, which was inspired by a
collaborative work done with Dr. Yiding Lin at Nanyang Technology University. By applying the
strain on both Ge (or GeSi) and the underneath Si ridge waesguadmore uniform strain
distribution is achieved for both tensile and compressive conditions. With stressor on the sides of
the modulator waveguides, top and bottom contact structures are adopted. Therefore, the
underneath Si layer cannot be fully etciesbugh. The Ge strain uniformity was then simulated
as a function of Si contact thickness and concluded that 80 nm of Si is sufficient to serve as a

contact layer and maintains the strain uniformity in the modulator waveguide.
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Figure 4.3 Simulated strain distribution with 1 GPa terfiN stressor applied (a) on the top and

sides of the Ge on Si waveguide, (b) on the sides of the Ge on Si waveguide, (c) on the sides of
the Ge on Si waveguide with 80 nm Stetiched. (d) StraiX as a function of the applied intrinsic
stressor in comparison to the stressor applications in cases (a) and (b). (e) Table of the strain

variation in Ge waveguide as a function ofetohed Si layer thickness.

Silicon nitride (SN) synthesized via PlassmEnhanced Chemical Vapor Deposition
(PECVD) is an attractive candidate material for the stressor application. The origin of intrinsic
stress in the PECVD silicon nitrogen composite film is a function of atoms per volume and forces
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affecting bond lengthsAt lower frequency, there is higher ion energy. Hence, ion bombardment
and densification are increased, which makes the film more compressive. While at a higher
PECVD frequency, the opposite happens, and the tensile stressed film is deposited. Thexefore, t
concentration of high and low radio frequencies in the PECVD process can be controlled to tune
the stress in the silicon nitrogen composite, as shown in Figure 4.4 (b). The intrinsic stress in the
duakrequency PECVD deposited SiN film can achievesstranged from 1 GPa compressive to

0.6 GPa tensile. That meets the requirement for the strain variation in the modulator material.
Therefore, a complete map of the effect of the GeSi composition, and the induced strain in the
waveguide on the absorptioalmd edge with the applied externa
completed as Figure 4.4. This map is based on the waveguide width of 400 nm. The strain in the
waveguide and the waveguide material composition are independent of the waveguideodimensi
The waveguide width, in this case, is fixed to aid in the correlation of the PESIN{Ontrinsic

stress. With all the information obtained from this map, the GeSi electroabsorption modulator can
be designed to operate at any specific waveguide witirraw optical bandwidth of ~15nm due

to the limitation of FranKeldysh effect. However, to achieve the modulation at a broad optical
window, individual strain and material optimizations are still needed. This might not be the only

solution for a largecale modulator array with a broad modulation optical bandwidth.
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Figure 4.4 (a) Modulator materials absorption edge as a function of strain X in the modulator
waveguide with thetop-a x i s of the stressor | ayerdéosceintri.l
on Si waveguides. (b) The applied intrinsic stress as a function of théréiglency components

in the dualfrequency (low frequency and higrequency mixing) PECVI3iNy deposition process.

4.3 Onefor-all strained modulator array design

The conventional strategy of inserting a modulator for a specific wavelength modulation
involves specific materials engineering and device fabrication for each individual modulator [31
33]. To realize an integrated system with broadband modulation, rauttiptiulators have to be
fabricated individually and assembled onto a chip. Each fabrication step adds cost to design and
processing. Integrating more modulators for multiple operation wavelengths gives broader band
coverage and higher optoelectronic datacpssing capacity. In the thesis work, a-toreall
strained Ge an@e.osSio.o1 modulator array design is proposed and demonstrated to cover a broad
telecommunication band with multiple modulators designed and fabricated simultaneously in a
single lithayraphy and patterning flow [889]. A stressor layer applies a homogeneous strain to the

modulator structures. By changing the modulator width, the strain in the modulator changes, tuning
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thematerialbandgap and, therefore, the modulation operation wagileThus, modulators made
of the same material can operate at various wavelengths with the same stressor layer by simply

changing in the dimension of the modulators.

4.3.1 Ge modulator array with a compressive stressor

Compressive strained Ge waveguitedulator arrays are studied in this section. The
silicon nitride compressive stressor layer are designed to be placed on both sides of the Ge and Si
waveguides for strain engineering. The modulator waveguide width is a unique design parameter
tovarythemodul at or material s bandgap as a respon
compressive stressor layer is designed to be placed on the sides of the modulator waveguides to
apply uniform and sufficient compressive stress across the short asxzis(Xn the solid
mechanics model coordinates) of the modulator waveg@gla.proof of concept, Ge waveguides
with awidth of 400nm, 700nm, 2um, and 4um are modeled using the solid mechanics module in
COMSOL Multiphysics, as introduced in the previous sectBoth pSi and RSi contacts and
bottom Si waveguides are structured in the model. ddfermation potential theory based on
guantum mechanics is applied to derive the strain effect on the band structure of semiconductor
materials. The electroabsorptiotodulator operation wavelength is related to its materials band
structure; in this case, the direct bandgap of the Ge waveguides. Therefore, the correlation between
the operation wavelength and modulator waveguide strain is established. As illusti@itpadén
4.5, a uniform compressive strain of about 0.8%, 0.7%, 0.5%, and 0.3% is distributed across in the
Ge waveguidesvith widths of 400nm, 700nm, 2um, and 4pm, which corresponds to absorption
edges at 1520 nm, 1524 nm, 1539 nm, and 1559 nm, respectively. Therefore, a compressively

strained Ge electroabsorption modulator array is demonstrated theoretically to achiesle a mu
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wider optical wavelength window of over 80 nm. The experimental demonstration based on this

theoretical design is shown in later chapters.
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Figure 4.5 (a) Solid mechanics model of Ge on Si waveguide structure with top Si contact and
1GPa compressiveillBon nitride stressor on waveguide sides, (b) strain distribution across Ge

waveguides as a function of waveguide width.

4.3.2Ge.9sSib.o.Modulator array with a Tensile stressor

The strain model is then applied to investigate the tensile strairbdigin in Ge.osSio.o1
modulator array for broadband modulation. The stressor layer is designed to be silicon nitride with
a tensile stress of 0.6 GPa. The strain distributioBO@nm, 1pm, and 3pmwide Gey.9sSio.o1
waveguide modulators are plottedRigure 4.6. The uniform tensile strains of 0.4%, 0.3%, and
0.2% are obtained in G&Sio.o1waveguides with widths &00nm, 1pm, and 3umyespectively.

The electreabsorption modulator operation wavelength is related to its material band structure.

Therdore, the correlation between the operation wavelength and modulator waveguide strain was
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established and plotted in Figure 4.6. The.osSio.o1waveguide modulators with widths ®0nm,

1pum, and 3um are simulated to have absorption edge at 1572 nn8 d®6 and 1542 nm,
respectively. Therefore, the tensile straing@ep.osSio.01 electroabsorption modulator array is
demonstrated theoretically to achieve a much wider optical wavelength window of over 60 nm.

The experimental demonstration based on thisrétieal design is shown in later Chapters.
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Figure 4.6 (a) mdulator absorption edge as a function of uniaxial strain Xefes Sio.o1

waveguide. (b) strain distribution in the waveguides under the 0.6GPa stressor layer.

The reasons for the two separate modulator array designs of the Ge modulators with
compressive stressors a@ah ooSio.o1 modulators with tensile stressors are mainly based on the
limitation of the optical testing wavelength window. The singlede laser aurce and
photodetector with the optical window from 1510 nm to 1610 nm are available for the optical
transmission measurements. As a demonstration of thifooad stress engineering innovation
on modulator arrays for both tensile and compressivesstiegpplication, the modulator arrays
with two different compositions and corresponding stressor choices are intentionally designed to
ensure the designed modulation performance is captured in our optical testing wavelength window.

The inclusion of 1% Sin GeSi causes the bandgap shift toward lower wavelength, hence allows
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the application of tensile stressor to demonstrate the bandgap shift toward higher wavelength in

the range of 1510 nm to 1610 nm.

4.4 Experimental results on strained waveguides

In orde to evaluate the strain effect on the waveguide structure for electroabsorption
modulators application, the test structures of 300 nm tall Ge waveguides on 250 nm tall Si ridge
waveguide with 80 nm unetched on Si€ubstrate have been fabricated. The width of the
waveguides is varied from 400 nm to 4 um. It mimics the real stressor application in the Ge or
GeSi waveguide modulator array. The difference between this test structure and the actual devices
is the placerant of top Si contacts and metal contacts. In this test structure, only the Ge waveguide
with a specific width was aligned on top of the Si waveguide with the corresponding width. It
matches well to the strain model structures designed in the previoimsedhe placement of
top doped Si waveguide and the metal contact would cause absorption in theRarnwin
spectrum measurements, and reduce the resultant signal to noise ratio. Therefore, there is no top
Si or metal contact placed on top of the Ge wanges. However, the strain information obtained
in this test structure should correctly reflect the actual strain in the real modulator array because
the placement of top Si and metal contacts does not alter the strain effect in the modulators
waveguide.The 0.6 GP&iNy tensile stressor layer and the 1.0 GB#dx compressive stressor
layer were deposited separately on two identical sample chips with the testing waveguides. Due to
the conformal deposition of the PEC\8iNy, another step of pattern alignnglithography, and
dry etching was performed to remove tB#y stressor layer on top of the waveguides. It is
illustrated in the strain engineering design section that th8idypwould reduce the strain effect

in the modulator waveguides and induce-moiform strain distribution in the waveguides.
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Micro-Raman measurements were used to determine the strain in the various Ge on Si
waveguides. As shown in Figure 4.7, the obtained Raman peak shifts were used to derive the strain
effect in the waveguide§.heoretically speakinghe strain induces changes in the equilibrium
positions of the atoms in the semiconductor crystal. The phonon structure is consequently altered
due to the anharmonic terms of the interatomic potential. Therefore, the phonon fiesjaedc
Raman scattering tensors are modified due to the strain effect. Monitoring the resulting changes in
the Raman mode frequencies makes Raman spectroscopy a promising technique for studying strain
distributions in semiconductor devices. Under theoaadif strain, the threefold degenerate optical
phonon of a cubic crystal such as Si or Ge generally splits into three mode§ (GeGand LO).

The f r eqathemodes san ke expressed using the dnaasionic approximation from

t he ei g eohtheadculaersatrig:

pe11 +q(e22 +€33) 2req 2reqs
2reyy pea +q(e11 +£€33) 2rens
2resy 2resy pe3s +q(en +€22) Eq. 4.11

by using the following relation,

2 2 1
Wi =W +Ai Eq. 4.12

Wheroée syt he degenerate ( unp=300cnfdGedlhthep honon
equations, p, q, and r are the phonon deformation potentials..p4¢5 g=4 . 9dandsr =-
1. 1HAf ovr G ej.are thér@mpanents of the strain tensor, which correlate with the stress
tensor c¢ompon e n Similarvtoithe defdbonatiorepdtential theary discussion in the
device strain engineering section, the 1zemo components of the compliance tensor for a cubic

crystal are &, Si2, and 94 Together with the appropriate selection rule, equations can be
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fomul ated to obtain the stress tensor friom the
in a Raman spectrum. It was observed in the literature that the Raman spectroscopy is sensitive to
the LO mode using the conventional confocal Raman spectroscofie (001) oriented cubic
crystals. Applying the stressduced LO phonon frequency splitting relation with the biaxial stress,

011, andii12, we derived Equation xx. For Ge or GeSi epitaxial film on the SOI substtdte,

012, as determined in both teain model on the epitaxy film and the XRD and photoreflectance
measurements in Chapter 2. For Ge on Si waveguide test structures, one of the strain is fixed to be
the film strain along the long axis of the waveguide; another strain componen§iblistressor

induced strain along the short axis of the waveguides. These two strain components in each
waveguide were decomposed and extracted from the Raman measurements on each waveguide
structure.

wf —wf = [pS1y + q(S1y + $12) (011 + 012) Eq. 4.13

A Raman peak shift from 300.84 ¢nto 300.01 crt is observed for the comparison
between bulk Ge and 300 nm thick Ge epitaxial film on Si substrate. Utilizing-texiged strain
and Raman frequency corr el &dinob-0.2% ténsileis dbtained.pi t a »
The Raman spectrum for the Ge on Si waveguide structures under 1 GPa compressive stress or 0.6
GPa tensile stress are plotted in Figure 4.7 (c) and (d), respectively. The resultant signal to noise
ratio for waveguides h widths of 400nm and 500nm is too weak to obtain used Raman peak
information. The Raman spectrum is evaluated for waveguides with widths from 700nm to 4 um.
The Raman peak is shifted from 301.54am 300.72crit, comparing 0.7 um wide waveguide to
4 umwide waveguide with 1 GPa compressive stressor. The Raman peak is shifted from 299.92

cmt to 300.35crmt, comparing 0.7 um wide waveguide to 4 um wide waveguide with 0.6 GPa
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tensile stressor. The tensile stressor shifts the Raman peak to lower wavenuvhberghe
compressive stressor shifts the Raman peak to higher wavenumbers. Meanwhile, the narrower

waveguides are more responsive to the stressor effect; therefore, the magnitude of the Raman peak

shifts is larger.
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Figure 4.7 (a) Optical microscopimage of Ge waveguides with various widths and labels (e.qg.,
GWO0.4 means Ge Waveguide with a width of 0.4 um). The Raman spectroscopic measurements
of (b) bulk Ge and 300 nm Ge epitaxial layer on Si substrate, (c¢) 0.7 um and 4 um wide Ge on Si
waveguides vih 1 GPa compressivBiNx stressor, and (d) 0.7 um and 4 um wide Ge on Si

waveguides with 0.6 GPa tensBé\x stressor.

The strain components in the waveguides are extracted from the measured Raman spectrum.
The strain X (along the short axis of the wavielgs) values are listed in Table 4.2 in comparison

with the simulated Strain X values in the strain engineering model. The scatter plot of the strain X

as a function of the waveguide width, &itNx st r essor 6 s i ntrinsic stres:

for a better visual comparison between the expected strain effect from the strain engineering model
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and the actual strain effect in the fabricated Ge on Si waveguities.result experimentally
demonstrates the impact of applyi®&iNx stressors on the sided the Ge waveguides could
effectively induce strain in the modulator waveguides. It serves as thecbexds for the strain

application in the real GeSi modulator devices.

Table 4.2 Comparison of the strain X values from the COMSOL strain engineesaey end

Raman Measurements as a function of Ge on Si waveguide width and stressor layer application.

COMSOL Simulation for Strain X (%) Raman Measurement for Strain X (%)
Waveguide Width | 1GPa compressive | 0.6GPa tensile 1GPa compressive | 0.6GPa tensile
(nm) stressor stressor stressor stressor
400 -0.80 0.40 Too low Raman signal intensity due to
500 0.78 0.39 narrow waveguides
700 -0.74 0.37 -0.73 0.33
1000 -0.67 0.33 -0.65 0.27
2000 -0.53 0.27 -0.52 0.21
3000 -0.40 0.18 -0.36 0.12
4000 -0.26 0.12 -0.20 0.04
04k m
93 g
0.2 o o
L COMSOL simulated: Qo o
~ 0.0} O 1GPacompressive Stressor o
Ea O 0.6 GPatensile stressor
» .
= 02 | Raman measured: . 9
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Figure 4.8 The strain X (strain along the short axis of the Ge on Si waveguide ) values as a function
of waveguide width and stressor laygplication based on strain engineering model and Raman

spectrum measurements.
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Chapter 5 Electroabsorption modulation model for GeSi modulator arrays

The direct bandgap absorption in Ge can be &gy altered by an applied electric field,
demonstratig a strong electroabsorption effect at the band edge. This strong effect could be due
to the FranZKeldysh effect in bulk or Ge films or the quantwonfined Stark effect in Ge
guantum wells [5461]. Both of these two effects have been demonstrated favidoel
modulators with specific optical windows. This chapter focuses on the theoretical simulation for
the Ge and GeSi electroabsorption modulator performance. The chapter bridges the design
components discussed in Chapters 3 and 4 with the actual nrawghdeformance in later chapters
via a comprehensive model on the modulator array based on theKeigdesh effect. The
modulation model links the modulator material parameters, including strain and composition, and
the modulator electrode design paréeng, including applied voltage and effective electrical field.

The resultant parameters are the absorption coefficient and extinction ratio of every modulator in
the array. It is significant to have a realse prediction on the devices to compare ahdifyethe
measured device performances, and to learn the impact of the factors in the design or fabrication

of the performance of the Ge and GeSi modulator arrays.
5.1 FranzKeldysh effect in the Ge and GeSi electroabsorption modulators

As briefly introdiced in Chapter 1, the Fraitzldysh effect plays a significant role in
electroabsorption modulators using direct bandgap semiconductor materials. Although Ge is not a
direct bandgap semiconductor, its energy difference between the direct and indireeipbiandg
relatively small. The FranKelysh effect is dominant at the direct bandgap of the Ge and GeSi
thin films [90-95]. Figure 5.1 is an illustrative figure for the absorption coefficient with the Franz

Keldysh effect. Without the electric field, the akh®mn coefficient only increases when the
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incident energy is higher than the direct bandgap of the material. The incident photons with an
energy less than the semiconductor bandgap are not able to excite the electron transition from the
top of the valencédand to the bottom of the conduction band without the electric field. The
absorption coefficient follows the squan@ot relation for direct gap transitions, that is,
proportional to the joint density of states. With an applied field, the bands aréyiltkee electric

field, which assists the ba#tid-band tunnehg under photon excitation. A photon with energy
slightly less than the bandgap can excite an electron from the valence band to the conduction band
through a cooperative tunneling process acthe tilted energy barrier. Therefore, the absorption
coefficient at the energy less than the bandgap increases significantly with the applied electric
field. In the region where the incident energy is greater than bandgap, the absorption curve shows

theFranzKeldysh oscillation near the band edge.

— — Without Electric Field
—— With Electric Field

Absorption Coefficient (cm'1)

for EAM

Eg Incident Energy (eV)

Figure 5.1 lllustration of the Frasieldysh effect in the absorption coefficient [52].
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The Ge and GeSi modulation model can be built based on solving the fundamental
Schrodinger equation of an electrbale pair in the presence of an applied electric field, F, along
the vertical zdirection. With the total energy expressed in Eq. 5.1, the solution to this Schrodinger

equation is to describe the modulation as a function of an applied electric field.

2 d2
@(2) (—2—"%@+ E’FZ) = EgoEz(z) Eq. 5.1
"2+ i)
E= ki +ki)+E,
2m, g Eq.5.2
1
2m, 1 A; 2mpeF\3 E,
(pEZ(Z) = ( 72 )3[ l][ 2 (Z _E)]
(eF)e Eq. 5.3

Where A(z) is the airyfunction. With Fermi's Golden Rule and integration over the
guantum states, the expressive correlation of the absorption coefficient of the direct bandgap

transition with an applied electric field is obtained as Eq. 5.4.

aChv, F)
ezEp zmr,lh 3/2 -2 12

= |24mn, cegmov {( 2 )32 08 i [~ Ai2 (i) + AP ()|
.

2m '
+ {(T;’hh) 3/2\/%[_?7}1}1141'207%) +AZ () [} Eq. 5.4

The parameters itis equation can be further expressed using basic material parameters,

as shown in the following equations.

My iy = MEMyR/ (M + Myp) Eg. 5.5

86



My pp = mEmpp /(Mg + myy)

h2e?F?
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_ 1/3
hOpnn = [ 20
E;;’lh hv
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ENRR _ py

_ g
Nhh = 7h9£‘,hh
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Eq. 5.6

Eq.5.7

Eq. 5.8

Eq. 5.9

Eqg. 5.10

Eq. 5.4 can be seen as the comprehensive equation for the modulation model, which
considers the transitions from both light hole and heavy hole band transitions. Those two
transitions involve different effective masses and stirailnced bandgaps for Ge and GeSi
waveguide materials with various widths. Although Ge and GeSi have both aleendirect
band transitions with the FK effect, it has been reported that the FK effect of the indirect bandgap
is three orders of magnitude lower than that of the direct bandgap in ©8][9llhe effect of the
indirect gap transition, therefore, i®tnincluded in this modulation model. The modulation
wavelength of interest is from 1510 nm to 1610 nm in the model, which is consistent with the
actual testing wavelength range for the device transmission characterization. The contribution of
the indirectgap absorption to the overall absorption coefficients is not negligible and taken into
consideration in the discussion of the experimental results in Chapter 6. The total absorption

coefficient is a sum of the contributions from the direct and indirea gaps of Ge or GeSi.



The composition of GeSi is considered in the modulation model. As introduced in Chapter
2, a few atomic percentages of Si inclusion can be alloyed with the Ge to shift the modulator's
optimal operation wavelength to a lower wavelbng The material parameters used in the
modulation model adapt the contribution of Si inclusion. Although the minimal direct gap of Si is
3.4 eV, the actual band position of interest is the eoess of two conduction bands at crystal
wave vector of k=0Therefore, the fundamental direct gap of SidsHE 4.06 eV. Therefore, the
linearly interpolated direct bandgap of unstrained.Se is Eq(GerxSix)=0.8+3.26x [75]. These
linear interpolations work well for Ge8iainly because Ge and Si form a complete solid solution,
and the Si inclusion amount is relatively small [74,92]. The deformation potential theory has been
introduced and discussed for the strain modeling in Chapter 4. The linear interpolations on the
deformation potentials is applied to consider the GeSi strain effect on the direct bandgap transition
with a small Si inclusion. The elastic constants and-sfflienergy are listed in the following

equations.

a(Ge,,Si,)=-8.97+3.87x Eq.5.11
b(Ge,.,Si,)=-1.88-0.32x Eq. 5.12
d(Ge,,Si,)=-4.7-0.1x Eq. 5.13
C,,(Ge,,Si,)=128.53+37.27x Eq. 5.14
C1(Gey,Siy)=48.26+15.64x Eq. 5.16
CaalGe,,Si,)=68.80+12.80x Eq. 5.17
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Ag(Ge,,Si,)=0.29-0.246x Eq. 5.18

The energy difference between the direct and indirect gaps increases with the Si inclusion.
That leads to a higher background absorption loss due to indirect band transition and a lower
extinction ratio. The effctive mass of electrons and holes of & is almost the same as Ge for
the Si inclusion less than 3%. Therefore, the electron and hole effective mass of Ge is applied in
the simulation for GaSix with x < 0.03. The optical transition matrix elemé&nexpressed as a

contribution of light hole, heavy hole, and split orbit energies.

E =3 )y
14 mg E;'lh E;'hh E;,SO

Eqg. 5.19
5.2 Modulation model of GeSi modulator array

The modulation model of the Ge8iodulator arrays was built to predict the device
performance of all the modulators with various compositions, waveguide widths, and stressor
layers. The model was built using Wolfram Mathematica. The parameters defined and used in the

model are listed iffable 5.1.
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Table 5.1 Parameters in the modulation model

Parameters Definition) Unit
Independent Variables

Fon Electrid field at OV with Ge on Si V/m

Foffi Electrid field at off state, various voltage] V/m

Egl bandgap of light hole at strained state| eV

Egh bandgap of heavy hole at strained state eV
Materials Constants|

€| electron charge| C

Ep constant for transition matrix element of Ge eV

nri real part of refractive index|

¢ speed of light| m/s

€0 vacuum permitivity| F/m

mO)| electron mass kg

h_har planck constant] J*s
Dependent Variables|

mrl reduced mass of light hole| kg

mrh reduced mass of heavy hole| kg

lambda incident wavelength nm

[0 angular frequency 1/s

hFlon transition energy for light hole at on state] J

hFhon transition energy for heavy hole at on state| J

hFloffi transition energy for light hole at off state| J

hFhoffi transition energy for heavy hole at off state| J

nlon unitless

nhon unitless

nloffi unitless

nhoffi unitless

Alon airy function for light hole transition at on state| unitless

Ahon airy function for heavy hole transition at on state unitless

Aloff] airy function for light hole transition at off state unitless

Ahoffi airy function for heavy hole transition at off state unitless

derivAlon first derivative of airy function for light hole transition at on state unitless

derivAhon first derivative of airy function for heavy hole transition at on state| unitless

derivAloff] first derivative of airy function for light hole transition at off state unitless

derivAhoff] first derivative of airy function for heavy hole transition at off state| unitless

AlphaOn| Absorption at on state 1/cm

AlphaOff] Absorption at off state 1/cm

Three kinds of parameters were classified in the model: (1) independent variables, (2)
materials constants, and (3) dependent variables. The independent variables include the electric
fields gplied in the vertical direction of the modulator and the energy bandgap of the light hole
and heavy hole bands. The light hole and heavy hole bandgap values are inputted from the strain
engineering model and validified in the photoreflectance measurefioern®@e and GeSi film
composition and biaxial strain, and in the mi€taman measurements on the Ge and GeSi
waveguide structures for the strains along the waveguide axes as reported in Chapters 2 and 4. The

electric field intensity values as a functiontloé applied voltage across the electrodes are inputted
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from the electric field transient model in Chapter 3. As plotted in Figure 5.2, the Ge @nfiéxe
modulators have the buittotential of about 10 kV/cm. The applied voltage linearly increages th
electric field across the waveguide modulator in the vertical direction. The electrical field has a
uniform distribution along the field direction, which is critical for higérformance
electroabsorption modulators. The materials constants appliea imalel include transition
matrix elements, refractive indices, electron masses of Ge, angSie1materials. These values

are determined via the linear interpolation of the Ge and Si valuated reported in the literature. The
dependent variables incla terms, such as reduced masses of the light hole and the heavy hole,
transition energies for the light hole, and the heavy hole at various modulation states and others.
Those values are calculated based on the equations introduced in the first setternd, the
absorption coefficients at different modulator states are obtained as a function of incident light

wavelength.
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Figure 5.2 Electric field intensity as a function of reverse bias for Ge electroabsonptioitators

with the electric field direction along the verticatlizection.

The absorptions of the Ge andesSio.01 modulator arrays are modeled under various

conditions. The extinction ratios are obtained as the difference between absorptionsaionsodu
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on and off states. As a demonstration of the modulation performance, the extinction ratios are
modeled based on the electric field difference between 40 kV/cm and 10 kV/cm. It corresponds to
the applied voltage of less than 3 V. The actual elefigid intensities and amplitudes of the
extinction ratios would be limited by the actual device fabrications and materials electrical and
optical qualities. Therefore, these modeled intensities and amplitudes serve as relative comparisons.
It is more impotant to model and evaluate the positions of the ER peaks for various waveguides
under the effect of a compressive/tensile stressor. As shown in Figure 5.3 (a), a Ge modulator array
under 1 GPa compressive stressor shows a consistent shift of ER pealshigivar modulation
wavelength (from 1530 nm toward 1580 nm) as the modulator waveguide width increases from
400 nm toward 4 um. The effect of the compressive stressor expands the bandgap and shifts the
modulation peak toward a lower wavelength. Meanwtiie,narrower waveguide shows a more
distinctive strain effect in the modulator waveguides. The tensile stressor, on the other hand,
applies the strain effect in the opposite direction. As shown in Figure 5.3 (b), the 0.6 GPa tensile
stressor pushes the plRaks toward higher modulation wavelength. Only 4 um and 2 um wide Ge
waveguide modulators show the ER peaks in the modeled optical window from 1510 nm to 1610.
Other waveguide modulators have the modeled ER peak too much toward higher wavelength

beyond 510 nm.
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(a)10

Ge modulators with 1GPa compressive stressor (b) 10
| =400 nm
w700 nm

Ge modulators with 0.6GPa tensile stressor
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Figure 5.3 Simulated extinction ratio as a function of incident light wavelength for Ge
electroabsorption modulator arsaynder (a) 1 GPa compressive stressor, and (b) 0.6 GPa tensile

stressor as a function of the waveguide modulator width.

A similar straincoupled FK effect is observed in §3€Sio.o1 modulators. As shown in
Figure 5.4 (a), a GedSio.oo modulator array under 1 GPa compressive stressor shows the effect of
the compressive stressor to expand the bandgap and shift the modpéstiomoward lower
wavelength. The inclusion of 1% Si already shifts the modulator ER peak toward a lower
wavelength. Further reduction of the modulator waveguide width shifts the modulator ER peaks
too much toward the wavelength region lower than 1510Hence, the modeled optical window
is shifted to be 1450rh550nm to capture the ER peaks for compressively straingeehSig1
modulators. The tensile stressor, on the other hand, applies the strain effect in the opposite direction.
The application of a 0.6 GPa tensile stressor shows a consistent shift of the modulation ER peaks

for Gey.9sSio.01 waveguide modulators from 400 nnidth toward 4 um width.
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Figure 5.4 Simulated extinction ratio as a function of incident light wavelength tos%e:

electroabsorption modulator array under (a) 1 GPa compressive stressor, and (b) 0.6 GPa tensile

stressor as a funcition of the wauede modulator width.

Based on the modulation model results for the Ge anddsSieor modulator arrays with
stressor layers, the Ge modulator array with 1 GPa compressive stressor, andstbe.doe
modulator array with 0.6 GPa tensile stressor, stmvmodulation ER peaks in the optical
window from 1510 nm to 1610 nm for all waveguide modulators. Both compressively and tensile
strained modulator arrays have shown significant optical window broadening to ~100 nm based in
the simulation results. Thasuccessfully demonstrates the innovation of Ge and GeSi
electroabsorption modulator arrays with a simplified design layout for modulators to cover a broad
optical range. Although each waveguide modulator experiences different induced strain, the
modulatorarray is designed with one layout, and various waveguide dimensions are fabricated at
the same time. The devices of the Ge electroabsorption modulator array with 1 GPa compressive
stressor and the G&Sio.oomodulator array with 0.6 GPa tensile stresgerre fabricated and tested

to compare the modulation model results and experimental results from the device performance

characterization in the later chapters.
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Chapter 6 Process Flow Development

6.1 Process flow development of Ge and GeSi modulator arrays

The strained Ge and GeSi modulator arrays were fabricated using the tools in MIT Nano,
the MIT Substrate Engineering Lab, and the Harvard Center for Nanoscale System Cleanroom
Facilities. The detailed process flow development is discussed in this Clespstrown in the
process flow chart. Multiple waveguide modulators are simultaneously fabricated in the same
process flow to achieve the modulator array. The fabrication steps are -CtiQfatible and can

be readily implemented into a foundry fabrication.

ALD & o
PECVD @ 300°C

E-beam lithography to Al
Start: Si0, Pattern (HSQ) m
SOl
Wafer _ Wetdeamng surface fnc| f ”IIIIIIIII;lAHIHIIII
Top-down dALD ALO, Si0;
7 P [ {(TETTNTIRITIE CATVETTRERTRYIAL] Dep05|tSlN stressor
Photo-lithography to 950 °C etch n-type Si Sio, or Si02 _
waveguides E-beam lithography to
. |||I\\I|IIIIII|I\\\IHHH’:H#IN\IIIIIIIIIII\HIIIII Pattern (ZEP)
Boron E-beam lithography to
s pater 51 (H5C) A
anneal
850 °C ‘ Pattern and etch to m
Top-down etch p-type n I open trenches for il HIIIIIIIIIIIHHIIII
Si waveguides m metal contacts SiO,
M With~100nm saved [ _
UHVCVD | for contact S0,
Germanium SiO,

@650 °C
UHVCVD
Silicon
Using ion f

SiO,

implantation

E-beam lithography to @

Pattern (PMMA)

Ebeam evaporator, Al

metal liftoff
Panern and TI,'TIN,'AI \|||||||||||H||||\| iIlllllllHllll\lllll
metal lift-off to define S

E-beam lithography to

L

Pattern (PMMA)
Ebeam evaporator,
metal liftoff
Al
[Zztt:ﬁ?ﬂagg;ro‘rgleNf::el ||||||||||||||I|$"IIIIIIIHI||IIII
- i
i S

Figure 6.1 Complete process flow for Ge and GeSi electroabsorption modulater array

Prime 250nm Si on 3pm Si@nsulator wafers were cleaned via RCA at the beginning of

the process. Boron implantation was performed on the SOI wafers using the implantation conditions



as simulated in Chapter 3 to achieve a dopant concentration éf eni®l A postimplantation
anrealing was performed to activate all the dopants in the Si layer of the SOI wafers. The top
shadow oxide was used only to control the doping depth into the layer, and was removed by soaking
in the buffered oxide etchant (BOE) for 3 minutes. A standard 8€axing was performed on the
wafers with an extra 1 minute soaking in the dilute HF (50:1 of KB)Hor the Si surface
passivation, followed by the spdrying. The wafers were immediately loaded in the UHVCVD
system for the epitaxial growth of Ge ordesSio.o10n the SOI substrates. Details on the growth
mechanisms and conditions are discussed in Chapter 2. Cyclic annealing was performed at the end
of the epitaxial growth process to reduce the threading dislocation density. The top Si layer was
grown o the Ge or GesSio.o10n the SOI layers in the same UHVCVD system without breaking

the vacuum in between the growth steps to ensure the intact interface between the layers. The top
Si layer was not doped during the growth. The phosphorous was implatitetibsequent thermal
annealing to provide antygpe Si top contact layer. The-geown wafers with the top 100 nm
shadow oxide were then déawed into 1.5 by 2.0 cm dies with the surface protection of 1 um thick
postbased SPR photoresist. The diesaveoaked and sonicated in the acetone solution for 5
minutes and then in isopropyl alcohol (IPA) solution for 5 minutes to remove the pdbasen

surface protection layer in the MTL solvent benches. The cleaned dies were stored in cleanrooms
for further processing. The top oxide layer was removed via soaking in BOE for 3 minutes only

before the chip processing to prevent surface degradation.
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Table 6.1 Processing and characterization steps in the modulator array fabrication

Step # | Process details

1 Start with SOI wafers, RCA wafer cleaning

2 Shadow oxide deposition in PECVD

3 Boron ion implantation

4 Boron ion activation in annealing tube

5 Shadow oxide removal in BOE, and RCA wafer cleaning
6 Ge or GeSi epitaxial growth in UHVCVD

7 Cyclic annealing in UHVCVD

8 top Si undoped layer growth in UHVCVD

9 Shadown oxide deposition in PECVD

10 Phosphorous ion implantation

11 Phosphorous ion activation in annealing tube

12 Die-saw the wafers

13 Remove SPR diesaprotective layer in organic solvents
14 Romove top oxide layer in BOE

15 Coat HSQ ebeam resist on chips

16 E Beam lithography for Ge and GeSi waveguide fabrication
17 Develop HSQ patterns

18 Inspect HSQ pattern dimensions and thickness

19 Conditioning RIE chamber via O2 plama cleaning

20 Ge waveguides etching in RIE via HBr chemistry

21 Confirm etching depth in AFM, Ge and Si etched interface in FIB
22 Keep etched HSQ patterns on the waveguides
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23 Coat a new HSQ on chips

24 E Beamlithography for Si waveguide alignment and fabrication
25 Develop HSQ patterns

26 Inspect HSQ patterns dimensions, alignments, and thickness
27 Conditioning RIE chamber via O2 plama cleaning

28 Si ridge waveguides etching in RIE via HBr chemistry

29 Confirm etching depth in AFM, ensure 80nm Si unetched

30 Remove HSQ patterns in BOE

31 Electrical characterization on the doped Si contacts

32 Coat PMMA ebeam resist on chips

33 E Beam lithography for first metal liff

34 Develop PMMA patterns

35 Inspect PMMA patterns dimensions, alignments, and thickness
36 Remove organic residue via asher in oxygen

37 Deposit metals in Ebeam evaporator

38 Lift off metal pads in hot NMP solvent

39 Inspect the first metal patterns and alignment in microscapgeSEM
40 Remove organic residue via asher in oxygen

41 Deposit AI203 in ALD

42 Deposite stressor layers

43 Chip surface cleaning in solvents

44 Coat ZEP ebeam resist on chips

45 E Beam lithography for contact trench opening

46 Develop ZERatterns in ZED
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47 Inspect ZEP pattern dimensions, alignments, and thickness

48 Conditioning RIE chamber via O2 plama cleaning

49 Contact trenching etching in RIE via CHF3 and CF4 chemistry
50 Confirm etching depth in AFM and FIB

51 Remove ZERatterns in hot NMP

52 Coat PMMA ebeam resist on chips

53 E Beam lithography for second metal-off

54 Develop PMMA patterns

55 Inspect PMMA patterns dimensions, alignments, and thickness
56 Remove organic residue via asher in oxygen

57 Deposit metals in Ebeam evaporator

58 Lift off metal pads in hot NMP solvent

59 Inspect the second metal patterns and alignment in microscopes and SEV
60 Electrical characterization on the metal contacts

61 Cleave at tapered position

62 Mount the chipon testing stage

Several rounds of lithography, alignment, and patterning were performed in the device

fabrication flow. The top Si waveguides and Ge and GeSi modulator waveguides were processed

first. An H-SiOx (HSQ) electrorbeam photoresist was used in the electron beam lithography. The

photoresist was spicoated and maintained a layer thickness of 120nm. The electron dosage was

optimized for the minimal lithography feature size of less than 100 nm witleiasamable pattern

writing time. The HSQ patterns were developed in a 24% Tetramethylammonium hydroxide
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(TMAH) solution for 1 minute and 15 seconds. The development time is critical and closely related

to the target feature sizes of the device. The develdpatures were evaluated under the
microscope to ensure the successful development of the patterns before the etch step. The reactive
ion etching was performed using a Hydrogen Bromide (HBr) etching chemistry. Due to the
chemical and crystallin similaritgf Ge and Si, there was no etch stops between the Si and Ge
layers. Therefore, the timed etching and controlled etching profiles were monitored via AFM
characterization. The etch rates were about 3 nm/sec and 4 nm/sec for Si and Ge layers, respectively.
The 400nm top Si and 300 nm Ge or GeSi layers were etched down, with the total etching time of
~ 3 minutes and 20 seconds. The dry etching tool chamber condition varied for each etch, even with
a standard pretching chamber cleaning step using oxygen pdastching for 20 minutes.
Therefore, the etched step height was monitored using AFM each time on every chip. The AFM
characterization gives a height precision of several nanometers. Thesectegal SEM
characterization with Focused lon Beam (FIB) mdliwas also used to check one of the chips in

each batch to ensure the etching profile shown in Figure 6.2 (a).

Similar alignment, lithography, and patterning round were done for the bottom Si ridge
waveguide fabrication. The only difference in this rourd the etching depth of the Si waveguide,
which was 170 nm down into the bottom Si layer and left 80 metecimed as the bottom contacting
layer for the electrodes. As shown in Figure 6.2 (b), the alignment of the Ge or GeSi waveguide on
the Si waveguidbas an accuracy of ~ 20 nm, which is acceptable based on the optical transmission
model discussed in Chapter 3. Spin coating of the HSQ on the etched Si on Ge waveguides was
challenging. Coating sufficiently thick HSQ on top of the 700nm tall;rsidnbomeers wide
waveguides does not have a high yield. Therefore, tetcasd top HSQ from the first round of

patterning was saved to ensure a sufficiently thick HSQ pattern, which prevented etching of the top
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waveguides during the second round of the etcldmg. more layer of HSQ was sginated on the
chip and developed to form the surface pattern for the Si ridge waveguides. The modulator
waveguide tapers were fabricated and aligned on the underneath Si waveguides for efficiently light

coupling, as shown iRigure 6.2 (c).

Ge taper

Figure 6.2 Crossectional SEM images of (a) etched GeSi waveguide, (b) etched and aligned GeSi

waveguide on Si ridge waveguide, and (c) modulator waveguide taper with tilted side view.

After the first two rounds of patterning, theighwere cleaned via soaking in BOE for 3
minutes to thoroughly remove the Si®ased ebeam photoresist. Oxygen plasma etching was
performed to remove the organic residues on the chip. The third round of the alignment, lithography,
and patterning involvebie usage of a negative polyrsased photoresist to conduct the metal lift
off process for the first layer of the metal contacts. Polymethyl Methacrylate (PMMA) photoresist
was spircoated on the chip and patterned via the ebeam lithography. The salufibethyl
Isobutyl Ketone (MIBK) and IPA was applied to develop the features, which were open windows
for the metal contacts. 20 nm Titanium (Ti), 20 nm Titanium Nitride (TiN), and 180 nm Aluminum
(Al) were deposited in sequence via the electron beamoeatap. The chips were continuously

rotated planarly to ensure the uniform deposition of the metals. The Al metal deposition rate was
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set to be 2 A/sec. A lioff process was performed by soaking the chips in tR€8mt N-Methyl-
2-pyrrolidone (NMP) salent for 10 minutes and gently stir the hot solution until the dissolution of
the PMMA layer and peeling off of the yratterned metal layer. As shown in Figure 6t® t
patterned metals were well aligned on top of the Si contact for the top contact eeglian the
bottom Si layer with the controlled gap between the edge of the waveguide modulator and the
bottom metal electrodes, as compared to the electrode design in Chapter 3.

(a)

Metal i 9' Metal
- waveguide contacts

Si bottom slab contacts

waveguide ‘b’/\ y
—_— i
)

device
taper

Figure 6.3 (a) schematic of metal contacts design, (b) SEM view tdlihieated metal contacts.

The modulator waveguide structures were fabricated after the three rounds of the alignment,
lithography, and patterning. TIS#Nx stressor layer was deposited to apply strain in the modulators.
A duakfrequency PECVD process was used to control the intrinsic stress of the deposited layer. X
ray reflectance measurements were performed to monitor the deposited films with the processed
chips. Before each PECVD deposition, the chips were surface cleaned via the oxygen plasma ashing
for 5 minutes, followed by a 5 nm Abs conformal layer deposition using an Atomic Layer
Deposition (ALD) tool. Two sets of samples were prepared on Ge adidn@elulator array. One
batch had a 1 GPa compressive stressor, and the other one had a 0.6 GPa tensile stressor. The

challenge and solution to the stressor adhesion are discussed in section 6.3.
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After the stressor deposition, the trenches were openegb @i the metal contact and next
to the modulators to provide windows for the linkage of the electrodes and metal paeds High
resolution ZEP ebeam photoresist was-gmated on the chip to form the resist thickness of 400nm.
ebeam lithography was conductéadljowed by the pattern development in the ZED. The trench
etching was performed in the same RIE tool with the etch chemistry of Carbon Tetrafluoride (CF4)
and Trifluoromethan (CHF3). AFM characterization was used to ensure the complete etching
through ofthe stressor layer. The nitride stressor layer etching rate was ~ 3 nm/sec. Finally, the last
round of alignment, lithography, and patterning was performed on the second metal electrode layer
fabrication to connect the modulator contacts to the GSG atliecpads on the chip. The process
was similar to the first metal layer fabrication using the PMMA photoresist, eBeam evaporation of
the metals, and metal liiff procedure. The metal contacts were linked with the GSG pads, as
shown in Figure 6.4 (a) & (b}t was observed that the second metal layeofffprocess had a low
yield due to the large aspect ratio between the trench depth and width. In the standard foundry
process, tungsten vias are commonly used to contact the different metal layersavgthteehch
depth to trench width ratio. Unfortunately, the tungsten via deposition was not available in the MIT
cleanroom facilities. For the samples with a loose connection at the top metal contact regions on
the modulators, the Pt patterning and depmsiprocess was performed in the FIB tool to
intentionally deposit and fill metal into the trenches. That ensured the successful electrical
connection between the top met al pads and mo
sintered at 400C for 3 seconds via Rapid Thermal Annealing (RTA). The electrical current and
voltage measurements were done on the modulators' contact pads to ensure the good electrical

quality of the contacts.
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Figure 6.4 (a) The FIB of one of the contact pad with theltitiew, (b) opical image of the top

view of the GSG pads.

6.2 Thermal constraints in the processing

The thermal constraints in the device fabrication are prioritized in the process flow design.
A thermal budget evaluation is conducted in the process flow design, as shown in the red highlights
in Figure 6.1. The guideline of the thermal budgeting is épkle hightemperature processing at
the front end of the line. The higamperature processing steps on (1) Ge and GeSi epitaxial
growth, (2) Si growth on Ge or GeSi epitaxial layer, (3) implanted dopants activation. The concerns
related to these stepseaunwanted alloying at the Si and Ge interface and dopant interdiffusion
across the epitaxial layers. The highest temperature in these steps is the boron dopants activation at
1000°C for 30 minutes on the SOI wafers. After that, the following téghpeature step is the
cyclic annealing up to 85C. The growth temperature of the top Si layer is constrained by the Ge
and Si alloying limitation. That growth temperature is set to be°650ith the lowtemperature
buffer growth at 50T taking into accourthe higher decomposition temperature of the reactive
silane gas compared to that of the germane reactive gas, as shown in Figure 6.5 of the comparison

between the 65C growth and 80 growth of the top Si layer. The phosphorous dopant activation
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is caried out at 658C for 30 minutes, which fully activates the dopants and causes minimal
interdiffusion of the rtype and pype dopants across the layers. The-temperature processing

steps on the baedndof-line are the stressor deposition at F&ia FECVD, and the AlOs
deposition at 25 via ALD, and the metal contact rapid annealing af@3@a RTA. The device
structures, electrical properties, and optical properties are characterized during processes and on the

final devices to validify the procsdlow.

300 nm Si - "
S00 AL CS o I 600/nm'Si and Ge
'

250 nm Si

Figure 6.5As-grown Si on Ge layers at the top Si growth temperature of (&C6&utd (b) 80€C.

The unwanted Ge/Si alloying was observed for thé@@down sample.

6.3 Treatment for stressor layer adhesion improvement

It is essential to perform the ALD treatment to enhance the surface passivation for the
electrical performance of the modulators and, more importantly, for the adhesion improvement of
the stressor layers. It is observed in the early samples, also wihrtipdes done by Dr. Yiding
Lin for his strained Ge on insulator photodetectors. The stressor layer detaches from the modulator
sidewall due to the high tensile stress (0.6GPa). That challenge is resolved by applying a thin ALD

aluminum oxide layer as an lagkion layer to attach the stressor in place. Meanwhile, small
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windows are opened on top of the waveguide structures to link the top electrodes, instead of using
planarization via Chemical and Mechanical Planarization (CMP), which causes extra vibration an
stress at th8iNxand modulator sidewall interface and degrades the stressor effect. The modulators
show a stable and sufficient strain effect in the modulator waveguide, as shown in the cross

sectional SEM image in Figure 6.6.

¢

80 nm Si

Figure 6.6 Crossectonal SEM image of the GedsSio.o1 tensile strained modulator with the

successfully adhesive stressor at 0.6 GPa tensile.
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Chapter 7 Optical transmission without DC bias in Ge and GeSi modulator arrays

This Chapter discusses the experimental resulthie optical transmission measurements
without the applied electric field. The optical transmission characterization was conducted on the
Ge, Ge.osSin.o1, and GeerSio.oz modulator arrays with and without stressors. The modulator
absorption edge is amlated with the materials composition, waveguide dimensions, and stressors.
Absorption edge values are extracted through fitting the optical transmission spectra using the
model developed in Chapter 6. It is noteworthy to mention that the evaluated Gevatfio.oz
modulators do not have the last metal layer deposited on top of the Si contact due to fabrication
limitation. The top metal layer is completed in all they 68i0.01 modulators. Loss mechanisms
are analyzed to distinguish the loss contritmsi among the device design and fabrication.

Solutions are proposed for device optical transmission improvements.

7.1 Experimental procedure and setup

Optical transmission measurements at the modulatetatas (0V bias) are conducted using
a tunable lser and detector for a wavelength range from 1510 to 1610 nm, as shown in the testing
stage schematic in Figure 7.1. The edge coupling stage with lensed fiber on both sides is used to
align and couple light in and out of the waveguide modulator. Duringahgling alignment, an
infrared (IR) camera is used to align the input fiber with the input waveguide. Once the bright mode
spot is observed on the IR camera, the input end alignment is completed. The output end is aligned
via monitoring the output signgbwer using the power meter connected to the output fiber. The
overall alignment is optimized by maximizing the output power. Reference waveguides, Si ridge
waveguides (250nm tall with 80nm unetched) on:Sidstrate with the same width of the sampled

waveguide modulators, which are identical with the ones used for the modulators. The waveguide
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loss is then measured. The transmission measurements are then conducted for all modulators. The
difference of the transmission is taken to evaluate the optieatiosloss of the strained modulator
arrays.The 400nm width waveguide Ge modulator shows a low insertion loss of less than 1dB. The
wider waveguides show more considerable insertion loss, which is expected because the taper
dimensions are optimized folarrow waveguides. More optimization is needed via design and

experimental result correlation to further reduce the insertion loss of the wide waveguide

modulators.
Monitor |-...
(a) JR N (el
gnment [ ——m— e,
Microscope L) e N
r _________________
Tunable IR [ IR

Camera

Laser

I
”.‘ Ier’fed Temperature
Flber:- controlled stage

__________________

Detector :}:
''''' IR lensed Fiber

Input fiber

Figure 7.1 (a) schematic of edge coupling stage for optical transmission measurement. (b) close
up view of the lensed fiber and chip alignment. (c) microscopic view of the fiber and waveguide

edge alignment. (d) optical mode image on the IR camera fomadigt.
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7.2 Optical transmission spectra without DC bias

The optical transmission characterization is an essential step to evaluate the device's optical
transmissive quality in terms of its insertion loss and optical bandwidth. Without a DC bias
applicdion, a spectrum shows an optical transmission edge. That indicates the region of interest
for an electroabsorption modulation. A shift in the optical transmission spectra indicates a change
in the waveguide modulator absorption edge in response to thposiion and strain engineering,
which is critical to evaluate and compare the strain effect in simulation and actual device
performance. The Ge, @&Siooi, and Geos7Siooz modulators are evaluated with various
waveguide widths from 0.4nm to 4um, andthwthree sets of stressor layers: (1) 1.0 GPa
compressive stressor, (2) 0.6 GPa tensile stressor, (3) no stressor, as plotted in Figure 7.2. In the
case of the 1.0 GPa compressive stressor, the compressive strain induced in the waveguide
modulator expandthe direct bandgap as simulated in the strain engineering model. It hence shifts
the absorption edge to the lower wavelength region. The fabricated waveguide modulators show
various optical transmission spectra with the same 1.0 GPa compressive siitessw@rrower
waveguide modulator shifts the absorption edge to the lowest wavelength, compared to the wider
waveguide modulator with the same compressive stressor. That makes sense since the wider
waveguide is less responsive to the external stressot. éff¢lae case of the 0.6 GPa tensile stress,
the tensile strain induced in the waveguide modulator shrinks the direct bandgap as observed in
the strain engineering model; therefore, it shifts the absorption edge to a higher wavelength range.
The similar dfference between the narrow and wide waveguide modulators is obtained to indicate
a larger strain effect in the narrower waveguide. As for the case without the stressor layer, the
absorption edge was not shifted to either direction. There is a chargeinsértion loss for the

waveguide modulators with different widths. The general trend observed is that the wider
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waveguide is lossier compared to the narrower waveguide. This might be due to multiple reasons,
which are discussed in a later section of tbhapter. The optical measurement window is limited
from 1510nm to 1610nm due to to the available testing setup. Some optical transmission spectra
do not cover the full absorption edge because it is in the wavelength range higher than 1610nm or
lower than1510nm. Detailed absorption edge information is extracted and analyzed in the next

section using the generalized FK model.

1.0 10 1.0
(a) Ge modulators without stressor (b) Ge miglélalors with 1GPa compressive stressor (c) Ge modulators with 0.6GPa tensile stressor
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Figure 7.2 Ge waveguide modulators with (a) no stressor, (b) 1.0 GPa compressive stressor, (c)

0.6 GPa tensile stressor.

The devce structure difference between the Ge angy&® .01 modulators is the presence
of the top metal contacts in the €365i0.00 modulators, while Ge modulators only have top Si
contacts. The presence of the top metal contacts should have minimal efthet optical
transmission spectra as simulated in the mode solution for the device contact design. The top Si
layer should be thick enough to minimize the metal absorption from the top metal contact. However,
the measured optical transmission of thep.&fio.o1 modulators shows much lower optical
transmission values (larger insertion loss) compared to the Ge modulators. That indicates an
insufficient top Si thickness to prevent metal absorption. The amount ofimshtaked absorption

is analyzed in the later gean of this Chapter.
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Figure 7.3 GegosSio.or waveguide modulators with (a) no stressor, (b) 1.0 GPa compressive stressor,

(c) 0.6 GPa tensile stressor.

For the GeSi modulators with 3% Si inclusion, the relatively high Si concentration expands
the bandap and shifts the absorption edge below the 1510nm measurement limit. Therefore, the
spectra measured for €x8Sio.03 sShow no absorption edge in the optical testing window for all
Gen.975i0.03 modulators with various stressors. That makes it challertgirextract useful band
information from the optical transmission curves without the DC bias. More band information for

the Ge.97/Sib.oawaveguide modulators is extracted by analyzing their optical transmission curves

with the DC bias in Chapter 9.
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Figure 7.4 Geg7Sio.oswaveguide modulators with (a) no stressor, (b) 1.0 GPa compressive stressor,

(c) 0.6 GPa tensile stressor.
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7.3 Bandgap and strain extraction from optical transmission spectrum

The modulation model based on the generalized Ffaftysh formulas is applied to fit
the optical transmission curves for all Ge and GeSi modulators. The majority of the curves are
successfully fitted. Some of the transmission curves are not able to be fitted due to the limited
optical testing window. As shawin Figure 7.5, the optical transmissions curves are fitted for
waveguide modulators with various dimensions. The absorption spectra can be constructed from
the transmission spectra and show a similar FK model fitting of the absorption of the modulators

without DC bias.

1.0

Ge modulators array with 1GPa compressive stressor
with fitting in solid lines
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Figure 7.5 Measured and fitted transmission spectra of Ge modulators with 1.0 GPa compressive

stressor

The optical absorption edge values are extracted and compared with the simulated values
from the strain engineering model. The coagsively strained Ge modulator arrstyowsthe
absorption edge shift from 1520 nm to 1564 nm. The tensile strained Ge modulatshawsaye
absorption edges shift from 1585 nm to 1611nm. The compressively strang8igzemodulator
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array showshe absorption edges shift from 1461 nm to 1502 nm. The tensile straineitxg
modulator array shows the absorption edge shift from 1522 nm to 1571 nm. This wide variation of
the absorption edges in Ge and &8io.01Strained modulator arrays sessfully demonstrates the
concept of the on®or-all strained modulator array using the simplified design layout and strain
engineering. The tensile strained Ge modulator array is then expected to cover the optical bandwidth
from 1570 nm to 1626 nm. Theropressively strained Ge modulator array is expected to cover the
optical bandwidth from 1505 nm to 1579 nm. The tensile strainees®&o1 modulator array will

cover the optical bandwidth from 1507 nm to 1586 nm. The compressively strainei€ze
modulator array will cover the optical bandwidth from 1446 nm to 1517 nm. That is the first time
reported for the tensile or compressively strained Ge and GeSi modulator arrays to be achieved to

wide optical bandwidth beyond 80 nm.

113



Table 7.1 The@mparison between the extracted optical badige values and the simulated values

in strained Ge and GeSi waveguide modulators.

GeSi Modulator Width | SiN Stressor Eg_LH Eg_HH Extracted Absorption | Simulated Absorption
composition {nm) (GPa) (eV) (eV) Edge (nm) Edge (nm)
Ge 400 - 4000 0.0 0.780 0.780 1590 1580
Ge 400 -1.0 0.853 0.816 1520 1520
Ge 500 -1.0 0.850 0.814 1523 1521
Ge 700 -1.0 0.846 0.813 1525 1524
Ge 1000 -1.0 0.831 0.810 1531 1530
Ge 2000 -1.0 0.823 0.805 1540 1539
Ge 3000 -1.0 0.810 0.799 1552 1549
Ge 4000 -1.0 0.799 0.793 1564 1559
Ge 400 0.6 NA NA NA 1641
Ge 500 0.6 NA NA NA 1640
Ge 700 0.6 NA NA NA 1637
Ge 1000 0.6 NA NA NA 1630
Ge 2000 0.6 0.770 0.777 1611 1620
Ge 3000 0.6 0.776 0.780 1598 1607
Ge 4000 0.6 0.782 0.784 1585 1598
Gegq0Sip g 400 - 4000 0.0 0.815 0.815 1522 1517
Geg o9Sin o1 400 -1.0 0.877 0.849 1461 1460
Gep aoSin g 500 -1.0 0.873 0.848 1463 1461
Geg aoSinan 700 -1.0 0.865 0.846 1465 1464
Gegg95in0s 1000 -1.0 0.871 0.844 1470 1469
Geg aaSin g 2000 -1.0 0.862 0.838 1480 1479
Gey gaSin o1 3000 -1.0 0.849 0.833 1488 1488
Geg95in g1 4000 -1.0 0.836 0.826 1502 1498
Geg aoSinan 400 0.6 0.789 0.802 1571 1574
Geg goSin o1 500 0.6 0.792 0.804 1566 1572
GegaaSin g 700 0.6 0.793 0.804 1563 1569
Gey goSip o1 1000 0.6 0.797 0.807 1555 1563
Geyg9Sin s 2000 0.6 0.802 0.813 1546 1554
GegaaSing; 3000 0.6 0.809 0.816 1533 1542
Geg ooSip o 4000 0.6 0.815 0.820 1522 1533

7.4 Modulator optical loss analysis with design improvements

The optical transmission loss of the waveguide modulator is attributed by serval causes: (1)
the material's absorption due to the free carrier absorption and indirect bandgap contributions, (2)
the light scattering due to the interfaces, or refractive xndéomogeneity along with the
propagation, and (3) the coupling loss. The major causes are proposed as the waveguide material
absorption loss due to free carrier absorption, sidewall scattering loss, the modulator device

coupling, and the metal contaoduced absorption loss. The optical transmission curves are
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converted into the transmission loss plots for the analysis of the insertion loss of various Ge and
GeSi waveguide modulators. The stressor application mainly shifted the position of the absorption

edge in the transmission curves. The loss components are extracted and listed in Table 7.2.
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Figure 7.6 Transmission loss in (a) compressively strained Ge modulators, and (b) tensile strained

Ge.96Sio.01 modulators.

Table 7.2 Insertion loss values for Ge and GeSi modulators at modulastaiteffvithout DC bias.

GeSi Composition | Modulator Width (nm) | Top metal (Y/N) | Insertion Loss (dB)
Ge 400 N -1.26
Ge 500 N -1.49
Ge 700 N -1.55
Ge 1000 N -1.82
Ge 2000 N -1.87
Ge 3000 N -2.02
Ge 4000 N -2.39
[P 400 Y -5.34
Geg agSin oy 500 Y -5.49
Geg 005ip o1 700 Y -5.77
Geg g9Sin o1 1000 Y -6.04
[P 2000 Y -6.35
GeqaoSin o1 3000 Y -6.83
GepaoSig oy 4000 Y -7.23
Geg o75ing 400 N -1.26
GegosSing 500 N -1.51
Gegq;Sin 0 700 N -1.74
GeposSig s 1000 N -1.81
Gego;5i003 2000 N -1.97
GegosSing 3000 N -2.27
G, 0,51y a 4000 N -2.91
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The optical transmission spectra of the Ge modulators with the same waveguide width but
the various waveguide lengths are analyzed. The contributioe obtlpling loss is subtracted by
comparing the same tapered waveguide modulators with different device lengths. The width of
these waveguides is 400nm. The waveguide loss is extracted to be 225 dB/cm. The coupling loss
is obtained to be 0.13 dB for the 400 wide waveguide modulator. The free carrier induced
absorption loss and the waveguide sidewall scattering loss are estimated by evaluating the optical
mode distribution at the middle section of the waveguide modulator showing the mode intensity
in top Si middle Ge, and bottom Si sections. The top Si, middle Ge, and bottom Si sections have
the optical intensity of 12%, 75%, and 10%, respectively, based on the mode distribution mapping
on the cross section of the waveguide modulator structure. The wawegatdrial freecarrier
induced absorption loss is calculated using the free carrier absorption model as Eq. 7.1. The free

carrier absorption happens when the free carriers absorb the photon energy in the semiconductor

materials.
. q>2’p
- 2 3 *2
4meegcinmep Eq.7.1
where & is the wavelength, p is the free c.;

refractive index, mis the effective mass, and pis the carrier mobility. Si hastreleanobility of
1400 cni/s/V and hole mobility of 450 cffs/V. Ge has electron mobility of 3900 #s1V and

hole mobility of 1900 crfis/V. Effective mass of electron is 0.041 for Ge, and 0.2 for Si.

For the free carrier absorption in the bottom Si waigggwhich has a hole density 020
cmi3, the absorption is 190 chnFor the free carrier absorption in the Ge or GeSi waveguide, which

has electron density of ~@&m3, the absorption is 5 ctn The top Si contact has electron density
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of 10?° cm3, in which the absorption is 60 ¢inThe overall absorption is estimated to be 3¢t.cm

The waveguide loss due to the free carrier absorptioh38 dB/cm. Besides the free carrier
induced loss, there is a loss at waveguide sidewalls. The loss at theuidav@dewall could be

due to the scattering loss because of the sidewall roughness and the abrupt change of the refractive
index at the heterointerfaces. Assuming the waveguide loss has the two major causes of the free
carrier absorption and the sidewsdhttering loss. The sidewall loss is extracted by subtracting the

free carrier absorption loss from the overall waveguide loss, t®%a@B/cm for the narrow
waveguides. As the waveguide width increases, the mode is more confined in the waveguides, and
hence the sidewall roughness contribution on the waveguide loss decreases. However, the wide

waveguides need to be optimized with the taper structure to reduce their coupling loss.

The waveguide integrated modulator coupling loss is also considerediasshanalysis.
As simulated in the optical transmission and device taper designs in Chapter 3, the width of the
waveguide is related to the optical coupling loss for the modulators. The simulated coupling loss
as a function of the waveguide modulator widhplotted in Figure 7.7. The 400 nm wide
waveguides show the lowest coupling loss. The waveguides with the widths above 700nm utilized
the gradual twestep tapers, as suggested in the coupling design. The waveguide coupling loss
from the measurements ddibe decoupled by subtracting the waveguide loss from the total device
loss. The coupling loss via the tapers could be lowered to 0.14 dB.. The wider waveguide
modulators show a higher coupling loss toward 1.79 dB. Compared to the simulated values of
couging loss varied from 0.32dB to 0.70 dB for waveguide modulators varied from 1um to 4um
wide, the fabricated modulators show the excess loss increased from 0.3 dB to 0.8dB for the change
of waveguide width from 1um to 4um. The design of the taper struiuwmder modulators is

discussed in Chapter 10 to improve device transmission and coupling.
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Figure 7.7 The comparison of the simulated coupling loss and extracted coupling loss as a function

of the waveguide modulator width without the applied DC bias.

The overall transmission spectra of they&8i0.o0 modulators are much lower than those
of the Ge and Ge7Sio.o3 modulators. The difference among those modulators is due to the
presence of the metal contacts on top of thew§S® 01 waveguide modulators. The metatuced
absorption is extracted lsybtractinghe transmission spectra of the strained Ge modulators from
the strained GgdSio.oomodulators. The metahduced loss is obtained to b&£38 +0.31 dB for
the 50um long madators based on the optical transmission measurements. Better light
confinement in the Ge and GeSi waveguide is preferred in the design to minimize the mode

interaction with any sections outside of the modulator waveguides, as proposed in Chapter 10.
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Chapter 8 Electrical contacts characterization

8.1 IV measurement on modulator arrays

IV measurements were conducted to characterize the electrical contacts of the modulators.
An electrical probe station was set up in parallel with the optical alignment stage. Two electrical
probes are connected to the source meter, and a Labview graghictegface is used to control
the voltage sweep range and step size of the IV measurements. The measurements were done on
Ge and GeSi modulators with two GeSi compositions, several modulator dimensions, and different
stressors. The IV curves of the maatoks with various waveguide widths and lengths, as shown
in Figure 8.2, are compared in ordor to investigate the dependence on the waveguide dimensions.
The IV measurement probes th&gi-Ge/nSi diode behavior. Although the Ge or GeSi section
is not irtentionally doped, the phosphorous ion implantation on the top Si layer causes the minor
n-type doping of <18 cm®in the Ge or GeSi region. The leakage current model is built to analyze

the effects of materials quality and diode structures.

Figure8.1. The electrical probe station for the modulators' electrical contacts characterization.
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Figure 8.2. The IV measurements of the Ge waveguide modulators (a) as a function of the
modulator width with a fixed modulator length of 50 um and (b) as a mcati the modulator

length with a fixed modulator width of 0.4um.
8.2 Leakage current model

The leakage current measured in Ge and GeSi modulators is further analyzed considering

its dependence on the diode perimeter and area, which is expusssgthgollowing equations

Ip = Jp(V) * Perimeter + [4,(V) = Area Eqg. 8.1

Perimeter

I =]P(V)*W+]A(V) Eq. 8.2

where J is the areadependent leakage current density per diode areapegldsents the
perimeterdependent leakage current density per diode perimeter. The two leakage current density
terms are assumed independent of each other. The IV measurement results are replotted, as shown
in Figure 8.3, with a fitting for the extracti@mf the areadependent leakage current density and

perimeterdependent leakage current density values. The dark current in the modulator diodes has
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a dominantly areaependent behavior. The ar@@pendent leakage current density is 0.03 A/cm
at-1V, and & 0.06 A/lcmiat -3V. The leakage current is higher at higher reverse voltage. The
perimeterdependent leakage current density is 1%4/@m for both-1V and-3V conditions. That
indicates a good surface and sidewall passivation for the devices. Oné&bfitetion advantages

in the process flow is the usage ofSOx (HSQ) ebeam photoresist. Instead of the commonly
used polymebased photoresist, which tends to form the polymer residual on the etched
waveguide sidewalls, the HSQ forms a Sitard mask aér lithography and development. That
ensures smooth waveguide sidewalls and pristine interfaces between the waveguide sidewalls and

stressor layers, which is key to achieving a low leakage current under reversed bias.
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Figure 8.3. The current densitlopas a function of perimeter over the area.

The pSi/i-Ge/nSi diode model is built using COMSOL Multiphysics. The model utilizes
the actual geometry and dimensions of the waveguide modulator for the IV simulation. The model

takes i nto a ecguations,tBoltMemviranspord taeory, and Neumann boundary
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conditions to obtain the stationary results at the heterojunctions in the diode. The basic equations

in the model are the following:

=V(VY) =q(p —n+N)

Eq.8.3
~Vin = s Eq.8.4
~Vp = AR Eq.8.5

where y is the electrostat inandp are¢ thenetectranl , q

and hole concentrations, respectively, and N is the fixed charge associated with ionized donors.

The electron and hole current densitiesadd §, can t hen be expresse
and p as shown i pan &xpe thdcarier rmobilitiesFHand ) &e the carrier
diffusivities. ShockleyReadHall recombination is represented by the tergk{Rwhich is a
general recombination process using traps in the bandgap of the semiconductor, vghére n
intrinsicc ar r i er ¢ @a r gareilhe eatriér ifetimes, @nd and p are equal toinThe
boundary conditions are included for the computation, wherie the applied voltage, which is

going to be varied with a small voltage sweep step in the I\dlaion.

Jn = —qnun,Vy + qD, )V,

Eq.8.6

Jp = —qupVih — qDpV, Eq.8.7
A np —n?

ST, (n+ n) + 1, (p + 1) Eq.8.8
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n Eq.8.9
N N
n =§+ (3)24-71?
\ Eq.8.10

Eq.8.11

o =np Eq.8.12

At each value of ¥ the current density is calculated using the Lagrangkipliers in
COMSOL. Two metal contacts are applied on the top and bottom of$ife e/nSi diode and
defined as ideal ohmic contacts in the interface setting. The model is built on the 2D plavie of X
coordinates and the Z plane (aftplane diredbn) to have a length of 50um. The real device
dimensions are applied to have the layer thickness and width correspond well with the device
structure. The applied voltage, 6 applied to the anode, and the cathode is grounded. A small
initial value (typially zero) and a small sweep stéy (typically of order 1¢%V) are carefully set
to avoid norconvergence of the model. The materials properties of Ge and Si are inputted from
the COMSOL library and modified based on the actual properties of the Ge ian&e8als and
their doping profiles. The diode geometry meshes with the focus on finer meshing near the

heterojunctions and the metal contacts.

The simulated IV results are plotted in Figure 8.4. For the case with a carrier lifetime of
0.01 s, the lealige current atlV is simulated to be 0.02 A/é&nwhich is consistent with the

measured value of 0.03 A/énfFor the case with a carrier lifetime of 0.1 s, the leakage current at
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-1V is 0.006 A/cm. That estimates the epiaxial Ge carrier lifetime to B0 us. The simulated

dark current density is on the same order of magnitudge @sludes measured in the modulator
diodes. The shape of the IV curves is different between the simulated and measured cases. Under
reverse bias, the simulated curve is heiat, as is expected in an ideal diode case. The measured
diode shows the leakage current increased with reverse bias. This leakage current increasing with
reverse voltage might be due to tagsisted tunneling. Compared to the other Ge carrier Idetim

and dopant concentration values reported in the literature for Ge with various growth conditions,
the quality of our epitaxial Ge on SOI substrate is comparable with Cz Ge wafers, as indicated in
Figure 8.5. The carrier lifetime value derived from sirtiolaand materials characterizations is

consistent.

5 [ Minority Carrier lifetime
0.1us

] ——0.01us

Current Density (Afcm?)

10-5 . 1 . i . i .
-1.0 -0.5 0.0 0.5 1.0
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Figure 8.4. Simulated IV plot for-8i/i-Ge/nSi the diode with different minor carrier lifetime.
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Figure 8.5. Comparision of the Ge lifetime and dopant concentration values for the Ge under

variousgrowth conditions.
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Chapter 9 Optical transmission with DC Bias in strained GeSi modulator arrays

9.1 Experimental setup for optical transmission measurements with applied electric fields

The width ofGey.edSio.o1 waveguide modulators is a unique design parameter to vary the
modulator materials bandgap as a response to an identical stiéssetrain model developed in
Chapter 4 shows uniform strain distributions ino&8io.0. modulators with various waveguide
widths and an identical 0.6GPa tensile stressor. The narrower waveguide modulator such as 400nm
wide modulator has a larger induced tensile strain of ~0.5% compared to the wider modulator such
as 4 ym wide modulator with an induced tensile strain of ~0&8& demonstration of this concept,
both the tensile and compressively straineddsi.on modulator arrays have been fabricated and
tested for optical transmission measurements with applied electric fields. The electrical probe
station is connected witlihe optical edge coupling stage to apply a constant bias voltage at each
optical transmission measurement. The bias voltage is varied from 0V to 6V. The extinction ratio
is calculated based on the optical transmission data collected between diffeegy@s/dttdividual
modulator performance is evaluated through its extinction ratio spectrum and insertion loss
spectrum, which demonstrates the modulation wavelength tuning via strain engineering. Strained
modulator arrays are evaluated to a broad opticatwalth coverage, which highlights the

advantages of strained GeSi modulator array over other modulators.
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Figure 9.1. Schematic of the optical transmission measurement stage with the electrical probe

station in parallel for the reverse bias application.

9.2 Optical transmission spectra of strained deio.o1 modulator arrays

The optical transmission spegtwithout external electric fields for the strained Ge and
Ge.osSio.o1 modulators have been analyzed to show absorption band edge tuning as a function of
modulator strain. Through the fittings of the optical transmission curves, the absorption edge values
are extracted and used to predict a ~100nm wide optical bandwidth of the strained &%Sis.4ze
modulator arrays. The strained §s65i0.00 modulators are evaluated by applying electrical fields
and investigating the change in the optical transmssgeectra as a function of bias voltage. As
shown in Figure 9.2 (a) and (b), the modulators show the consistent change in the optical
transmission curves in response to the applied voltage for both tensile and compressively strained
GeosSio.o1 modulators As the reverse voltage increases, the optical absorption increases
significantly near the modulator absorption edge. The compressive stressor shifts the optical

absorption edge to the wavelength range lower than 1510nm.
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Figure 9.2. (a) the optical tmamission spectra with a various applied voltage of (a) the 700nm wide
Ge.9sSio.01 Waveguide modulator with 0.6GPa tensile stressor, and (c) the 2 um widsSice

waveguide modulator with 1.0GPa compressive stressor

9.3 Extinction ratio evaluation atrained GeosSio.o1 modulator arrays

Extinction ratio spectra are calculated based on the difference in the optical transmission at
two different reverse bias voltages. For the tensile strainesb&en: waveguide modulator array,
the extinction rab peaks are determined for all the modulators with waveguide widths from 400nm
to 4um in the optical testing window. The modulator absorption edge shifts from 1520nm to
1570nm when the modulator width is reduced from 4pm to 400nm. Although the extination r
peak position shifts in the same direction as the absorption edge, the peak positions are at slightly
longer wavelength, as shown in Figure 9.4. The difference between the extracted bandgap and the
ER peakis about 10.7 nm 0.7 nm. That is consistéhtthe electroabsorption modulation model,
where an electric field induced absorption begins at a direct band edge and reaches its maxima at
energy slightly lower than the band edgésorption edge shift as a function of waveguide width

is due to a vaation of induced waveguide strain with a fixed external stre33us. waveguide
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