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Abstract

The development of electric-field-induced optical modulation in the materials capable of
monolithically integrated on silicon (Si) substrates offer the possibility of high-speed modulation
in a pico second timeframe as well as low power consumption, key requirements for integrated
modulator applications. This thesis presents a study of the Franz-Keldysh effect in germanium
(Ge) layers epitaxially grown on Si substrates, by using free-space spectral responsivity
measurement. Generalized Franz-Keldysh formalism and separately measured Ge material
constants were used to calculate theoretical results, which were in agreement with experimental
data. The Franz-Keldysh model predicts that the Ge layers on Si substrates will be the best
material for phase modulation at nearly 2 um wavelength, with a value of L, of 3.8 mm and
insertion loss of 0.4 dB.

In addition, this thesis presents the design of silicon-germanium (Si,Ge,.,) electroabsorption and
phase modulators at 1.55 pm wavelength from the Franz-Keldysh model. The composition
optimized for electroabsorption and phase modulator applications is Si,Ge,, with a value of
x~0.075 and 0.135, respectively. To achieve high-quality Ge-rich SiGe materials for the
modulator applications, deposition of Si,Ge;.x (0.008<x<0.125) buffers at low temperature was
performed, and the growth kinetic was studied. The films were deposited on SiGe buffers to
reduce lattice mismatch between the buffers and the remainders of the films, and were in-situ
annealed in the same condition as was used for similarly grown Ge films for a reduction of
threading dislocation density. Sig;15Geggs p-i-n diodes and Sip;sGeggs rib waveguides were
fabricated. High leakage current in the SiosGegss p-i-n diodes was due to dislocation defects
consistent with measured threading dislocation density from PV-TEM images, which showed
threading dislocation density of approximately 1.530.5 x 10° cm™® The analysis shows that
threading dislocation density below 5 x 10’ cm™ is required for high performance of p-i-n diodes.
Furthermore, high optical loss was measured in Si;sGegss rib waveguides and strip-load
waveguides. The loss is due to light scattering at sidewalls and dislocations. Scattering from
dislocations less than 1 x 10® cm™ is required for loss below materials’ interband absorption.
This high threading dislocation density shows that the annealing condition used for Ge-on-Si is
not effective in reduction of threading dislocation density in Siy;5Geygs. Si solutes/dislocations
interactions in Sip;5Gegss reduce glide velocity of dislocations as well as the possibility that
dislocations run into and annihilate one another.
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Chapter 1: Introduction
1.1 Motivation

Fiber-optics technology has established a successful example for light-wave-based technology in
long-haul data transmission. Photonics technology will be driven by electronic-photonic
convergence and short reach interconnection of the distance less than 1 kilometer [1]. This shift
in direction will ignite a change from data transmission (telecommunication) to information
processing (computing) [1-2]. This shift will open high-volume applications that require a
standard platform and infrastructures. An example of electronic-photonic integrated chips is
shown in Figure 1.1 [1]. All devices are monolithically integrated on chips.  Silicon-based
devices are potential candidates for the monolithic integration, which can be fabricated by using
complementary-metal-oxide-semiconductor processing technology (CMOS) infrastructure [1-6].
An example of applications of electronic-photonic integrated chips is optical transceivers
integrated with electronics, giving a solution to limited bandwidth in emerging optical network

access (ie. Fiber-to-the-Home) [1-6]. The electronic-photonic integrated circuits can also provide

Signal
Input Laser
\ ,

Modulator

Splitter
Optical Filters

Detector/TIA Detected
Waveforms

(Electrical)

Figure 1.1 Schematic representation of an Electronic-Photonic integrated chips [1].
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optical interconnects for CMOS electronics [1-6]. As the dimension of gate device scales down,
the performance of integrated circuitry depends on the delay in electrical interconnections as
shown in Figure 1.2. Since optical interconnections can carry larger bandwidth of data
transmission compared to electrical interconnections, the optical interconnections can possibly
solve this bottleneck problem and electronic-photonic integrated circuits can possibly be the
solution.

In the integrated circuits, optical modulators are one of the key components for
impressing information on light-wave. State-of-the-art silicon modulators use the plasma
dispersion effect to modulate refractive index. The silicon modulators recently demonstrate up to
40 gigabits per second (Gb/s). Due to the carrier sweep-out or electron-hole recombination
process, silicon modulators inherit limited modulation speed. The carrier-based devices require
large driving voltage or power dissipation to manipulate carrier concentrations and achieve
modulation speed over gigabit per second. Novelty functioning of optical modulators with low

power consumption and large-bandwidth modulation demands a search for low-power modulators.
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Figure 1.2 Performance delay versus dimension of gate devices [3].
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1.2 Outline of Thesis

In an effort to find an alternative modulation effect for the modulator applications, this thesis
focuses on studying the Franz-Keldysh effect in germanium (Ge), designing field-effect Ge-rich
SiGe modulators and developing Ge-rich SiGe materials for field-effect modulator applications.
Chapter two provides a survey on the performance of state-of-the-art silicon modulators. In
section 2.1 key metrics for integrated modulators are discussed. Section 2.2 reviews free-carrier
plasma dispersion effect in silicon. Section 2.3 reviews the performance of state-of-the-art
carrier-based silicon modulators. The survey of silicon modulators shows that compact footprint
and low power consumption are key traits for integrated modulators. These key requirements

give motivation of developing field-effect modulators.

Chapter three describes the study of Franz-Keldysh-effect modulation in Ge films epitaxially
grown on Si substrates (Ge-on-Si). We observed the change in absorption coefficients using
spectral responsivity measured under the applied voitage on the Ge-on-Si p-i-n diodes. The
Franz-Keldysh formalism was used to analyze the change in absorption. Ge-on-Si shows strong
electroabsorption effect at 1647 nm wavelength. The derived electro-optic effect in Ge-on-Si is
comparable to that in lithium niobate and indium phosphide. Calculation results show that Ge-
on-Si will be the best material for Mach-Zehnder modulators at 1938 nm wavelength. The Franz-

Keldysh model is used to design SiGe modulators for 1550 nm application.

Chapter four presents the design of Ge-rich SiGe electroabsorption and electro-optic
modulators using the Franz-Keldysh model. To shift the operation wavelength to 1550 nm,
silicon has to be added into germanium. The composition for electroabsorption and Mach-
Zehnder modulator is 0.75% and 13.5% Si, respectively. Our calculation shows that a 50 pm

long SiGe electroabsorption modulator yields an extinction ratio of 10 dB and a 3 dB bandwidth
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of > 50 GHz. For Mach-Zehnder modulator, the waveguide dimensions and doping profiles were
optimized to reduce the insertion loss. We predict that Mach-Zehnder modulator with two phase

shifters of 15 mm long yield an extinction ratio of 3.7 dB with additional insertion loss of 1.5 dB.

Chapter five is devoted to Ge-rich SiGe deposition in ultrahigh vacuum chemical-vapor
deposition (UHV-CVD) system for the modulator applications. To achieve high-quality Ge-rich
SiGe materials for the modulator applications, deposition of Si,Ge;.x (0.008<x<0.125) buffers at
low temperature was performed, and the growth kinetic was studied. The films were deposited on
SiGe buffers to reduce lattice mismatch between the buffers and the remainders of the films, and
were in-situ annealed in the same condition as was used for similarly grown Ge films for a
reduction of threading dislocation density. Results of strain and composition measured from the

Si,Ge, ., films are reported.

Chapter six is devoted to the device processing and characterization of Siy;sGeggs p-i-n diodes
and Sig 15Geggs waveguides. Our study show that high threading dislocation density attributes to
high leakage current and transmission loss. PV-TEM images show threading dislocation density
of ~1.7 x 10° cm?, in agreement with value of threading dislocation density estimated from bulk
leakage current and transmission loss. We propose that Si solutes/dislocations interactions in
Sig 15Geg g5 reduce glide velocity of dislocations as well as the possibility that dislocations run into
and annihilate one another and increases alloy yield stress. Reducing threading dislocations

becomes more difficult in Ge-rich SiGe alloy compared to Ge.

Chapter seven is a summary of thesis and provides some tentative methods to reduce threading

dislocation density in Ge-rich SiGe materials.
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Chapter 2: Integrated Silicon Modulator Review

In this chapter we examined criteria for integrated modulators based on the metrics of integrated
circuits. This chapter begins with a review of optical modulation physics in silicon and
performance evaluation of state-of-the-art silicon modulators. Due to weak modulation effect, the
silicon modulators require long Mach-Zehnder structures or large driving voltage. Our survey
shows that none of silicon modulators fulfill all requirements of bandwidth, footprint and power
dissipation, simultaneously. This conclusion suggests necessity for finding an alternative to the
plasma dispersion effect, providing strong field-effect modulation in the materials capable of

monolithically integrated on silicon substrates.

2.1 Key Traits of Modulators

Modulators are devices that facilitate an electrical-to-optical signal conversion. The
modulators impress the information into light-wave by applying the voltage, which temporally
changes the optical property of material. To evaluate modulator efficiency, we discuss common
traits for integrated modulators as following [7]:

2.1.1 Footprint
Optical modulators for on-chip applications will be integrated at densities compatible with

microelectronic integration. Area footprint for integrated modulators should not exceed 500 pm®.

2.1.2 Driving Voltage and Power Dissipation

Driving voltage represents the voltage that modulators require for modulator operation. The
driving voltage is quoted for a static (DC) or dynamic (AC) operation. In a DC operation of
Mach-Zehnder modulators, driving voltage is quoted as V,, which is the voltage required for a 7
phase shift. The value of V, depends on strength of modulation effect and waveguide dimension.

Since the value of phase difference depends also on the modulator length L, the product V, L is
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used to compare modulator efficiency. For on-chip application, driving voltage should be limited

to 2V due to heat dissipation.
2.1.3 Bandwidth

Bandwidth represents the data capacity at which modulators can carry in a unit time. The
bandwidth relates to the switching time between the “off” and “on” states, or vice versa. By
convention, the bandwidth is taken as the difference between the upper and lower frequencies at
which the modulation depth falls to 50% of its maximum value [8]. Bandwidth for integrated
modulators should exceed bandwidth capacity of electrical interconnect at present (or larger than

10 GHz).

2.1.4 Extinction ratio

Extinction ratio (ER) represents the difference of light intensity between the “off” and “on”

states. The extinction ratio in unit of decibel (dB) is expressed as

ER(dB) = IOIOg(ﬁ’E"_) 2.1

out, min

where P,,, max represents optical power at highest transmission or “off” state and P, min represents

optical power at lowest transmission or “on” state.

2.1.5 Insertion loss
Insertion loss represents the optical loss that modulators introduce into the system. This loss
consists of the loss at the facet and the propagation loss in the waveguides. The system

requirement limits maximum insertion loss of the devices less than 3 dB.
The traits of modulators and their specific criteria are summarized in Table 2.1.

Key criteria for integrated modulators are expressed in the figure-of-merit, bandwidth divided by
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Table 2.1 Criteria for integrated modulators

Footprint <500 um?

Driving voltage < 2V

Power < 1 mW/Gb/s

Bandwidth > 10 GHz

Extinction ratio > 3 dB (determined by Bit-Error-Rate)

a product of (power X device area) as in a following equation:

FOM = M 2.2).
power Xarea

In addition to these previously mentioned criteria, a window of signal wavelength and modulator
robustness to temperature fluctuation or fabrication error should be considered. In section 2.3, we
will use these requirements to compare and evaluate the performance of state-of-the-art silicon
modulators.
2.2 Free-Carrier Plasma Dispersion Effect in Silicon

Silicon is known as an indirect-gap material. The change in absorption coefficient due to
the Franz-Keldysh effect in silicon is insufficient for modulator applications due to large optical
absorption from its indirect gap [9]. Unlike lithium niobate, silicon has centrosymmetric
structure and does not have the Pockels effect [9]. The most effective method for high-speed
optical modulation in silicon is the free-carrier plasma dispersion effect. The change in real
refractive index 4n and absorption coefficients Aa are induced by variations in carrier

concentrations. At a wavelength of 1550nm, 4n and A are given by [10-12]
An = An, +An, =—[8.8x102 AN +8.5x107% (AP)*?| 2.3)

Aa=Aa, +Aa, =8.5x1078 AN +6.0x107"5 AP (2.4)
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where An, is the refractive index change due to the change in electron concentration, 4n, is the
refractive index change due to the change in hole concentration, AN is the electron concentration
change, and AP is the hole concentration change. The equation suggests an additional loss due to
the variations of charged carrier concentrations. Change in hole concentration AP results in large
change in real part of refractive index 4n compared to change in electron concentration AN.

Value of 4n of 107 requires values of AP ~ 4x10" cm™ or AN ~ 10" cm™.

2.3 State-of-the-Art Silicon-based Modulator Review

Silicon modulators apply the free-carrier plasma dispersion effect to induce a change in
real part of refractive index An. The modulators consist of rib waveguides that facilitate large
optical mode in the silicon core. Large confinement of the optical mode in the core promotes the
overlapping between the optical mode and electrical active region of Si, where 4n is induced.
The large confinement enhances the change in effective index An.; and reduces the driving
voltage. Si rib waveguides are used to construct state-of-the-art Si modulators that demonstrate
modulation speed in gigabit per second (Gb/s). ~Mach-Zehnder structure or ring resonator
structure is used to convert phase retardation into optical intensity modulation. Figure 2.1 shows

schematic diagrams of (a) Mach-Zehnder structure and (b) ring-resonator structure.

JuL,

Contmuous Modulated

light light
T Voltage
signal

Figure 2.1 Schematic diagrams of (a) Mach-Zehnder structure and (b) ring-resonator structure
[19].

24



We organize the summary for silicon modulators by Mach-Zehnder structure (MZ) and ring-
resonator (RR) structure.
2.3.1 Mach-Zehnder structure (MZ)

The first version of silicon modulators operating at Gb/s is achieved by Intel [12].
Structure of metal-oxide-semiconductor (MOS) is used in controlling carrier distribution. The
MOS structure consists of an embedded thin oxide layer inside a core of silicon waveguide.
External voltage applied to the oxide layer creates variations in carrier concentrations, which
modulate index of refraction. In the later version of this MOS device, part of waveguide made of
polysilicon is replaced with crystalline silicon and the dimension of waveguide is reduced to
improve the overlapping between the guided mode and free carriers [13]. This version of the
3500 pm long MOS-based device shows ~3.8 dB modulation depth at 10 Gb/s. At this
bandwidth, a DC voltage of -3.3 V and an AC voltage swing of 1.4 V is applied. The estimated

power is ~ 700 mW.

Modulation operation with p-i-n junctions under reverse-bias has been demonstrated.
Luxtera reports silicon modulator operating under reverse bias [14]. The 4400 pm long device
demonstrates modulation at 10 Gb/s. This modulator is driven by push-pull operation with 2.5 V
on each phase shifter with the estimated power of ~ 575 mW. Intel demonstrates silicon Mach-
Zehnder modulator operating under reverse bias [15-16]. They use the electric-field in depletion
region under reverse bias to control charged carriers. The 1000 pm-long pin-based device
demonstrates a 30 Gbit/s bandwidth with ~0.44 dB extinction ratio. At this bandwidth, a DC
voltage of 3.5 V and a 6.5 V peak-to-peak is applied. The estimated power is ~800 mW. This p-i-
n junction-based modulator demonstrates a benchmark for the largest bandwidth capacity. The
latest experimental progress in Mach-Zehnder modulators is reported by IBM. Their 200 pm
long Si modulators achieve a data bit rate of 10 Gbit/s under a 1.2 V peak-to-peak pattern with

pre-emphasis pulses of 3.5 V peak amplitude [17]. The Si rib waveguides in these modulators
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have ultra-compact cross sectional area of approximately 0.12 pm? as compared to 1 pm? of other
Si modulators. Due to the ultra compact cross sectional area of Si rib waveguides, the free
carriers flow through the entire height of the rib waveguides and the free carrier/optical mode
overlap is ensured. The compact structures results in low power dissipation compared to that in
the previously demonstrated Si MZ modulators. At modulation of 10 Gbit/s, DC and RF power is
287 uW and 51 mW, respectively. The modulators from IBM are currently the most compact

MZ modulators with data bit rate of 10 Gbit/s.

The design of Si Mach-Zehnder structure that promises efficient performance is reported
by MIT. Gan et al. propose Si-based Mach-Zehnder modulators with split ridge waveguides for
good thermal heat sinking and p-i-n junctions for carrier injection [18]. The device is under
forward bias operation. The bandwidth is improved by reducing the carrier lifetime by means of
ion bombardment and doping in the intrinsic region of the p-i-n structure. This device is designed
for 24 GHz or for the bandwidth larger than 10 Gb/s bandwidth. The driving voltage is a DC

voltage of 2 V and an AC voltage of 1 V. Estimated powers are 500 mW (DC) and 76 mw (AC).

2.3.2 Ring-Resonator structure (RR)

Silicon ring resonators represent a benchmark in Si modulators for the smallest footprint
and power consumption. The ring resonator structure (RR) is designed for strong optical
confinement and enhanced sensitivity to the change in refractive index 4n without increasing the
device length [19]. p-i-n junctions are embedded across the 12 um long diameter ring resonator
to create variations in carrier concentrations. The Si ring resonator operates under forward bias
which injects carriers into the waveguide core. The ring resonator modulator demonstrates a 9dB
extinction ratio at a bandwidth of 12.5 Gbit/s. To increase the bandwidth, a pre-emphasis pulse
of voltage is used to extract the carriers [20]. This pulse reduces the delay in optical rise time,

giving an increase in bandwidth. Estimated power consumption for the ring resonator modulator
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is approximately 18.7 mW. The particularly low power consumption is due to small footprint of

the device.

In summary, Intel’s Mach-Zehnder-based modulator sets the benchmark of 30 Gbit/s
bandwidth. Due to its large footprint, power consumption is in several hundred milliwatt range.
The Si ring-resonator-based modulator has the smallest footprint and consumes the least power
dissipation. Due to the ring resonator characteristics, the operation bandwidth is relatively
narrow compared to Mach-Zehnder-based modulators. The operating wavelength of ring
resonators is also sensitive to the temperature change and fabrication error.

2.3.3 Comparison

Table 2.2 summarizes the characteristics of the Si modulators. The power refers to the
value of power for an AC operation, corresponding to the bandwidth or data bit rate reported in
Table 2.2. We used the figure-of-merits in section 2.2 to evaluate the modulator performance.
Quantity in grey labels shows the performance that does not meet the requirement from Table 2.1.

The remainder shows the performance that meets the requirement.

Table 2.2 Performance summary of Si modulators reported in the literature

Intel MZM Luxtera MZM IBM MZM MIT MZM Cornell RR

(experiment) (experiment) (experiment)  (theory) (experiment)
Device Length 200 pum
Bandwidth 20 GHz - -
Data bit rate 30 Gbit/s -
Voltage 1Vac
VL (V-cm) ~4 ~0.5 -
Extinction ~1-2dB - - >10dB ~9dB
ratio (estimated)
Power 0.287 mWpe 18.7 mW

51 mWRF
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We plot the traits of each modulator in term of (power consumption X device area) vs.

bandwidth in Figure 2.2. Dash lines mark boundary of the area where the traits’ values fulfill the

criteria of integrated modulators. The performance data of lithium niobate (LiNbOs) and InGaAs

modulators are also plotted to compare with that of the silicon modulators. Figure 2.2 shows

comparison of modulator performance. Among experimental data, Intel’s modulators show the

largest bandwidth, which meets the bandwidth requirement. However, due to the large footprint,

the power dissipation in these Intel Mach-Zehnder modulators is relatively high at almost 1 W.

Recent IBM's Mach-Zehnder modulators of 200 pum in length demonstrate a smaller power

dissipation of 51 mW at 10 Gbit/s. Ring-resonator modulators are promising devices in term of

compact footprint, low power dissipation and its potential for high-speed application. However,

the ring-resonator modulator has a few drawbacks of relatively narrow bandwidth, temperature

sensitivity and fabrication tolerance.
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Figure 2.2 Summary chart of modulator performance.
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2.4 Summary

Key metrics and criteria for integrated modulators have been discussed. State-of-the-art
Si Mach-Zehnder modulators demonstrate large bandwidth whereas Si ring-resonator modulators
in micrometer-scale demonstrate gigabit-per-second modulation speed. Nevertheless, their
performance does not simultaneously fulfill all criteria for integrated modulators due to carrier-
induced small change in real part of refractive index and diffusion-limited slow modulation effect
in Si. Alternative field-induced modulation effect in Ge monolithically integrated on Si may

provide a solution for on-chip low-power modulator applications.
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Chapter 3: Franz-Keldysh Effect in Germanium layers grown
on Silicon substrates

In this chapter, we describe our experimental study of the Franz-Keldysh effect in Ge-on-Si. The
Franz-Keldysh effect is the field-induced effect that introduces large change in real part of
refractive index An compared to the free-carrier plasma dispersion effect. The Franz-Keldysh
effect is capable of modulation in pico-second timeframe due to non-carrier mechanism. The
data were analyzed by using the generalized Franz-Keldysh formalism. The results from the

calculation are in agreement with the experimental findings.

3.1 Review of Franz-Keldysh Effect

The Franz-Keldysh effect describes the field-dependent change of absorption coefficient
in semiconductor. We can understand the Franz-Keldysh effect with the assistance of Figure 3.1
from Ref. [21]. The Franz-Keldysh effect is divided into two categories: 1). weak absorption
regime or photon energy less than band gap E, and 2). photon energy larger than band gap.
Under the applied electric field F, the energy bands are tilted. This tilting assists the electron
tunneling into the energy gap. The points marked A and B represent the turning points, where the
tunneling takes place or electron wave function changes from oscillatory to decaying behavior.
When the applied electric field F increases, the horizontal distance AB decreases. As a result, the
overlapping of the two wave functions is enhanced. This overlapping represents probability of
electron transition or photon absorption. Absorption coefficient & is expected to increase with
value of F. For another case at which photon energy larger than that of bandgap E,, the two wave
functions are made of an incident wave and a reflected wave. The relative phase of the two
waves varies with the applied field F. The interference of the incident and reflected waves results

in an oscillatory behavior of the absorption coefficients.
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Figure 3.1 Schematic diagram showing energy-band for the Franz-Keldysh Effect. (a) The case
for photon energy larger than the band gap and (b) photon energy smaller than the band gap [21].

3.2 Franz-Keldysh Effect in Tensile-Strained Ge-on-Si Films

The Franz-Keldysh effect in bulk germanium (Ge) was first reported by Frova et al [22].
They observed the increase in absorption under the applied electric field in the weakly absorbing
regime where photon energy is less than the direct bandgap. Here, we report first observations of
the strain-enhanced Franz-Keldysh effect in Ge layers directly grown on Si substrates (Ge-on-Si).
We have previously studied the strain-induced optical characteristics of epitaxial Ge-on-Si films
for detector applications [23-26]. Tensile strain in these Ge films introduces a reduction of the
direct energy gap, and a decrease in the separation between the direct and indirect energy gaps
which results in reduced & below the direct gap. We anticipated that in the weakly absorbing
regime (energies lower than the direct band gap), a strain-enhanced increase in the joint density of
states could yield a significantly enhanced electro-optic effect. We have analyzed diode spectral
responsivity data using generalized Franz-Keldysh formalism and experimentally derived

parameters based on strain-induced direct band-gap reduction under the biaxial stress [26].
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3.2.1 Experimental procedure

The Ge p-i-n photodiodes used in this work were fabricated from 1.3um thick undoped
Ge layer on a p+ Si(100) substrate with boron concentration > 10" cm™. The Ge epilayer was
under 0.20% tensile strain [26]. Phosphorus was implanted into a polysilicon layer that was
deposited on the top of the Ge epilayer to create a p-i-n structure. The phosphorus peak
concentration was approximately 10*° cm™. Ge films on Si substrates were deposited by first
depositing a 60 nm thick Ge layer at low temperature and remainder of the films at high
temperature. Threading dislocation density in the films is reduced by cyclic thermal annealing.
Inset of Figure 3.2 shows a schematic cross-section of p-i-n photodiodes fabricated of epilayer Ge
on Si substrates. Details of Ge growth and diode fabrication have been reported in [27]. The
electrical properties and doping profile of the diode were analyzed using current-voltage (I-V)
and capacitance-voltage (C-V) characteristics. Figure 3.2 shows I-V characteristics of Ge-on-Si
p-i-n photodiodes measured under dark current. Note that positive range of applied voltage on
the right hand-side is reverse bias. The leakage current density at 2 V reverse bias is
approximately 0.02 A/cm®.

The doping level in the i-region calculated from C-V data was ~ 10'® cm™, or about three
orders of magnitude lower than the n+ phosphorus and the p+ boron doping levels. Accordingly,
electric field under applied reverse bias was uniform in the Ge epilayer. The electric field
magnitude in the i-region was calculated by subtracting the potential drop due to series resistance
from the externally applied voltage. The electronic properties of device were modeled using a
one dimensional finite-difference simulator (PC1D). External biases of 0 and 5 V were applied to
the diode, corresponding to electric fields of 14 and 70 kV/cm in the Ge i-layer, respectively. The

absorption coefficient & was calculated from the photodiode responsivity (R) using [27]:
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Figure 3.2 I-V characteristics of Ge-on-Si photodiodes under dark current. The inset shows
schematic diagram of cross-section of the photodiodes.
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where R,.; is the reflectance of the photodiodes, and #5, is Ge depletion width under reverse bias.
The change in surface reflection upon the application of bias was negligible.
3.2.2 Spectral Responsivity Results

The results represent the first observation of the strain-enhanced electro-optic effect in
strained Ge films on Si substrates. The spectral responsivity of the Ge p-i-n diode was measured
under electric fields of 14 and 70 kV/cm. Figure 3.3 shows the spectral responsivity difference
4R observed upon the applied electric fields compared with the model for AR using Equations

(3.1) and (3.2). The responsivity spectrum shows characteristic oscillation associated with the
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Figure 3.3 Observation of the Franz-Keldysh effect for the strained Ge films on Si substrates.
Difference in responsivity spectra shows the characteristics of the Franz-Keldysh effect. Dots
represent experimental data. Dash lines represent the data from the model.

Franz-Keldysh effect. At wavelengths longer than 1580 nm or that corresponding to the direct
band-gap from the maxima of heavy hole band to the bottom of the conduction band at k = 0, the

responsivity was increased by the applied electric field. Period of oscillation in the model

qualitatively agrees with that in the experimental data. We calculated the Ge absorption
coefficients from the responsivity spectra using Equation (3.1).

3.2.3 Absorption Coefficients Results

Figure 3.4 shows the absorption coefficients extracted from the spectral responsivity. As
reflected in the responsivity spectra, the absorption coefficient was increased by the applied
electric field for wavelengths longer than 1580 nm. At 1647 nm, at which we observed the
largest field-induced absorption change, the applied electric field of 70 kV/cm significantly
increased the absorption coefficient from 62 cm™ to 230 cm”. This absorption increase is
significant; therefore, we analyzed the absorption coefficient spectra using the generalized Franz-

Keldysh formalism, which shows the dependence on the dielectric constant on an applied electric

35



field [28]. The change in dielectric constant (A€) at energy E under an applied electric field F can
be expressed in terms of the electro-optic functions G(77) and F(7) as the following [26, 28]
Ae(E,F)=(B/E*)(h6)"*[G(n) +iF (7)) (3.2).

where the parameter B is a constant for light- and heavy-hole transitions, respectively and is
related to a material optical matrix element E,. We used a value of E, = 26.3 eV from the
literature [34]. The parameters #68 and 7 are calculated from the electric field magnitude, energy
gap and reduced effective mass. We used the reduced effective mass for the light hole
M = 0.0195m, and the heavy hole i, = 0.033m, In our model, we considered the Franz-
Keldysh (F-K) effect from the direct band edge. The contribution from the indirect band edge
was ignored in this treatment.
3.2.4 Influence of Strain on the Franz-Keldysh Effect

We incorporated the strain effect into our Franz-Keldysh model. As the Ge films are
under biaxial stress due to thermal expansion coefficient mismatch between the Ge films and Si
substrates, the tensile strain in our Ge-on-Si films introduces the narrowing of Ge direct band gap
and makes the light- and heavy-hole valence bands of Ge films become non-degenerate. The
strained Ge films have two direct band-gaps from the maxima of light hole band and heavy hole
band to the bottom of the conduction band at k = 0, as represented by Egr(lh) and Egr(hh),
respectively [23-26]. In our model for the Ge films, we used Egr (1h) ~ 0.773 eV and Egr(hh) ~
0.785 eV [26]. We assumed that the strain did not alter E, and used E, ~ 26.3 eV. We calculated
the change in dielectric constant from light-hole energy-gap A€ (Ih) and from heavy-hole energy
gap A& (hh) using the corresponding characteristics for each band gap. The sum of Ag(lk) and
A€ (hh) results in total change in dielectric constant A€ from both light-and heavy-hole band
transitions. The absorption coefficients ¢ and refractive index n were calculated from the change

in dielectric constant Ae. Our model derives that the absorption coefficient at 1647 nm increases
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Figure 3.4 Excellent fit of experimental data to the model based on the generalized Franz-
Keldysh formalism in the Equation (3.2) with the parameters Egr(lh) =0.773 eV, Egr(hh) =0.785
eVv.

from 57 cm™ to 230 cm™ under 70 kV/cm, in a very good agreement with the experimental data
as shown in Figure 3.4. The excellent fitting of the experimental data to the model suggests that
the change in absorption coefficients is due to the electro-optic effect in the strained Ge films.
3.2.5 Predicted Figures-of-Merit of Ge-on-Si Modulator

For the purpose of estimating the electro-optic effect in our strained Ge films, we derived
the figures of merit An/F for phase modulator and Ac/c for absorption modulators based on the
experimental data. The ratio An/F represents the change in real part of refractive index under an
applied electric field. The ratio Ao/c represents the normalized change in absorption coefficient.
Figure 3.5 plots values of An and Ac/c as a function of the applied electric fields F derived from
our model at 1647 nm for our strained Ge films on Si substrates. The 4n curve shows a peak
value at an applied field of 55kV/cm similar to the reported An curve in InGaAsP [29]. The slope

of An vs. F indicates the maximum value of An/F = 280 pm/V, in the same order of magnitude as

that in InP [30] and LiNbO; [31] as shown in Table 3.1.
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Figure 3.5 Application of the model to predict An and Ao/ at 1647nm wavelength as a function
of the applied electric field. The An/F ratio for the strained Ge films on Si is 280 pm/V,
comparable to those in InP and LiNbOs.

For absorption modulator, the ratio Ao/« represents optimized performance of the device
with maximized contrast ratio and minimized insertion loss. As expected, Ao/« increases with
the applied electric field F. The ratio Aa/a at F=70 kV/cm applied electric field has a value of
3.03, in a very good agreement with the measured value. This significant value of Ao/« for the
strained Ge film are equivalent to 7.5 dB contrast ratio and 2.5 dB material loss for a 100pum long

optical absorption modulator. Our results show that the strained Ge films on Si substrates are

very promising for efficient field-induced optical modulators.

Table 3.1 Summary of the electro-optic coefficients in strained Ge films on Si, Bulk Ge at
1647nm wavelength as being compared with those in InP [30] and LiNbO; [31].

Strained Ge Films on Si Bulk Ge InP LiNbO;

an/F (pm/V) 280 160 240 164
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3.2.6 The Franz-Keldysh Effect in Ge-on-Si and Bulk Ge

We compared the values of An/F and Ao/ between our strained Ge films and bulk Ge.
The ratios 4n/F and Ao/ for bulk Ge were calculated by substituting the direct bandgap E, =
0.80 eV into our model. Table 3.1 shows the values of An/F and Ao/ under the applied field of
70 kV/cm for bulk Ge and our strained Ge films. The 4n/F for bulk Ge is 160 pm/V, or about
60% of An/F for our strained Ge films. The ratio of Ao/ at 70 kV/cm for bulk Ge is 1.11, or
about one-third of Ao/ for our strained Ge films. At weakly absorbing regime, the presence of
the tensile strain enhances the electro-optic effect in the Ge films by reducing the separation
between the direct band gap, where the electro-optic effect is very strong as seen in the III-V
materials, and the indirect band gap, where the material absorption is relatively weak. This
finding is very important for optical modulator characteristics that require low insertion loss and

large extinction ratio.
3.3 Design of Ge-on-Si Low- Loss Phase Modulator

Ge-on-Si shows a large ratio of A4n/F at 1647 nm wavelength, giving 4n of ~ 8x10™
under F=55 kV/cm; however, the material absorption of 62 cm™ attributes to very high insertion
loss. Since the material absorption is wavelength dependent, we determined an operation
wavelength of Ge-on-Si phase modulator by calculating values of 4n as a function of wavelength.
The generalized Franz-Keldysh formalism in section 3.2 was used to calculate the values of 4n
under F=90 kV/cm. Figure 3.6 plots values of 4n as a function of wavelength. The curve of 4n
shows oscillatory trend with the wavelength which is the characteristics of the Franz-Keldysh
effect. Large value of 4n greater than 5 x 107 is observed near the direct bandgap. Value of 4n

decreases in the area where is further from the direct bandgap.
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Figure 3.6 Variations in real part of refractive index under an applied electric field of 90 kV/cm.

To determine optimal wavelength for modulation, we plotted values of 4n and & with
wavelength. Figure 3.7 shows value of calculated 4n and absorption coefficients & as a function
of wavelength. Both 4n and & decreases with long wavelength. As in long wavelength or small
photon energies, the effect from direct band gap gets smaller, resulting in decreasing values of
An and . We estimated the length of Mach-Zehnder (MZ) modulators and their insertion loss by
using these values of An and o. For the modulator with single-arm operation, the length required

for a m-phase shift L is given by [33]

A

L =——— 33
= 5T An (3.3)

where A represents operation wavelength, I represents a confinement factor in SiGe waveguide.

Insertion loss /L is expressed as

IL =101log[e %) (3.4)
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Figure 3.7 Values of calculated An under an applied electric field of 90 kV/cm and absorption
coefficients & as a function of wavelength.

where @, is effective loss coefficient of the optical mode. The effective loss can be caused by
material absorption of waveguide core, free carrier absorption in substrates or polysilicon
electrodes. Value of parameters I" and ;. is subjective to the design of waveguide dimension.
To select the operation wavelength which yields low insertion loss, we plot values of L,
and insertion loss IL as a function of wavelengths in Figure 3.8. For the wavelength range
between 1550 nm and 1620 nm, the length of the device L, is shorter than 1 mm due to very large
value of An; however, the insertion loss is still very high of > 10 dB due to large material
absorption coefficients (> 100 cm™). To retain low insertion loss less than 3 dB, the operation
wavelength that yields the best characteristics in Ge-on-Si phase modulator is at long wavelength
(~ 1938 nm). Our model shows that the derived 4n under the electric field of 90 kV/cm at this
wavelength is ~ 2.6x10™. Our model shows that Ge-on-Si Mach-Zehnder modulator works the
best at long wavelength of ~ 1938 nm. The Ge Mach-Zehnder modulator with 3.8 mm long is

predicted to give a 7-phase shift with the electric field of 90 kV/cm. The insertion loss from
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Figure 3.8 Required length of Mach-Zehnder modulators for a ®-phase shift and insertion loss.

material absorption is approximately 0.4 dB.

3.4 Summary

Tensile Ge films on Si substrates demonstrate the strain-enhanced electro-optic effect in
the weakly absorbing regime. The Ge films on Si substrates show strong electroabsorption effect
at 1647 nm wavelength with normalized absorption change Ao/ of ~ 3, in agreement with the
Franz-Keldysh formalism. The derived electro-optic coefficient An/F of Ge-on-Si is comparable
to that of indium phosphide and lithium niobate. The results from the Franz-Keldysh model
predict that Ge-on-Si phase modulators with 3.8 mm long phase shifter can reach a #phase

difference under a single-arm operation at 1938 nm wavelength. The predicted insertion loss is

approximately 0.4 dB.
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Chapter 4: Design of Franz-Keldysh-effect SiGe Waveguide
Modulators

We present the design of SiGe electroabsorption and electro-optic modulators for 1550 nm
wavelength applications using the Franz-Keldysh model. Our design covers material composition
and device structure for each application. This chapter begins with background in optical
property of Ge-rich SiGe and describes the design of electroabsorption and electro-optic

modulators, respectively.

4.1 Background

Si,Ge, .4 alloys are indirect-bandgap materials. Si,Ge; alloys with Si composition

x > 0.15 have conduction band minimum at the X-point, a character that is similar to Si. On the
other hand, Si,Ge,, alloys with Si composition x < 0.15 have the conduction band minimum at
the L-point, a character that is similar to that in Ge [34-35]. This range of Si,Ge,.x composition

(x < 0.15) with the Ge-like characteristics is in our focus for the design of modulators. We
utilized the Franz-Keldysh (F-K) model to calculate the change in real part of refractive index An
and absorption coefficient A of Si,Ge;. alloys (x < 0.15) under the applied electric field F. We
calculated values of 4n and Aaby substituting the effective mass m, the real part of the refractive
index n, the direct bandgap Egr and the optical transition matrix element Ep of Si,Ge,., alloys into
the Franz-Keldysh model. Only the effective mass is independent of the alloy composition. We
assumed that the effective mass of electron and hole in Si,Ge,, alloys (x < 0.15) is the same as
that in Ge. Value of Egr and » in Si,Ge,.,is linearly interpolated between Ge and Si. Real part of
refractive index n of Si,Ge,, alloys (x £ 0.15) at 1550nm is 4.10-0.64x [34-35). The direct

bandgap at room temperature is (0.8+3.26x) eV [34-35].
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Other parameters were affected by the composition and the tensile strain intrinsic to the
films. Due to similar thermal expansion coefficient of Ge-rich SiGe to Ge, the SiGe films were
assumed under tensile strain of 0.2%. The deformation potential theory was used to calculate the
bandgaps from the maxima of light hole, heavy hole and split-off bands to minima of the I" valley
Egr (lh) Egr (hh) and Egr(so). The deformation potential, elastic constants and split-off energy are

linearly interpolated between Ge and Si. The optical transition matrix element Ep is calculated by

using a following equation [29]

320 4y
m

E,= 1 1 1 4.1

E; (ih) ¥ E, (hh) * E, (s0)

These parameters were substituted into the generalized Franz-Keldysh formalism to estimate the

electro-optic effect in Ge-rich SiGe material.
4.2 Design of Electroabsorption Modulators

Electroabsorption (EA) modulators are one of the best candidates for integrated
modulators due to their small footprint, power dissipation and strong extinction ratio. Efficiency
of EA modulators is evaluated by contrast ratio Aa/a;, which represents normalized extinction
ratio to insertion loss. Tensile-strained Ge films on Si substrates show a value of ~ 3 for a
contrast ratio at 1647 nm wavelength [36]. To shift the modulation wavelength to 1550 nm, the
direct bandgap needs to be reduced by adding Si into Ge [37]. The Franz-Keldysh model was
used to estimate the optimal Si,Ge;., composition. We calculated values of A4o/¢ under F = 100
kV/cm and 10 kV/cm for various compositions. Figure 4.1 plots value of 4o/ as a function of
wavelength for various Si compositions from 0.5% to 1.1% Si. The optimal composition is
around 0.75% Si, or SipomsGeposzs, giving an absorption contrast Ao/a of ~ 3. Due to the
relatively high absorption coefficient (158 cm™), the length of the EA modulator should be less

than 70 pm for an insertion loss of 5 dB.
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Figure 4.1 Normalized change of absorption as a function of wavelength for a range of Si
composition from 0.5 to 1.1% Si. Courtesy of Dr. Jifeng Liu.

Because of very short SiGe waveguide, the EA modulator needs Si waveguide butt-coupling for
optical input and output [37]. Bandwidth, extinction ratio and insertion loss of the EA
modulators was calculated. Figure 4.2 shows the bandwidth, extinction ratio and insertion loss as
a function of device length for Sig075Ge€o.992s EA modulator with 600 nm in width and 400 nm in
height. We assumed 50x50 num® metal contact pads with the load resistance of 50 Q and vertical
distance of 4 um from substrate, so the pad capacitance was 21.6 fF. For a 50 pm long SiGe

modulator, we predicted an extinction ratio of 10 dB and a 3 dB bandwidth of > 50 GHz.
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4.3 Design of Mach-Zehnder modulators

Mach-Zehnder structures are widely used to implement optical intensity modulation.
Figure 4.3 shows a schematic diagram of Mach-Zehnder modulator with a single arm of electro-
optic waveguide. Mach-Zehnder structures consist of an input port, a splitter that divides the
input optical power into two equal portions, two waveguides and another splitter that merges light
from the two waveguides into an output port. One of the waveguides in the interferometer is
designed with electrical electrode, along which the optical phase can be modulated by an applied

voltage V.

Continuous ' : | Modulated

light light

TVoltage

signal

Figure 4.3 A schematic diagram of Mach-Zehnder Interferometer with single-arm operation.
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The applied voltage induces the phase difference of light in the two arms. If the two
beams are in phase after propagating along the two waveguides, they constructively interfere,
which results in a maximum intensity output. On the other hand, if the optical waves are out of
phase or reach a #phase difference, they destructively interfere, which results in a minimum
intensity. By applying voltage, we can modulate the light output from Mach-Zehnder modulators.
For a single-arm operation, phase difference A9 relates to change in the real refractive index of
core material by a following expression [33]:

A<I>=I"-An-%{-t-L 4.2)

where I ié a confinement factor of optical mode in the SiGe core of waveguides, A is operation
wavelength and L is length of phase shifter. To maximize value of A& without sacrificing
compact device, we should design waveguide dimension to maximize product of I"-4n. Value of
4n is dependent on an applied electric field F, which is inversely proportional to the core
thickness under a constant applied voltage V. On the other hand, I" is also dependent on thickness
and width of waveguides. Correlation of I" and core dimension is more complicated and requires

mode solver calculation. To achieve a design of efficient modulator, we considered both

material and device design.
4.4 Material Design of Mach-Zehnder modulators

The optimal wavelength for phase modulation in Ge-on-Si is nearly 2000 nm wavelength,
which corresponds to 0.64 eV. The separation between the operation energy and the direct
bandgap is called detuning energy and has value of ~ 0.13 eV in Ge-on-Si. We first attempted to
determine the composition of Si,Ge;.x for modulation at 1550 nm (or at 0.80 eV), by applying the
same value of detuning energy (~ 0.13 eV) to determine the direct bandgap of Si,Ge,., for
modulation at 1550 nm (or at 0.80 eV). The calculation shows that SiggsGepgss With the direct

gap of ~ 0.93 eV will yield optimal phase modulation at 0.80 eV. The change in the real part of
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refractive index An in SigusGeggss under F=100 kV/cm was calculated by using the F-K model
(Equation 3.2) and the parameters discussed in section 4.1. Figure 4.4 shows (a) the absorption
coefficient and (b) calculated value of An in Sigg4sGeggss as a function of photon energy. Value
of An at 1550 nm was ~ 2x10™, comparable to An of Ge at nearly 2000 nm. The value of An was
substituted into Equation (3.3) to calculate the length for a w-phase shift L,, which gave L, of ~
3.9 mm. The corresponding insertion loss was 72 dB due to high absorption from the indirect-

bandgap transition. This high insertion loss made SipgsGeooss not applicable for modulator

applications at 1550 nm wavelength.
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Figure 4.4 Absorption coefficient of Sigss5Geggss and change in real part of refractive index
under an applied field of 100 kV/cm as a function of photon energy. Courtesy of Suguru
Akiyama.

Since one of important factors for phase modulator is low insertion loss, we determined
the Si,Ge,., composition that gave low absorption coefficient by calculating values of & and n as
a function of composition. Figure 4.5 (a) plots value of 4n and e at 1550nm as a function of Si
composition. For SiGe with Si composition less than 4%, the value of An was greater than 4x10*,
However, the absorption coefficient & was greater than 50 cm™. As Si was added into Ge, value

of both of An and areduced. When Si composition reached approximately 11%, value of An and
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o reduced to 2x10° and 1 cm™, respectively. This trend shows a correlation between 4n and o
on Si composition. Material composition of Sip;3sGegges was chosen for phase modulator
applications due to its low absorption coefficient of 0.1 cm™ at 1550 nm wavelength. Value of 4n
was derived using the F-K model and material parameters for SiGe discussed in section 4.1. The
derived 4n of Sig3sGeggss 18 1.2x10° under the applied electric field of 100kV/cm. We
calculated value of L, and insertion loss by substituting 4n into Equation (3.3) and (3.4). Figure
4.5 plots L, and insertion loss as a function of Si composition. Value of L, increased with Si
composition. On the other hand, insertion loss decreased with Si composition. Value of 4n in

Sig.135Geo.365 Was ~ 1.2x107, giving L, of 66 mm and insertion loss of 5.4 dB.
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Figure 4.5 (a) absorption coefficient and change in the real part of refractive index under an
applied field of 100 kV/cm and (b) insertion loss and modulator length as a function of Si content
in SiGe.
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4.5 Device Design of Mach-Zehnder modulators

The dimensions of rib waveguide were designed to optimize the overlapping between
optical mode and the electric field distribution. The rib waveguides provide large optical mode
and an ease of coupling. The optical mode was mostly confined in SiGe core, where existed high
electric field to induce 4n. Figure 4.6 illustrates the cross-sectional diagram of the SiGe rib
waveguide with oxide top cladding. The substrate and polysilicon electrode were heavily doped
to ensure high electric field across the SiGe waveguide core. We assumed value of n and ain
p-type, boron-doped Si substrate was 3.46 and 10 cm™', respectively. The same value of n and @
was assumed in n-type, phosphorus-doped polysilicon as well. Apollo photonics mode solver
was used to calculate the confinement factor /°. The width of SiGe rib was 1 um. The rib height
was 0.1 um. Total thickness of SiGe layer d was 0.5 pm.

The calculation yielded a value of 7"~ 0.786. The change in the real part of effective
index An.; was equal to a product of /"and 4n, giving a value of An; ~ 9.4 x10°. Derived value
of L, was ~ 84 mm with the insertion loss of ~ 35 dB. Again, we encountered the issue of high
insertion loss. In the design, insertion loss was attempted to reduce by optimizing waveguide
dimensions, modifying doping profile in Si substrates and polysilicon electrodes, and designing

the dual-arm operation.

o

i-SiGe core (n = 4.01,

1e4+18 p-Si sub.
(n =3.46, a = 10cm™)

Figure 4.6 SiGe rib waveguide structure.
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4.5.1 Core thickness optimization

We determined the optimal value of the core thickness by plotting device length and
insertion loss as a function of the thickness. Value of An under the applied electric field F was
calculated by assuming a constant voltage of 5 V applied to the SiGe waveguide. In our design,
we optimized waveguide thickness d by keeping a fixed waveguide width at 1 um, and calculated
value of 4An under the applied field F = V/d, and corresponding confinement factor I. The
change in real part of effective index was calculated by a product of 4n and I'. Figure 4.7 (a)
shows the index variation An and device length L. as a function of the thickness. Value of 4n
was inversely proportional to the SiGe thickness d. Therefore, the device length L, increased
with increasing SiGe thickness.

To estimate optical loss in SiGe waveguide, we calculated confinement factor as a
function of the thickness. Figure 4.7 (b) shows that the thickness of 0.5 pm yielded the highest
confinement factor, which was desirable for the possible largest value of 4n.s. The insertion loss
was calculated by taking the confinement factor I and device length L, into account (Equation
3.4). The thickness of 0.25 pm and 0.5 uwm gave similar insertion loss when the thickness of
1 pm yielded the highest insertion loss due to increasing device length. This suggests that the
thickness of 0.5 um results in the optimized insertion loss and device length. The design shows

that the thickness of 0.5 pm is optimal thickness for SiGe rib waveguide modulators.
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Figure 4.7 (a) Calculated change in real part of refractive index of Sij ;35Geysss under an applied
voltage of 5 V and device length required for a T phase shift as a function of the core thickness.
(b) Calculated confinement factor and insertion loss as a function of the core thickness.

4.5.2 Doping Profile Modification

Optical loss in SiGe waveguide could be reduced by inserting a lightly boron-doped layer
underneath and another lightly phosphorus-doped layer above the SiGe film. In the design,
a 0.1 pm thick, lightly boron-doped layer and a 0.1 um thick, lightly phosphorus-doped layer
with carrier concentrations of 1x10'7 cm™ were assumed. Each layer was assumed with the
absorption of 1 cm™. Figure 4.8 shows a schematic diagram of cross-section of (a) the original
and (b) the modified SiGe waveguides with inserted lightly doped layers. Under an applied
voltage of 5 V, the strength of electric field reduced from 100 kV/cm to 85 kV/cm across a 0.5um
thick SiGe layer. Value of An reduced to 6.9x10° and of Onode Was 0.44 cm™. Due to a reduction
in value of An and @, the device length for a 7#phase shift Lybecame 113 mm, and the

insertion loss reduced to 21 dB.
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Figure 4.8 Schematic cross-section of (a) the original and (b) modified SiGe waveguides.

4.5.3 Dual-Arm Operation

The length of phase shifter and insertion loss was reduced by changing operation mode to
dual-arm operation, which voltage-dependent phase delay was introduced in both arms. We
designed phase shifter of 15 mm long which exhibited insertion loss of 3 dB. We predicted that
this device could reach a z-phase shift by using a dual-arm operation with the applied voltage of
10 V on each arm. For an AC operation we anticipated that this device could reach 0.27 © phase

difference. The transfer function of this device was calculated by using the expression [32,37]:
T= % [1 + cos(ad(V))] (4.3)

where T represents normalized output power. Figure 4.9 shows the normalized output power as a
function of phase shift. We predicted that the applied voltage of 5 V under an AC operation gave

3.7 dB extinction ratio with additional insertion loss of 1.5 dB.
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Figure 4.9 Calculated normalized transmission of SiGe Mach-Zehnder modulators under dual-
arm operation. Courtesy of Suguru Akiyama.

4.6 Summary

We present the design of the electric-field-effect electroabsorption and electro-optic
modulators. To shift the operation wavelength to 1550 nm, Si is added into Ge to shift the energy
gap. SiGe with Si composition of ~ 0.75% Si is optimal composition for electroabsorption
modulators. Our calculation shows that a 50 pm long SiGe modulator yields an extinction ratio
of 10 dB and a 3 dB bandwidth of > 50 GHz. SiGe with 13.5% Si is optimal composition for the
electro-optic modulators. The waveguide dimensions and doping profiles were optimized to
reduce the insertion loss. We predict that Mach-Zehnder modulator with two phase shifters of 15

mm long will yield an extinction ratio of 3.7 dB with additional insertion loss of 1.5 dB.
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Chapter 5: Direct Epitaxial Growth of SiGe epilayer on Si for
Phase Modulator Applications

Realization of the field-effect SiGe modulators for 1550 nm application requires
deposition of Ge-rich SiGe films on Si substrates. This chapter describes the experiments of
Ge-rich Si,Ge,, deposition on Si substrates using ultrahigh vacuum chemical-vapor deposition
(UHV-CVD) systems, and discusses the experimental findings. Section 5.1 provides the prior
work in SiGe heteroepitaxial deposition. In our experiments, we chose to deposit Ge-rich SiGe
films using two-step growth process, similar to the two-step Ge growth. Section 5.2 discusses the
motivation of developing low-temperature SiGe buffer deposition. Section 5.3 describes the
experiments and kinetic model of the low-temperature SiGe buffer deposition. Section 5.4

discusses high-temperature SiGe deposition, growth rate and film property.

5.1 Prior Developments in SiGe/Si Heteroepitaxial Deposition

High-quality SiGe and Ge heteroepitaxy deposition has been significant technology
development since the deposition provides an opportunity to engineer band structure for
improved device performance [39-42). Structural similarity in Si and Ge provides miscibility in
SiyGe,.x alloys, providing solid solutions over the entire composition range. Challenge in
heteroepitaxial deposition of Ge films on Si substrates lies in the lattice mismatch of ~ 4.2%
introduces misfit strain. As films grow thicker, the strain energy must be relaxed via coherent
surface undulation (elastic relaxation) or introduction of misfit dislocation (plastic relaxation)
[43—46]. The strain causes surface corrugation while keeping coherent films. Misfit dislocations
can also be introduced to relieve the strain energy of an elastically strained layer [46]. Since the
dislocations cannot end within the bulk, they must terminate on the edge or surface of the films or
close upon themselves by forming a closed loop [43-46]. Some misfit dislocations propagate

along (111) planes to the film surface; these dislocations are so called threading dislocations. The
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threading dislocations introduce the midgap states that reduce carrier lifetime and are deleterious
for device performance [47].

Chemical vapor deposition (CVD) technique of SisGe,.« layers on Si substrates has been
developed in an attempt to reduce dislocation density. Deposition of SiGe buffer layers are used
to deposit high-quality SiGe films [48-54]. Fitzgerald et al demonstrate the first effective
compositionally graded buffers {48]. The graded buffers were deposited at high temperature,
yielding fully relaxed buffer, which accommodate strain relieved by existing misfit dislocations.
By this way, nucleation of new dislocation is suppressed. At the deposition temperature (750-
900°C), the dislocations can glide very fast, enabling effective removal of dislocations out of the
films. They improved the buffer growth and increased the final composition of the buffer.
Above 50% Ge composition, the strain introduces surface undulation, which introduces
dislocation pile-up and prevents further relaxation by grading. To remove the surface roughness,
they interrupted the growth and use chemical-mechanical-polisher (CMP) to flatten the surface.
The growth was resumed and continued of compositional grading for Ge films. A grading rate of
10%Ge pum’ is used with a 2 um Ge cap for a total thickness of 12 um. This process yields a
threading dislocation density of 2.1x10° cm™.

Another heteroepitaxy deposition technique has been developed by using constant-
composition buffer or so called two-step deposition technique. This technique was first
developed for Ge deposition on Si substrates. The buffer with composition matched to the films
was deposited at low temperature (7< 400°C). Despite large lattice mismatch, the buffer
deposited at this temperature is planar due to limited surface-diffusion, which prevents surface
islanding [61]. The remainders of the films are deposited at high temperature, and the deposition
is followed by thermal annealing [53]. Upon cooling, tensile strain is accumulated in Ge films
since the expansion coefficient of Ge is larger than that of Si. Thermally induced strain, which is

caused by the mismatch of thermal expansion coefficient between SiGe films and Si substrates,
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induces the dislocation glide, increasing a probability of dislocation annihilation and yielding a
reduction in dislocation density. Annealing of the Ge films reduces the dislocation density to
2x10’cm™ [53]. p-i-n diodes fabricated from the annealed Ge films demonstrate rectifying I-V
characteristics and spectral responsivity [27, 55]. Ge-rich Si;Ge; (0 < x < 0.053) films deposited
on Ge buffers using the two-step UHV-CVD growth process demonstrate film quality comparable
to the similarly grown Ge films [56-57]. Etch-pit-density shows threading dislocation density of
~2-3 x 10’ cm™ in annealed SiGe films, comparable to that in Ge films. The data suggest that
alloying small amount of Si in Si,Ge;.x with x< 0.053 does not inhibit dislocation motion [56-57].
Since the optimal composition for phase modulators is Sig135Geoses, the deposition of Ge-rich

SiGe; for x ~ 0.135 was investigated.
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5.2 Ge-rich SiGe films on Ge buffers

5.2.1 Experimental Procedure

Si Ge 4 (0< x £0.108) films were deposited on Si substrates using the two-step deposition
technique in the UHV-CVD system. Prior to loading the wafers into the UHV-CVD reactor, the
wafers were cleaned by Piranha solution (H,SO4:H;0,=3:1) for 10 minutes and followed by de-
ionized water (DI) rinse. The wafers were carefully dipped in HF solution (HF:H,0=1:5) for 30
seconds to passivate the substrate surface with hydrogen. The wafers were loaded into the reactor
at the deposition temperature. Diluted germane (GeH,) in Ar gas (35% GeH,) was used as a gas
source to deposit Ge buffer at 335°C. Then, the temperature was raised to 700°C or 800°C. At
the elevated temperature of > 700°C, Si,Ge, 4 (0 < x < 0.108) films were deposited by using
germane and silane (SiH,) as gas sources. Film composition was characterized by X-Ray
Diffraction technique. Atomic Force Microscopy (AFM) was used to study the surface
topography of 1 pm thick Ge and SiGe films. Table ! summarizes growth parameters and film
characteristics for SiGe films deposited on Ge buffer. At fixed 10 sccm GeH, and 3 sccm SiHy

flow, more Si content was incorporated into alloy films with increasing growth temperature.

Table 5.1 growth parameters and film characteristics for SiGe films deposited on Ge buffer.

Sample T(CC) | GeH, SiH, Xsi (%) | Surface roughness
(sccm) | (sccm) (nm in rms)
R596 700 10 - 0 ~0.5
R601 700 10 3 10.7 ~10.6
R602 800 10 3 142 ~14
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5.2.2 Results and Discussion

Figure 5.1 (a)-(d) show the AFM images of (a) Ge, (b) Sip.0076G€0.9924, (€) Sig.02Ge€o.98 and (d)
Sip.11Geo.go films deposited on Ge buffers. The surface of Ge film in Figure 5.1 (a) is very smooth
with the roughness of ~ 0.5 nm in root-mean-square (rms). With addition of Si into SiGe films,
the surfaces became more undulating. Figure 5.1 (d) shows very rough surface of Sij107Ge€o 393
film with the roughness of ~ 10.6 nm in rms. Increasing surface roughness with Si composition
in SiGe films was caused by the lattice mismatch between the Ge buffers and the remainders of
the SiGe films. The lattice mismatch introduced strain energy in the films, causing surface

undulation.

(b)

(d)

Figure 5.1 AFM images of (a) Ge, (b) Si 00076Ge 0.9924, (¢) Si 0.02Gegos and (d) Si ¢11Gegso
deposited on Ge buffers/Si substrates.
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Mechanism of strain relaxation via surface undulation is described as following. In an
attempt to relieve the misfit strain, fluxes of atoms diffuse away from stress-concentrated area
near the interface to the relaxed surface. Figure 5.2 shows schematic cross section of undulating
surface. The arrows represent the directions of the atomic flux away from the cusp valley at
which high stress concentration accumulates. The flux of atoms diffuses towards the peak, where
the stress is relieved, resulting in surface undulation. The formation of the surface undulation
reduces strain energy € in the layers with an expense of increasing surface energy ¥ Therefore,
periodicity of the undulating surface is constrained by a minimum thermodynamically stable

wavelength 4., [58-59]:
e (5.1).

Roughened surface is undesirable film quality for planar processing. The roughened surface with
high stress concentration at the valley may also promote the nucleation of dislocations or can
block the dislocation glide [50]. By reducing the misfit strain between the buffer and the
remainder of the film, surface morphology of SiGe films can be improved. To make surface
planar, deposition of buffer layer with composition matched to remainder of the films should

decrease misfit strain. Deposition of SiGe buffer at low temperature is discussed in Section 5.3.

Stress is i i
refieved ] g
|

i
i

High stress concentration

Figure 5.2 Surface undulation and schematic view of stress concentration in undulating surface
[59].
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5.3 Low-Temperature Ge-rich SiGe Buffer Deposition

5.3.1 Experimental Procedure

Epitaxial Si,Ge, layers were deposited on 6” p-type Si(100) wafers at 360°C using
100% SiH, and GeH, source gases in a commercial (Unaxis) hot-wall UHV-CVD reactor. The
base pressure was ~ 10 mTorr at 650°C. Prior to loading, the wafers were cleaned by standard
RCA and dipped in 50:1 HF solution for 30 seconds, after which the wafers went through DI
water rinse and spin dry. The wafers were in-situ annealed at 780°C for 20 minutes under H,
ambient to remove residual oxide. Then, the reactor was cooled to 360°C under H, ambient and
SiHy and GeH, started to flow. In each deposition, we aimed at a different Si,Ge,. film
composition by varying SiH, flows (0.5, 1, 2 and 6.8 sccm) while keeping the GeH, flow constant
(at 10 sccm). Processing pressure varied from ~ 14 mTorr to ~ 20 mTorr, depending on total gas
flow in the reactor. SiGe film composition and single-crystal quality was determined by X-Ray
Diffraction technique (XRD), and film thickness was determined by selective etch and
profilometer. Our Si,Ge, films grown at 360°C are Ge-rich SiGe with Si composition, x, up to
12.3%. Four films were studied with various composition and growth rates as shown in Table 5.2.

In all cases, the flow of GeH, kept constant at 10 sccm.

Table 5.2 Film property (silicon composition x and film growth rate Rgg.) and deposition
parameter (GeH, flow, SiH, flow and total pressure).

GeH, flow  SiH, flow  Total Pressure Growth rate

x in Si,Ge;.4 (sccm) (sccm) (mTorr) Rgige (A/hour)
0.8% 10 0.5 14.1 552
1.9% 10 1 14.6 434
3.6% 10 2 15.5 329

12.3% 10 6.8 20.0 264
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The Si composition x in Si;Ge films and the corresponding film growth rates Ry, are
plotted as a function of SiH, flow and the constant GeH, flow in Figure 5.3. The Si composition
x increased linearly with the SiH, flow. However, the film’s growth rate decreased with the
increasing SiH, flow. Kinetic models were developed to explain this growth behavior of SiGe
buffer.

5.3.2 Growth Model

Chemical Vapor Deposition (CVD) of SiGe from SiH, and GeH, combines a series of

reactions. The total chemical vapor deposition of Si,Ge,.xis:
SiH,(8) > 2H,(g)+ Si (5.2
GeH,(g) — 2H,(g) +Ge (5.3)
An initial step for the CVD process is the adsorption of SiH, or GeH, molecules and their
decomposition into SiH; or GeH; and H [60-61]. The adsorption reaction for each SiH; or GeHy

molecule requires two free surface sites as followings:

SiH4(g)+2_—SiH;+H 5.4
GeH,(g)+2_—>GeH;+H (5.5)
600 0.14
—_ 10 sccm G al-I‘ flow J
™ - [ ] 12}
E 550 | \ ~1 0.12 .—5
2 500 01 3
> \ g g
E 450 - 008 £
c
E 400 ‘—\ i 0.06 5
: AL
£ 350 : 0.04 g
<m2 300 . — 002 &
250 = == 0

0 1 2 3 4 5 6 7
SiH4 flow (sccm)

Figure 5.3 Growth rates and Si composition in SiGe films as functions of SiH, flow (GeH, flow
kept constant at 10 sccm, growth temperature is 360°C for all films).
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SiH;, GeH; and H represent gas species attached to surface sites. Free surface sites available for
the adsorption reactions are represented by _. The free sites are released only when H,
molecules desorb off the surface in a following reaction [60]:

2H - Hy(g)+2_ (5.6)

Since the adsorption reactions (reactions 5.4 and 5.5) can happen on the free sites, the H,
desorption (reaction 5.6) is one of the factors that determines the growth rate.

5.3.3 Growth rate
The growth rate, Ry;., for Si,Ge,., is the sum of the growth rate of Si, Rs; and Ge, Rg.:

Rsige (X) = Rgi(x)+ R (x) (5.7
Values of Rg; and Rg, were calculated from experimental growth rate using Rg;=xRg;;. and
Rge.=(1-x)Rsic.. We assumed that the SiGe deposition at 360°C is in the surface reaction limited
regime [62]. Rgand R, relate to partial pressure of SiH, Pgy, and GeH, Pg.yerespectively. Rg;

and Rg, can be expressed as:

Rg; =ks;(1-0)* P4 (5.8)

Re =ke(1=6)? Poops (5.9)

where kg; and kg, represent surface reaction rate constants for SiH, adsorption and GeH,
adsorption reactions, respectively. A fraction of the free surface sites is represented by (I-6).
The fraction is squared in the expression for the growth rate to account for the fact that each SiH,
or GeH, molecule requires two free surface sites for adsorption. We obtained the growth rate
expressions in unit of [cm/second] from the Equations (5.8)-(5.9) by replacing gaseous pressure
Psiyq and Pg,.pq with material density D [g/cm3], molecular weight M [g/mol] and flux J

[molecules/cmz-second] [63]. The derived expression for the growth rate is as follows:

_JsinaMs; ks (1-6)
1]

5.10
Dg;N 4 (5.10)
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JGersM G, 2
= ~GeH4ZGep - (1-
Rge Do.N, Ge(1-6) (5.11)

where N, is Avogadro’s number, the value of Si density Dg;is 2.3296 g/cm3 and Ge density Dg,is
5.3234 g/cm3' Si molecular weight My; is 28.086 g/mol and Ge molecular weight Mg, is 72.64
g/mol [64]. We assumed molecular flow regime during deposition; therefore, the flux J to the

surface is dependent on partial pressure P, temperature T and molecular weight M of the species

as follows [65]:

el molecule | _ 3.51x10% Py 4 [Torr]
cm? —sec VM gy T (5.12)

Jeumal molecule, 3.51x10% PG,y 4[Torr]
cm2 —Sec 'JMGCH4T

(5.13)

where Mgy, and Mgy, represent molecular weight for SiH, (32.118 g/mol) and GeH,
(76.67g/mol), respectively [64]. We derived the final growth rates equation with unit of
[cm/second] by substituting equations (5.12)-(5.13) into equations (5.10)-(5.11):

I M
Rs; =0.0583Pg;4(M si14T) 2 —Sk; (1~ 6)
Dy; (5.14)

1M
Rge =0.0583Pg,114(M GerraT ) 2 DGe kge(1-6Y

Ge (5.15)

Two unknown parameters in the growth rate expressions are the surface reaction rate constants kg;,
k. and the fraction of the free surface sites, (I-8). These parameters were calculated using the
models reported the literature. We first discussed the calculation of the fraction of free surface
sites (1-6) proposed by Robbins et al [66]. The fraction of free surface sites (I-6) relate to
hydrogen desorption rate B from surface density N, and sticking coefficient for hydrogen o. The

expression for free surface sites is as a following [66]:
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1-6=-1 2N3ﬁ+J2Nsﬁ[2Ns/”+4} (5.16)

2| vuno  \Vano\v,no

where 7 represents molecular density of H, (2.449x10" molecule/cm’). v,, represents mean

molecular velocity of H; at 300 K (1.78x]05 cm/s [67]). o represents sticking coefficient for

hydrogen (1.5 x 10° at 600K [68]). Parameter (No' ) is a surface-dependent factor and surface

density N, can be calculated using N, = 2/a° where a is a lattice constant. Due to a lack of data in
the literature, temperature independence of v, and o was assumed within the range of our
deposition temperature.

A model for hydrogen desorption in SiH4/GeH, system was developed by Rdbbins et al
[66]. The hydrogen desorption rate B on Si,Ge,, films include concentration-dependent terms

and exponentially related to temperature [66, 69] as a following:

—Ee —E
B(x) = V{x exp[—f;%f]-] +(1-x) eXp[ k;;,eH ]} 617D

where v is the frequency factor = 8 x 10" s [70]. Egy and Eg.y are activation energies of
H-desorption from Si and Ge sites, Es;y = 197 kJ mole” and Eg.; = 145 kJ mole™ [66, 70]. Since
Eg;y is larger than E¢.y, Si-H bonds are difficult to break compared to Ge-H bonds. As Si content

in SiGe alloy films increases, the fraction of surface sites covered by hydrogen increases.
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5.3.4 Composition Model
Si composition x in Si,Ge; film is dependent on SiH4 composition in gas phase x, and
surface reaction rate constants for SiH, and GeH,, ks; and kg.. The expression is derived by

dividing (5.8) by (5.9) [63, 69, 71]:
=l-—=+=.— (5.18)

where x, represents SiH, gaseous fraction, which relates to partial pressures Py and Pg.pq as

follows:

___ Psing
P
Psitia + Fgena

(5.19)
Equation (5.18) suggests that the film composition depends on gaseous composition and
adsorption process mechanisms. However, the film composition does not depend on the number
of free surface sites. The adsorption reaction rate constant kg, or ks; is weakly dependent on

deposition temperature T [60, 63, 69]. The ratio kg./ks; relates to energy barrier of gas adsorption

process as following [61-63, 71]:

—2£ ~ exp
ks;

kGe AEA
( T ) (5.20)

where AE, = Eg; — Eg.. Es; and Eg, are activation energies for reactions (5.4) and (5.5). The ratio

kge lksiis a constant at 360°C. We derived the ratio and the energy difference AE, using Equation

(5.20). The results are shown in section 5.3.5.
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5.3.5 Results and Discussion
Film composition

The relation between film composition and silane fraction (Equation 5.18) is plotted in
Figure 5.4 with our experimental data from 360°C deposition and the experimental growth data at
higher temperatures (550°C) reported by Meyerson et al [72]. Figure 5.4 shows that the relation
between the composition and SiH, fractions from Equation 5.18 fitted the experimental data from
both temperature. The good fit suggests that our model can be generalized to various
temperatures and growth conditions.

We derived the values for the ratio kg/ks; : ~ 5.958 for 360°C and ~ 2.162 for 550°C. The
value of the ratio decreased with increasing deposition temperature. This inverse relation implies
that high temperature is favorable to silicon incorporation into the films. At high temperature, we
expected that more Si was incorporated into the films for the same SiH, flow. This observation is

in agreement with empirical data in SiGe deposition [71]. We used Equation (5.20) to derive

1 e —
i k /K ~2.162
I Ge Si
: 0.8 iat 550 dagree C)
ke [
= I
[} i /
9 0.6 [
£ 1
o
© 04
[ L
o !
L I
o 0.2 <
“ 1 kG./kﬁ ~ 5.958
0 ‘é . (at 360 dagree C)
0

02 04 06 08 1
Silane fraction xp

Figure 54 Alloy Si fraction in SiGe films x vs. gaseous SiH, fraction x,. The lines represent
calculation results from the model using Equation (5.18). The fitting of model to the growth date
results in the ratio kge/ks; ~ 5.958 at 360°C and ~ 2.162 at 550 °C [72].
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AE, = Eg;— Eg. ~0.14 eV. Several values for Eg;have been reported in the literature:
2.34 eV[73], 2.04eV[60], 1.74eV[62] and ~1.60eV[74]. The difference between Eg; (1.60eV[74])
and Eg, (1.46 eV[61]) reported in the literature for the UHV-CVD system yielded the value of
AE, similar to that of AE, from our finding. The agreement suggests validation of the model in
Equation 5.18 that is applicable to the entire range of SiGe alloy composition.
Growth rate

The specific dependence of SiGe growth rate on SiH, flow, or Si composition, is shown
in Figure 5.3. Calculation based on Equations (5.16)-(5.17) suggests that the dependence of
growth rate on SiH, flow is due to hydrogen-terminated bonds on the film surface. When Si sites
were terminated by hydrogen atoms, hydrogen did not easily desorb from Si sites compared to Ge
sites. With increasing Si content in the films, the number of sites with H-termination also
increased and available free surface sites became less. Calculated results of the surface sites in a
steady state that was covered by hydrogen, 8and the desorption rate from Si sites fg; and from Ge

sites S, are shown in Table 5.3.

Table 5.3 Calculated hydrogen desorption rate for Si and Ge sites, surface fraction covered by
hydrogen and reaction rate constants for SiH,.

Silicon composition x in Si,Ge; .« 0.008 0.019 0.036 0.123
Total growth rate Rg;g. (A/hour) 552 434 329 264

Surface fraction covered by hydrogen ¢ 0.662 0.663 0.665 0.677
Total hydrogen desorption rate S 0.905 0.895 0.879 0.800

Hydrogen desorption rate on Si sites S; 3.66x107 | 8.70x107 | 1.65x10° | 5.63x10°

Hydrogen desorption rate on Ge sites g 0.905 0.895 0.879 0.800
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For all film compositions, B, was about six orders of magnitude larger than fS;,
determining total H-desorption rate on the alloy film surface f. When more Si was incorporated
into the films, f; was weighted more on the calculation for total desorption rate f. As a result,
value of B decreased with increasing Si composition. The reduction in £ yielded higher fraction of
surface sites covered by hydrogen& and caused the decrease in growth rate with increasing Si
composition.

Another possibility that led to the dependence of growth rate on the composition was the
exchange of hydrogen between Si site and Ge site via surface diffusion. The exchange reaction is
expressed as a following [75-76]:

SiH (s) + Ge(s) «» GeH(s) + Si(s) (5.21)
Since Ge-H bond is weaker compared to Si-H bond, hydrogen easily desorbs from Ge sites rather
than Si sites. The exchange of hydrogen atom enhances hydrogen desorption [75-76]. Ge sites
help promote the desorption reaction and enhance the growth rate. Russell et al proposed the
expression for the desorption rate 5, which includes the effect of the hydrogen exchange reaction
[75]. Their model requires the rate constant for the exchange reaction (Equation 5.21), Ge
surface fraction and Si surface fraction covered by hydrogen 6. These parameters are unknown to
the experimental and literature data.
Derived sticking coefficients for SiH,
We derived sticking coefficient S* for SiH, using the equation for growth rate (Equation 5.14).
By definition, sticking coefficient S is determined as the SiH, adsorption divided by SiH,

exposure or film growth rate divided by the flux. Thus, S¥ relates to ks; and (I-6) as a following:

SR = kg (1-6)? (5.22)
Figure 5.5 shows the dependence of Si growth rate Rg; on SiH, partial pressure Pgiye. The linear
fit to the plot results the slope of 1.146 x10®. We derived S® of 2.324x10% and compared the

derived sticking coefficient S* for SiH, adsorption reaction rate constant to the literature. Gates et

69



al reported empirical SR of SiH, on Si(100)-2x1 and Si(111)-7x7 ~ 3 x107 at 400°C for low SiH,
exposure flow of < 1x10"¥cm™ or 8 < 0.18 [77]. They observed reducing S* with higher SiH,
exposure or with more surface sites terminated by hydrogen. S® reaches zero when surface is
saturated by H coverage. Their study comments temperature independence of S*on Si(111), but
does not report the temperature dependence characteristic of S<on Si(100). In order to compare
to our derived S¥, we assumed that S* of SiH, on Si(100) at 360°C was similar to that at 400°C
(S® ~ 3 x10®). Our derived S*is ~ 2.324x10°, an order of magnitude smaller than the reported S*
with H-covered surface fraction of < 0.18[77]. Our derived S® suggests the surface fraction was

covered by hydrogen during the deposition.
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Figure 5.5 The linear dependence of Si growth rate Rs on SiH, partial pressure Pgipy in
agreement with the growth rate expression (Equation 5.14). The linear fit yielded the slope of
1.146 x 10® or sticking coefficient S for SiH, of ~ 2.34x10% at 360°C.
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5.4 High-Temperature SiGe Deposition
Remainder of SiGe films were deposited on SiGe buffer at 730°C. Growth procedure and film
property of SiGe films is addressed.
5.4.1 Experimental Procedure

After SiGe buffer were deposited on Si substrates at 360°C, the furnace temperature was
ramped to 730°C under H, ambient. Remainders of Si,Ge,. films were deposited at 730°C on
Sig 123Geg 577 buffers by varying SiH, flow (3 and 4.3 sccm) while keeping GeH, flow fixed (at 11
sccm). Processing pressure was 0.25 and 0.28 mTorr, respectively. In each deposition run,
eleven wafers were loaded into the reactor. The surface roughness was checked using AFM.
SiGe film composition and single-crystal quality was determined using X-Ray Diffraction (XRD)
techniques on a Phillips X'Pert Pro X-Ray diffractometer, and film thickness was determined by
selective etch and step profilometer. Growth conditions and resulting film property is
summarized in Table 5.4.
5.4.2 Growth Rate vs. Composition

The surface roughness of Si,Ge,.x films deposited on Sij 123Gegg77 buffers was ~ 3 nm in
root-mean-square. Figure 5.6 shows AFM images of the surface topography of (a) Sig;1Geg gy

films deposited on Ge buffer and (b) Siy ;5Geg g5 films deposited on Sig 123Geg 77 buffers.

Table 5.4 Growth parameters and resulting film property.

Sample | Lot T ('C) | SiHy (sccm) | GeHy (sccm) | Growthrate | Strain (%) Xsi (%)
A2 2 730 4.3 11 ﬁ)/;; 0.240 16.35
B2 2 730 43 11 1.150 0.203 15.37
C1 1 730 3 11 0.990 0.263 12.01
C2 2 730 3 11 1.020 0.296 12.19
c9 9 730 3 11 0.809 0.252 13.25
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Figure 5.6 AFM images of (a) Sig.11Geg g films deposited on Ge buffer and

(b) Sig15Ge (s films deposited on Sig.123Geo g77 buffers.

Figure 5.6 (b) shows smooth surface of Sig sGe s films deposited on Sig.123Geo 877 buffers as
compared to surface of Sig 11Geo o films deposited on Ge buffer (Figure 5.6 a). Reduction in
lattice mismatch between buffers and remainders of films decreased the surface roughness from
~ 10.6 nm (Figure 5.6 a) to ~ 3.1 nm in root-mean-square (Figure 5.6b).

Film characterization was done on multiple wafers from a single growth run. Film
composition and growth rate was plotted with wafer position in the growth reactor in Figure 5.7
and Figure 5.8, respectively. Wafer position 1 represents the wafer that is closest to the gas inlet.
Figure 5.7 shows that more Si is incorporated into SiGe films in wafers located further from the
gas inlet. Growth rate generally increased with processing pressure, suggesting that the
deposition temperature of 730°C is in diffusion-limited regime in agreement with the literature
[61]. Figure 5.8 shows that the growth rate decreases when the wafer location is further from the

gas inlet. Variation in thickness and composition across a single growth run batch was observed.
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5.4.3 Strain vs. Composition

Strain and composition of the SiGe films was characterized using X-Ray Diffraction
techniques. We measured SiGe (400) and SiGe (422) peak positions in 8268 XRD step scans of

SiGe films and calculate the lattice spacing d of (400) and (422) planes. The spacing and the

strain is related as a follow [24, 26]:

o =(1 +81°°)——an’ (5.22)
d = (1 + £42) 250 (5.23)

V24

where a represents bulk Si,Ge,, lattice constant, which is given by 5.431+0.2x+0.027x* [34].

Under biaxial stress, the in-plane strain € in cubic structure is related to the out-of-plane strain &,

by [27, 78]

2C,,
Ciz

&=

£, (5.24)

The in-plane strain €, and the out-of-plane strain &, can be determined by the XRD data

by €, =312 —2¢1° and £, =€} [27]. Elastic moduli parameters C;; and Cj; relate to Si

composition x by C;; = 128.53+37.27x and C; = 48.26+15.64x [351. Upon cooling, tensile
strain is accumulated in SiGe films due to large thermal expansion coefficient of SiGe films
compared to Si substrates. Thermally induced strain in SiGe films can be calculated by taking
into account the difference in thermal expansion coefficients [25,27]. We assumed that thermal
expansion coefficients of SiGe are similar to that of Ge [35-36]. Theoretical value of thermally

induced tensile strain was calculated ~ 0.0023 (or 0.23%).
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Ge Content in SiGe Films vs. Strain
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Figure 5.9 Tensile strain in SiGe films as a function of Ge content in the films.

Figure 5.9 shows the tensile strain of SiGe films as a function of germanium composition. The
tensile strain in Si,Ge, films is approximately 0.25%, which is slightly larger than the calculated
strain and that of similarly grown Ge films. Relatively high strain in SiGe films suggests that the
yield stress in SiGe films is larger than Ge films, in agreement with the literature report of higher

yield stress in bulk crystal of SiGe compared to Ge [79-80].

5.4.4 Photoreflectance spectra

Photoreflectance (PR) measurements were performed to determine the direct gap of
material [81]. Concept of photoreflectance measurements rely on the change in reflectance of
materials due to the applied electric field. In the measurement, 450nm-wavelength chopped
lasing light illuminated on the films to create free carriers and alter the electric field in material.
Photoreflectance measurement was used to characterize the direct gap of tensile strained Ge films
deposited on Si substrates [24]. The spectra show direct gap separation between light-hole and
heavy-hole valence bands in tensile strained Ge films [24]. We used photoreflectance

measurements to determine the direct band gap in tensile strained SiGe films. Figure 5.10 shows
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Figure 5.10 Photoreflectance spectra measured on Sip12Geoss under tensile strain of
approximately 0.26%.

PR spectra measured on Sig 12Geo.ss under tensile strain of approximately 0.26%. The PR spectra
showed direct gap separation between light-hole and heavy-hole valence bands.

Doping level of Si substrates had an impact on the photoreflectance spectra measured
from strained SiGe films. Figure 5.11 shows photoreflectance fringe signals from SiGe films on
lightly-doped (resistivity: 5-20 Q-cm) and heavily doped (resisitivity: 0.002-0.003 Q-cm)
substrates. Note that these films were deposited in the same deposition batch and had similar
value of tensile strain measured by XRD technique. Only photoreflectance signals from SiGe
films on heavily-doped substrates show five peaks, which represented separation of light-hole and
heavy-hole valence band due to tensile strain whereas the signals from SiGe films deposited on
lightly doped substrates did not show the separation of the valance band [25]. Weak electric field

in SiGe films on lightly-doped substrates possibly attributed to missing fringes signals.
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Figure 5.11 Photoreflectance fringe signals from SiGe on lightly-doped and heavily doped
substrates.

5.5 Summary

Misfit strain introduces surface undulation or dislocations in epitaxial films. To reduce
misfit strain between buffers and the remainders of the films, deposition of Ge-rich Si,Ge;., buffer
(0.008 < x < 0.123) on Si (100) substrates at 360°C was developed using SiH, and GeH, source
gases in UHV-CVD system. The SiGe buffers were used in the two-step growth of Si,Ge,,.
Remainders of Si,Ge, films were deposited at 730°C on the SiGe buffers. SiGe films epitaxially
grown on Si substrates are tensile strained due to thermal expansion mismatch. The tensile strain
in SiGe films is slightly higher than that in similarly grown Ge films and that of predicted by the

theory.
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Chapter 6: Device Characterization - SiGe p-i-n diodes and
SiGe Waveguide Transmission

Electrical and optical characteristics of materials have direct impact on modulator performance.
To characterize electrical and optical characteristics of SiGe, we fabricated SiGe p-i-n diodes and
SiGe waveguides. This chapter addresses the electrical and optical characterization of SiGe films

on Si substrates.

6.1 SiGe p-i-n diodes
6.1.1 Experimental procedure
We fabricated p-i-n diodes from the Sig;sGeggs alloy films on Si substrates. Two annealing
conditions were investigated. The first one was in-situ annealing at ~850°C for 45 minutes. The
second one was the first annealing condition and followed with cyclic annealing of three cycles
between 600°C and 870°C using Rapid Thermal Annealer (RTA). Process flow diagram of SiGe
p-i-n diode is shown in Figure 6.1. Fabrication process was briefly summarized in following
steps.
1) Epitaxial growth of SiGe films on p-typed boron-doped prime Si(100) wafers with
resistivity of 0.002-0.003 Q-cm followed by in-situ annealing at ~ 850°C for 45 minutes.
2) Modified RCA cleaning for SiGe films followed with deposition of 1um thick low
temperature oxide (LTO) at 400°C for SiGe passivation. The growth rate for LTO was
53 A/second. The LTO/SiGe films were annealed under N, ambient at 600°C for 3 hours.
3) (optional) Covered the front side of the wafers with photoresist to protect the front side
while removing LTO and SiGe layer off the backside. Standard RCA cleaning for the
LTO surfaces followed by annealing 3 cycles of 600°C and 870°C in RTA (30 seconds at

each temperature).
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Figure 6.1 Schematic process flow of SiGe p-i-n diodes from SiGe deposition to selective
polysilicon electrodes.

4)

5)

6)

7)

Opened LTO window by using reaction ion etch (RIE) and Buffer-Oxide-Etch (BOE) wet
etch. Removed photoresist by plasma ashing.

Modified RCA cleaning for SiGe surface followed by deposition of 0.2um thick
amorphous silicon at 560°C

Blanket phosphorus implantation into amorphous silicon followed with activation
annealing at 700°C for 3 minutes in RTA. Phosphorus implantation dose was 5x10"°cm™
at 55 keV.

Patterned polysilicon pads by using photolithography and reactive ion etching (RIE).
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6.1.2 Results and Discussion

Electrical property of p-i-n diodes was characterized by I-V measurements. Figure 6.2
(a) shows the I-V measurement results of Sig;5Gepgs diode of 300 pm long diameter compared
with Ge diode fabricated from similarly grown Ge films. The I-V characteristic from Ge diode
shows rectifying behavior whereas that from Sig5Geg s diode shows high reverse-bias leakage
current. I-V measurement was performed on Sij15Gegss diodes of 100, 200 and 300 pm long
diameters. The results are shown in Figure 6.2 (b). Leakage current increased with diode
diameters.

In order to analyze leakage current, the leakage current 1" was fitted into an expression
[47]:

179 = J5%¢. Perimeter + J** Area 6.1

where J%7*¢ represents the surface leakage current density (per unit of diode perimeter) and J***
represents the bulk leakage current density (per unit area). The surface leakage current density
was assumed independent of bulk defect density. Values of surface leakage current density and

bulk leakage current density from Ge diodes and SiGe diodes are shown in Table 6.1. Samples A
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Figure 6.2 (a) compares I-V characteristics of Sig;sGepgs with Ge diodes with 300 wm long
diameters and (b) I-V characteristics of SiGe diodes with 100, 200, 300 um long diameters.
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Table 6.1 Surface and bulk leakage current density.

J Surface (WA/cm) | J Bulk (n Alcm2)
Ge diodes
(4-inch Si substrates) A 23.9 4.93x10°
SiGe diodes/
in-situ anneal 1510 2.62x10°
SiGe diodes/
in-situ anneal +3cyclic RTP B 1660 9.01x10*

and B corresponded to Ge and Sij ;5Geg gs diodes with I-V characteristics shown in Figure 6.2 (a).
Bulk leakage current of Sig5Gegss diodes is approximately an order of magnitude larger than that
of Ge diodes. Bulk leakage current in Ge and SiGe diodes was analyzed in order to estimate the

bulk defect density in SiGe diodes. High value of j«* was assumed related to generation current

due to bulk defect density.
Bulk defects are electrically active carrier traps, which locate in midgap and able to

capture or generate free carriers. Capture or emission rates ¢, in unit of (second)” are given by

[82]:

Cp =0, Uy 6.2)
where o, represents a capture cross section of electron trap, v, represents average thermal
velocity and » represents concentration of electrons in conduction band. The carrier emission via
the bulk defects attributes to generation current density J., as given by:

Jeen=9 €y Nrppp=q9-0,-vy,-n-W-Np-Npp, (6.3)
where W is the depletion width, Np, is threading dislocation density and Nrpis the number of traps
per length of dislocation. The number of traps per length in dislocation was assumed 10° cm™,
similar to that in Sig70Geg 3 [47]. Threading dislocations density Np in Ge diode was checked by
plane-view TEM and etch-pit-density and is reported of 2x10” cm™ [27, 53]. Equation (6.3) was

used to calculate the capture cross section o, in Ge-on-Si. Value of threading dislocation density

and bulk leakage current density in Ge was substituted into Equation (6.3), yielding capture cross
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section ¢, in Ge of 7x10™* cm®. Due to similar band structure of Ge and Siy, 1sGeg gs, the capture
cross section of Ge was assumed similar to the capture cross section of Siy;5Geggs. The
calculation using Equation (6.3) and the capture cross section o, of Ge resulted in threading
dislocation density in Sig;5Gegss diode of approximately 1.7x10° cm™>. Table 6.2 shows a
summary of the parameters used in the calculation including bulk leakage current density J*¥,
carrier concentrations #n, threading dislocation density Np and capture cross-section ;. Derived
value of threading dislocation density in SiGe was ~ 1.7 x10°cm™.

Threading dislocation density in Sig;sGegss films annealed in the same condition as
sample B in Table 6.2 was measured using the plane-view Transmission Electron Microscopy
(PV-TEM) technique. The sample was annealed in the same condition as that was used in
fabrication of diode. In order to prepare for a TEM sample, the Si substrate was polished until the
thickness was left approximately 50-100 pm. Then the sample was ion-milled to thin down the
Sig.15Geg s film for electron transmission. The JEOL 200CX TEM was used in this experiment.
The sample was loaded on double-tilt axis rotation holder. The PV-TEM images were taken
under double-diffraction condition where selective area diffraction pattern showed crystal
orientation in the (220) direction. Figure 6.3 (a) and (b) show threading dislocations in the PV-
TEM images. We counted number of threading dislocation in 30 areas of 0.5x0.5 pm®. From the
images, threading dislocations evenly distributed between 1 and 5 dislocation in each area.
Number of the threading dislocation in the images yielded an average threading dislocation
density of approximately 1.5+0.5 x 10° cm?. The threading dislocation density from the PV-
TEM images was comparable to the threading dislocation density derived from the generation-
current model. This agreement suggests a similar value of the capture cross section in Ge and

Sip.15Geoss. The electrical property of dislocations in Sig ;sGeg g5 is similar to in Ge.
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Table 6.2 Carrier concentrations, effective cross-section, density of threading dislocation and
bulk leakage current in Ge and Siy 15Geg gs p-i-n diodes.

J Bulk n ND o,
(LA/cm2) (cm™) (cm™) (cm’)
Ge 4.93 x10° 2.33x10" 2 %10’ ~7x10™
(derived)
Sig.15Geq.ss 9.01 x10* 8x10"? ~1.7 x10° 7 %107
(derived)
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Figure 6.3 PV-TEM images showing threading dislocation density in Si ;5 Geggs that were
in-situ annealed and cyclic annealed for three cycles between 600°C and 870°C.
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The PV-TEM images showed 1.510.5x10°cm® density of threading dislocation in

annealed Sig;5Gegss films. The high threading dislocation density attributed to high leakage

current, which yielded ohmic-like I-V characteristic in the Sij5Geggs diodes (Figure 6.1). Bulk

leakage current caused by the threading dislocation density of 1.540.5%10°cm™ was excessively

high. Model of generation current (Equation 6.3) was used to determine the limit of threading

dislocation density N, allowed for rectifying diodes. Figure 6.4 shows calculated bulk leakage

current as a function of threading dislocations density. The depletion width W of 0.5 um was

assumed in the calculation. The results from the model suggest that the threading dislocation

density below 5x10” cm™ is required to reduce the bulk leakage current of Si;sGegss diode to

the similar level to that of Ge diode.

1 i

£ W=05um

g i ) %,

I= -

T 1ol Ge ps

3 bl -

O 10° P ,'T s‘a.ssGeus

[} 7 .

g) 2 /’ : 7 -2

% 10 P D‘~5X1’&"cm """" i

e é

— 10 - 5
10° 10’ 10 10° 10"

Threading dislocation density (cm™)

Figure 6.4 Dependence of bulk leakage current on threading dislocation density. Our model
shows that the density of threading dislocation needs to be reduced below 5x10’ cm? for SiGe
diode to reduce bulk leakage current to the same level as that of Ge diode.
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6.2 SiGe Waveguides

6.2.1 SiGe rib waveguide and polysilicon/SiGe rib waveguides
We fabricated Sip;5Gegss rib and polysilicon/ Sig15Gegss rib waveguides with oxide
cladding. Process flow of the SiGe rib waveguides is shown in Figure 6.5. The fabrication
process for the waveguides was summarized below. Optional steps were added for polysilicon/
Sig 15Gey g5 waveguides fabrication.
1) Epitaxial growth of SiGe on p-typed boron-doped prime silicon (100) wafers with
resistivity of 5-20 Q-cm followed by in-situ annealing at ~ 850°C for 45 minutes.
2) (optional) Modified RCA cleaning for SiGe surface, deposition of 0.3um thick
amorphous silicon at 560°C.
3) Modified RCA cleaning for SiGe surface or standard RCA cleaning for amorphous Si

followed with deposition of 0.2 pum thick low temperature oxide (LTO) for waveguide

mask.

Figure 6.5 Schematic process flow of (a) SiGe rib waveguides and (b) polysilicon/SiGe rib
waveguides with oxide cladding.
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4) (optional) Annealed amorphous Si to crystallize into polysilicon at 600°C for 8 hours
under N, ambient. Additional annealing at 870°C for 8 hours was performed under N,
ambient to crystallize any residual amorphous silicon and to reduce any grain defects [83].

5) Patterned and selectively etched LTO to form hard mask by using photolithography and
reaction ion etch (RIE). Photoresist was removed by plasma ashing.

6) Selectively etched polysilicon and SiGe for SiGe rib waveguides. Etch recipe for
polysilicon and SiGe included HBr flow of 40 sccm and Cl, flow of 40 sccm under
100 mTorr pressure and 400 W power.

7) Deposition of 0.5 um thick low temperature oxide (LTO) for waveguide cladding.

Optical throughput of the Sig;sGeggs rib wavegunides and the Sip;5Geggs/polysilicon rib
waveguides with oxide cladding was measured using the Newport-JDS systemn with a Newport
Auto-Align Station and a JDS Uniphase Swept Wavelength System (SWS). Transmission loss of
waveguides was analyzed from the throughput using the cutback method, where transmission loss
of waveguides was determined by comparing optical power throughput of waveguides with the
varying lengths. Causes attributing to optical loss in rib waveguides are discussed in section 6.2.2.
6.2.2 Loss Mechanism

Optical loss in waveguides is attributed by one or more of the following: material
absorption, light scattering due to interfaces or volumetric inhomogeneity of refractive index and

coupling loss. The transmission loss Ly, is given by a following expression [84]:
Lipwar = Lo+ Lyg+Lys+Lc (6.4)
where L, represents material absorption. Lgs and L represent light scattering due to interfaces

and volumetric inhomogeneity of refractive index, respectively. L represents coupling loss.
Since the optical absorption of Sig;sGepgs at 1550 nm is less than or equal to 0.1 cm™ [85],

transmission loss due to material absorption L, should be ~ 0.5 dB/cm. Mode calculation using
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Apollo Photonics showed that transmission loss due to material absorption Ly and transmission

loss from light scattering at interfaces L, exhibited dependence on the rib dimensions since the

waveguide dimensions have an impact on values of the effective index [86]. Our experimental

data and analysis showed that high density of threading dislocation also significantly attributed to

the transmission loss due to inhomogeneity of refractive index L.

6.2.3 Optical loss due to sidewall roughness

Figure 6.6 shows SEM cross-section images of the Sij;sGeggs rib waveguides with (a)
0.1 pm tall rib and (b) with 0.2 um tall rib with oxide cladding. Figure 6.6 (a)-(b) were labeled
with sample A and B respectively. The optical throughput of these waveguides was measured,
and the waveguide transmission was determined by the cutback method. The optical throughput
of the SiGe rib waveguides with 0.2 pm tall rib (sample B) is shown in Figure 6.7. The value of
the slope represented the waveguide transmission per unit length. The optical loss measured from
sample A and B was 14.5 and 23 dB/cm, respectively. Increasing rib height while keeping
waveguide thickness constant yielded higher intensity of optical mode localized at the sidewall
imperfections, allowing for higher optical loss due to imperfections at sidewall. Table 6.3 shows
a summary of waveguide dimensions of sample A and B and the corresponding transmission.
Optical loss increased with the rib height, showing that the sidewall imperfection affected

transmission.
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Figure 6.6 SEM cross-section images of SiGe rib waveguide with (a) 0.lum tall rib and
(b) 0.2 um tall rib with oxide cladding.
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Figure 6.7 Transmission measured from SiGe rib waveguides with oxide cladding (Figure 6.6 b)

as a function of waveguide length.

Table 6.3 Summary of sample dimensions and optical loss.

Samples A B
SiGe thickness (nm), fs;g. 625 500
SiGe rib height (nm) 100 200

Optical loss (dB/cm) 14.5 23.2
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6.2.4 Optical loss due to polysilicon

The Sig15Geygs rib waveguides with polysilicon deposited on the rib top showed high
optical loss compared to the SigsGegss rib waveguides without polysilicon. Amorphous silicon
was deposited at 560°C on SiGe rib structures and annealed at 600°C for 8 hours to crystallize
into polysilicon. Then, some waveguides were additionally annealed at 870°C for 8 hours to
reduce any grain defects. These annealing conditions were adapted for the annealing conditions
in Ref. [83] with temperature constraint due to the melting temperature of Sig;5Geggs (~ 960°C).
Varying annealing conditions and the corresponding measured transmission of the polysilicon/

Sig.15Geg g5 rib waveguides were summarized in Table 6.4.

Table 6.4 Summary of SiGe/polysilicon rib waveguide with oxide cladding.

Samples C D E F
SiGe thickness (nm), tsige 630 460 560 570
[Poly-Si thickness (nm), tpoly 260 235 248 263
Treatment for poly-Si 650°C 600°C 600°C 8 hrs 600°C 8 hrs
30 min 8 hrs +870°C 8 hrs | + 870°C 8 hrs+
DIIHzOz (6 1)
1 min dip
SiGe rib height (nm) 100 150 180 220
Total rib height (nm) 360 385 428 483
|Optical loss (dB/cm) 22.5 274 38.6 34.1
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The polysilicon/Sig 15Geoss waveguides with additional annealing at 870°C (sample E)
showed highest optical loss of 38.6 dB/cm. The polysilicon/SiGe waveguides annealed at 870°C
followed by a 1 minute dip in DI water:H;0, (6:1) solution (sample F) showed lower optical loss
of 34.1 dB/cm. Figure 6.8 compares SEM cross-section images of the SiGe/polysilicon
waveguides (a) without H;O, dip (sample E) and (b) with H,O, dip (sample F). The surface of
waveguides with H,O, dip was smooth compared to the surface of waveguides without a
treatment of H,O, dip.

Measured waveguide transmission confirmed that the sidewall imperfection and the
absorption from polysilicon attributed to the optical loss of SigisGegss rib waveguides. The
lowest loss from the measurements was 14.5 dB/cm. This loss was relatively high compared to
the expected loss of ~ 0.5 dB/cm, determined by the band-to-band absorption of Sig15Geoss

material.

(@ (b)

Figure 6.8 SEM images of cross section of the Sig.15Geo g5 /polysilicon rib waveguide (a) without
wet treatment and (b) with wet treatment. Dip in hydrogen peroxide helped smoothen the
Sig15Geoss surface and reduce waveguide transmission loss.
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6.2.5 Optical Loss in SiGe Epitaxial Films

Sip.15Geogs strip-load waveguides were fabricated without SiGe etching to ensure that
only the bulk property of SiGe epitaxial films attributed to the transmission loss of the
waveguides. Long strips of 1 um thick photoresist over 0.2 um thick LTO was fabricated on
blanket SiGe films to form the relatively high-index area, along which the light wave could be
guided. The LTO film was deposited and patterned in similar ways to previous SiGe waveguides.
Figure 6.9 shows a schematic diagram of the strip-load SiGe waveguides with reference axes.

Mode confinement in the strip-load waveguides was analyzed by using Mode Solver
Apollo Photonics and assuming light propagation in the z-direction. Figure 6.10 shows the
simulation results of (a) TE mode and (b) TM mode in the strip-load waveguides where the
images show waveguide cross-section in the x-y plane. The lateral width used in the simulation
window was 20 pm. Due to the weak confinement in the lateral dimension, TE mode expanded
wider compared to TM mode. Note that the lateral width of TE mode was larger than of TM
mode. Transmission loss of these two optical modes in the SiGe strip-load waveguides was
measured by the cutback method. Experimental loss of both modes was plotted in Figure 6.11.
The optical loss measured at 1550, 1580 and 1610 nm of TE and TM modes was approximately

10.8-12.4 dB/cm and 8.7-9.2 dB/cm, respectively.

1um-thick photoresist/ 0.2 um-thick LTO
X on blanket SiGe

Figure 6.9 Schematic diagram of SiGe strip-load waveguide.
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Figure 6.10 Model profiles of (a) TE mode and (b) TM mode in SiGe strip-load waveguide,
simulated using a finite-difference technique. Schematic cross sectional diagram of strip-load
waveguide is shown in Figure 6.09.

The value of experimental optical loss was much higher than that of calculated loss from
the band-to-band transition in Sip;5Geggs (~0.5 dB/cm). Since the strip-load waveguides were
fabricated without etching, the measured loss should have been dominated by the bulk property of
Sip15Gepss. We propose that the inhomogeneity of refractive index, which was caused by
threading dislocations in SiGe, attributed to the excessive optical loss. Mechanism of optical loss

due to threading dislocations is discussed in section 6.2.6.
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Figure 6.11 Experimental optical loss versus waveguide length. Waveguide transmission loss
was extracted from the slope.
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6.2.6 Light-Scattering due to dislocations

The interruption in regularity of the atomic arrangements (or dislocations) attributes to
the strain fields and volume dilatation, which leads to variation in the real part of refractive index
[87]. Inhomogeneity in refractive index causes some phase delay, which results a scattering loss
[84]. The model of light scattering in high-dislocation-density material was based on the model
proposed in Ref. [87]. Their model is used to understand the loss coefficients in bulk gallium
nitride (GaN). In their model, strain field from an edge dislocation is assumed introducing the
inhomogeneity of refractive index and phase delay in light propagation, causing scattering loss in
dislocated materials. The dislocated materials are assumed elastically isotropic, and the
dislocations are pure edge dislocations. Light propagation is assumed in the direction parallel to
atomic displacement. This model was applied to estimate dislocation-introducing loss in our
Sig.15Geg g5 films.

A deviation in the assumptions from the Sig;sGeggs films arose from the type of
dislocations. The threading dislocation in the Sig;sGeg g5 films are reported as “mixed” dislocation
between edge and screw dislocations [45]. Figure 6.12 shows a schematic diagram of threading

dislocations in SiGe films on Si substrates [43]. Threading dislocation lies at 60° to the (100) line

direction and at 45° to the interface. Burgers vector of threading dislocation b=a/ 2[011] isa

sum of Burgers vector of an edge dislocation b=a/ 4[iiOI and of a screw dislocation b=a/ 4[1i0].

For simplicity, threading dislocations in the model were assumed pure edge-typed dislocations.
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Figure 6.12 Schematic illustration of the geometry of 60° dislocation with the Burgers vector
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Strain field from an edge dislocation attributes to volume dilation AV/V and causes

atomic displacement in the x and y directions [87, 88]
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where b is the magnitude of Burgers vector and v is the Poisson’s ratio. Strain is assumed
existing only in-plane (e,=0). The volume dilation is given by a sum of normal strain

AV/IV=e, +e, 6.7)
where e,=du/dx and e,=dv/dy. The volume dilation introduces variation in the real part of
refractive index 4n by the elasto-optic effect, which is expressed in a following manner

An= % pn’AV IV (6.8)

where p represents the elasto-optic coefficient (p = -0.151 for Ge). The elasto-optic coefficient

for SipsGey ss was assumed similar value as Ge. The variation in the real part of refractive index
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leads to the increase in optical path length dby integration of variations in real refractive index as

a following
8= [Andx (6.9)

Total difference in optical path that the light propagates is 2J. Substituting Equations (6.5)-(6.8)
into Equation (6.9), total difference in optical path length 2J1is given by

(1-2v)

T

n’pb (6.10)

Light scattering from each dislocation is related to the difference in optical path length 26 by a
following expression

2
% = —(?) (6.11)

Absorption coefficient is given by a sum of light scattering from all threading dislocations
Npw (6.12)

where parameter Npw represents the number of dislocations in modal volume. Np represents
threading dislocation density per unit area. w represents the lateral dimension of the mode.
Dislocation-dependent optical loss was calculated as a function of the lateral dimension
of the mode. Figure 6.13 shows the calculated optical loss from threading dislocation density Np
of 10® and 10° cm™. Optical loss increased with lateral dimension of the mode and threading
dislocation density. Value of measured loss (8.7-9.2 dB/cm for TM mode and 10.8-12.4 dB/cm
for TE mode) was labeled. The value of measured loss corresponded to threading dislocation
density of 10° cm™ and the lateral dimension of the mode was in agreement with the simulated
results from Figure 6.10. The results from the model and the measurements were in agreement,

showing that light scattering from dislocations attributed to optical loss in SiGe films.
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Figure 6.13 Dependence of optical loss on lateral extent of the wave.

Threading dislocation density required for optical loss below the band-to-band absorption
was determined using the dislocation-dependent loss model. Figure 6.14 shows calculated
transmission loss for threading dislocation density Np ~ 107, 10® and 10° cm? as a function of
lateral dimension of optical mode w. To retain transmission loss > 0.5 dB/cm, dislocation density

must be less than 1 x 10® /em®.
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Figure 6.14 Dependence of Absorption coefficients on lateral extent of the wave and threading
dislocation density.
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6.3 Velocity of Dislocation Motion

Device characteristics from the Sij5Geggs p-i-n diodes and rib waveguides showed that
high density of threading dislocation in a level of ~ 10° cm™ deteriorated electrical and optical
performance by increasing reverse-bias leakage current and introducing additional loss in the
waveguides. Thermal annealing at ~ 870°C for 45 minutes reduces threading dislocation density
from 10° to 2x10” cm™ in Ge films by increasing glide velocity of threading dislocation and
raising the probability that dislocations annihilate each other in Ge films [53, 89-90]. This
annealing condition did not effectively reduce threading dislocation density in the Sig;sGepgs
films, similarly grown to the Ge films. Si solutes/dislocations interaction affected dislocation
motion in the Ge-rich SiGe alloy. The effect of Si solutes/dislocation interaction on dislocation
motion is discussed.

Dislocations in covalent semiconductors propagate by generation and motion of double
kinks or kink pairs in dislocation lines [88, 91]. Glide velocity vis an exponential function of the

barrier energy Q for dislocation motion and temperature T by a following manner [79, 80]

m
v=v, (%) exp(—_—kF) (6.13)
where 7is stress and 7p = 1MPa. k is the Boltzmann constant. vy is the pre-exponential factor
that relates to the lateral velocity of kinks. m is stress exponent. Q is the barrier energy for
dislocation motion and proportional to bond strength and minimum bandgap of materials [92].
The value of the barrier energy Q increases with the bandgap of materials. Addition of Si into
Ge increases the bandgap, resulting in increasing barrier energy Q. The barrier energy Q of
dislocation glide in Ge is 1.60 eV and in Si is 2.40eV [44].

Yonenaga et al measured dislocation velocity in bulk crystal of SiGe and derived values

of m, Q and v, [79-80]. Figure 6.15 shows experimental dislocation velocity of SiGe bulk alloy

as a function of Si content (excerpt from Ref. {79]). Dislocation velocity of Ge-rich SiGe was
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Figure 6.15 Dislocation velocity as a function of Si composition in SiGe [79].

measured at 550°C. The velocity decreases with the addition of Si into Ge-rich SiGe alloy and
that of Sig 0sGeo9, is approximately one-sixth of pure Ge. Value of the pre-exponential factors v,
in pure Ge and Ge-rich Si,Ge,;., (x=0.047, 0.080) is reported between 230 and 460 m/s [79-80].
The value of barrier energies Q increases with addition of Si into Ge. The barrier energy Q =
1.62¢V in pure Ge as compared to Q = 1.70eV in SiggsGeygo, [79-80].

The stress field introduced by dislocations yielded local fluctuation of Si solute
concentration in alloy matrix and affected the dislocation glide. Due to small atomic radii of Si
compared to Ge, Si solutes were likely attracted to the vicinity of dislocations. The Si
solute/dislocation interactions caused dislocation pinned by the solute atoms, retarding
dislocation glide. Additional stress was required to release the dislocation from the solute
atmosphere and allowed for the glide motion of dislocation. This model was supported by the
experimental yield stress measured in SiGe bulk alloy [79-80]. Yonenaga et al show that the
yield stress of Siy 10Geg.g0 and Sig49Geo o is higher than that of pure Si or Ge (Figure 6.16). High

yield stress of Sig 10Geg.90 and Sig.49Geo g0 compared to pure Si or Ge is more pronounced at high
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temperature. Yield stress of Si and Ge decreases at high temperature 7T as expected in elemental
semiconductor, but that of the alloys is almost independent of temperature. The temperature-
independent yield stress is unique characteristic for random-alloy semiconductor and may
indicate the solute effect on yield stress [79, 80]. These experimental observations are in
agreement with the results from kinetic Monte Carlo model by Wang et al [93]. They simulated
the motion of an edge dislocation in the presence of interacting, diffusing solute atoms that have a
misfit with respect to the matrix. Their results show that the dislocation motion has greatly
slowed because the dislocation has captured a substantial solute cloud. They suggest the
existence of a feedback mechanism that solute accumulation slows dislocation motion, and

slower motion results in larger solute accumulation.

08 10 12
w0371, K7

Figure 6.16 Yield stress in Si,Ge;. composition [79].
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Experimental studies of dislocation velocity in binary alloys show that solute/dislocation
interaction retard dislocation motion and reduce the velocity of dislocation glide [79, 80, 93]. In
epitaxial films, rough surface was another factor that inhibited dislocation glide. Rough surface
of SiGe film (surface roughness ~ 3.1 nm in rms) compared to Ge (surface roughness ~ 0.5 nm in
rms) could block glide motion of dislocations. Fitzgerald et al show that roughened surface due
to misfit strain can block dislocation motion, resulting in dislocation pile-up as shown in Figure
6.17 [49]. The dislocation pile-up imposes the strain field, inhibiting the motion of dislocations

in remotely area from the pile-up.

top surface of the $i-Ge graded layer

stress feld due

to orthogonal
distocations

threading segments ——

o |
misfit segments M e i

\ orthogonal misfiy

dislocations

Figure 6.17 Schematic cross-sectional diagram of dislocation pile-ups by roughened surface [49].
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6.4 Summary

Electrical characteristics of Sig;sGeggss p-i-n diodes and optical characteristics of
Sip.15Gepgs waveguides were addressed. High leakage current in Sig 5Geg gs p-i-n diodes was due
to dislocation defects, consistent with measured threading dislocation density (TDD) from
PV-TEM images, which showed threading dislocation density of ~ 1.5+0.5 x 10° cm™. Threading
dislocation density below 5 x 10’ cm™ is required for high performance of p-i-n diodes. In
addition, high optical loss was measured in Sig ;sGegss rib waveguides and slab waveguides. The
loss is due to light scattering at sidewalls and threading dislocations. Dislocation density less

than 1 x 10® cm™ is required for optical loss below materials’ interband absorption.

102



Chapter 7: Summary and future work

7.1 Summary of thesis

This thesis describes the experimental confirmation of the strain-enhanced Franz-Keldysh
effect in Ge layers epitaxially grown on silicon substrates, using spectral responsivity
measurements. The experimental data showed strong electro-absorption effect in Ge-on-Si at
1647 nm wavelength. The Franz-Keldysh model predicts that the Ge layers on Si substrates will
be the best material for phase modulation at nearly 2 pm wavelength, with a value of L, of 3.8
mm and insertion loss of 0.4 dB.

In addition, this thesis presents the design of Si,Ge;., modulators for 1550 nm wavelength
application, using the Franz-Keldysh model. The composition optimized for electroabsorption
and phase modulator applications is Si,Ge,., with a value of x~0.075 and 0.135, respectively. Our
calculation shows that a 50 wm long SiGe modulator yields an extinction ratio of 10 dB and
a 3 dB bandwidth of > 50 GHz. Modulator length for a n-phase shift in Ge-on-Si modulator is 66
mm and the insertion loss is 5.4 dB.

To achieve high-quality Ge-rich SiGe materials for the modulator applications, deposition of
Si,Ge, .« (0.008<x<0.125) buffers at low temperature (360°C) was performed, and the growth
kinetics was studied. The films were deposited on SiGe buffers to reduce lattice mismatch
between the buffers and the remainders of the films, and were in-situ annealed in the same
condition as was used for similarly grown Ge films for a reduction of threading dislocation
density. Annealed Ge-rich SiGe films were under approximately 0.25% tensile strained, which
was more strained compared to Ge-on-Si. Siy15Geggs films were used to fabricate SiGe
waveguides and SiGe p-i-n diodes. High leakage current in Sig;5Geggs p-i-n diodes was due to
dislocation defects consistent with measured threading dislocation density (TDD) from PV-TEM

images, which showed threading dislocation density of approximately 1.530.5 x 10° cm?.
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Threading dislocation density below 5 x 107 cm™ is required for high performance of p-i-n diodes.
Additionally, high optical loss was measured in Sig;5Geg gs rib waveguides and slab waveguides.
The loss is due to light scattering at sidewalls and threading dislocations. Dislocation density less

than 1 x 10% cm™ is required for optical loss below materials’ interband absorption.

7.2 Future Work

High dislocation density of 1.5+0.5 x 10°/cm?® in annealed Sig;sGeogs films caused high leakage
current in p-i-n diodes and excessive optical loss in waveguides. Annealing condition that
reduced the density of dislocations in Ge films did not effectively reduce the density of
dislocations in the Sij;sGeggs films. Si solutes/dislocations interactions retarded the glide motion
of dislocations, resulting in lower probability that dislocations encountered and annihilated each
other.

7.2.1 Annealing

To increase the glide velocity of dislocations, the annealing temperature 7 has to be
increased. The expression for glide velocity in Equation (6.13) and the pre-exponential factor v,
reported in Ref. [79-80] were used to calculate dislocation glide velocity in Ge and Sig 0sGeo.g2.
Calculated results showed that dislocation velocity in Ge was ~ 5 times as large that in SipzGeo.o2
at 850°C. Table 8.1 shows a summary of calculated dislocation velocity for Ge and SigsGeg.g2.
We determined that temperature of ~ 950°C yielded dislocation velocity in SiggsGepg, similar to
that in Ge at 850°C. Increasing glide velocity of dislocations allowed for an increase in a
probability that dislocations encountered and annihilated each other.

Table 7.1 Calculated dislocation velocity for Ge and Sig 0sGeop.92

Ge Si 908 Ge 092
Pislocation velocity (cm/s) at 850°C 3.9 0.86
lDislocation velocity (cm/s) at 950°C n/a 3.6
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Dislocations can be annihilated by gliding into sidewalls of patterned mesa. Luan et al
demonstrates low dislocation density of ~ 2.330.2x10° cm™ in 10umx10um Ge mesa compared
to that of ~ 2.320.2x10” cm™ in blanket Ge. The average threading dislocation density decreases
with the decrease of mesa sidewall width. Small mesa provides short distance for dislocations to
glide to dislocation sinks (mesa sidewalls) and dislocation density is reduced more effectively.
7.2.2 Constant-composition SiGe buffer deposition

Due to lattice mismatch and misfit strain, SiGe epitaxial films on Si substrates are
favorable of surface undulation. During the high-temperature deposition in two-step growth
processing, film surfaces tend to be undulating by atomic diffusion along the surface, or volume
diffusion from the bulk of the films. To avoid surface roughening at high temperature, time
allowing for the evolvement of surface undulation must be limited by increasing the growth rate

or increasing the thickness of the buffer.
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